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Exploiting the native inspiratory ability of a mass
spectrometer to improve analysis efficiency+t

Qian Zhang,* Lin Lin, i€ Quan Yu®*? and Xiaohao Wang?®

In this study, a new approach to perform self-aspirating sampling in mass spectrometry (MS) analysis was
developed by using the native inspiratory ability of a mass spectrometer. Specifically, the inspiratory
channel and sampling inlet of the MS instrument were integrated into a single pathway through a sealed

ionization chamber to facilitate analyte delivery and improve sample utilization. Based on this approach,

combined with structural simplification and optimization, a versatile electrospray ionization (ESI) source

has been constructed and characterized using different mass spectrometers. In addition to the self-

aspirating ability, this source configuration can provide sub-ambient pressure (SAP) conditions for

ionization, which were conducive to suppressing the background ions generated from some air-involved

reactions. Moreover, it can also be used directly for electrospray-driven extraction ionization. With the

SAP-ESI source, a conventional mass spectrometer enables rapid analysis of both volatiles and solutions

via secondary electrospray ionization and coaxial electrospray ionization, respectively. As the compact

gas pathway of the source will promote the efficient transfer and ionization of the sampled substances,
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the total consumption of the analyte for each analysis can be reduced to subnanogram level and

a subppbv limit detection is achieved. Other demonstrated features such as the versatility, easy operation

DOI: 10.1039/c9ra09104a

rsc.li/rsc-advances ionization strategy.

1. Introduction

Among the many modern analytical methods, mass spectrom-
etry (MS) is undoubtedly one of the most authoritative and
versatile chemical identification techniques. Currently, the
emergence of a variety of novel sampling and ionization
approaches, along with the continuous updating of high-
performance instruments, have extended the application of
mass spectrometers to various online and on-site analysis fields
such as food safety,"* environmental monitoring,* and clinical
diagnostics.* As these areas all have a strong need for rapid time
response, the prosperity of ambient ionization®>® technology
can well satisfy such demands by greatly simplifying the sample
preparation process to improve the detection efficiency.
Advances in ambient ionization are mainly based on the
excavation of new sampling and ionization mechanisms. These
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as well as simple assembly will likely contribute to the prevalence of the proposed sampling and

techniques enable direct ionization of different raw sample
types or selective ionization of specific compounds in complex
matrices. For instance, as the groundbreaking technique of
ambient ionization, desorption electrospray ionization (DESI)*
has greatly shined on the organic and biochemical analysis of
sample surfaces. Direct analysis in real time (DART)" is another
pioneer that has been rapidly commercialized and gained
reputation for its versatility and high throughput ability. This
technique can be used to differentially detect a wide variety of
chemical species in vapor, liquid or solid samples. Besides
these two representatives, other ambient ionization techniques,
such as secondary electrospray ionization (SESI), extractive
electrospray ionization (EESI),"® paper spray (PS)'”*®* and
dielectric barrier discharge ionization (DBDI),* are also driving
mass spectrometry to conquer more and more application
territories.**** Among these ionization methods, SESI has been
proposed for more than two decades, and its recent use in some
refreshing applications like breath analysis*> and plant
metabolism study®** is regaining increasing attention to this
technique.

In addition to exploring new mechanism, increased efforts
in structure optimization are following up to further improve

12-15

the performance of the ion source or simplify its operation. For
example, since ion motion is significantly affected by the state
of airflow under non-vacuum conditions, ingenious usage of gas
flow can bring many benefits when building an ion source. It
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allows long-distance ion transportation from the source to the
mass spectrometer, as implemented in air flow assisted ioni-
zation®® and real-time sampling probe for DESI analysis.””
Collisions between the charged gas flow and the samples can
facilitate the liberation and ionization of the analytes in those
extractive-electrospray related methods.”**® For SESI analysis,
airflow is especially vital as it is the only carrier of analyte vapor
and will also affect charge transfer from the solvent ions to the
analyte molecules.”**"** Furthermore, some ion sources with
special airflow configuration exhibit self-aspirating ability**~** or
high sample utilization®**”, both of which can make the
sampling process more efficient.

Mass spectrometers coupled with atmospheric pressure
ionization (API) sources have been well recognized for their low
relative detection limit and ultratrace analysis®® capability. In
reality, when ionization is operated in an open environment,
waste of samples is inevitable that only a small fraction of the
produced ions is sampled into these API-MS instruments.
Sample utilization efficiency is generally not concerned in
routine MS analysis because of the abundant sample amount.
From another perspective, microanalysis®* or low absolute
detection limit is required when the available sample volume is
small. To meet such requirement, minimizing the sampling
amount along with maximizing ionization efficiency are two
vital elements. Pulsed ionization methodology is a good choice
in this case and it can even realize ultra-microanalysis of solu-
tion and solid samples.***' Another practical way to reduce
sample consumption in routine MS analysis is self-aspirating
sampling, namely, gaseous or liquid samples are directly
drawn to the ion source with minimal residual during the
sampling process.**?*>*~** This approach can endue the mass
spectrometer with sniffing ability similar to the olfaction of
animals to detect volatile mixtures,** but additional pump or
assistant gas flow are commonly needed to create the inspira-
tion channel to drive the sample introduction.

So far, the family of ambient ionization technology is still
expanding, but in practice only a few members become widely
dispersed in analytical field. Those rapidly popularized sources,
such as DESI and PS, are generally featured with simple struc-
tures and convenient operations. These characteristics should
be important design concepts for the development of practical
ion sources. Herein, a simplified sampling and ionization
strategy with inherent aspirating ability, which is provided by
the vacuum system of a mass spectrometer, is introduced and
used for rapid detection of gas and solution samples, aiming to
maximize the sample utilization and reduce the sample
consumption for routine MS analysis. The proposed method
can be implemented with a commercial ion source, but using
a tailored device with a low-pressure ionization chamber can
present superior performance.

2. Experimental

Two commercial MS platforms from Thermo Fisher Scientific,
including an LCQ Fleet ion trap mass spectrometer and a Q-
Exactive Orbitrap mass spectrometer, were used in this study.
Both instruments were originally equipped with the same
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ionization system consisting of an Ion Max ESI source and an
atmospheric interface. By using a new simple sampling strategy
(described in Fig. S1t), the standardized ion source can be
directly applied for routine SESI analysis without structural
modification. In addition, another simplified and compact
device, which was called sub-ambient pressure ESI (SAP-ESI, see
Fig. 1) source, has been constructed to perform more efficient
SESI ionization. It comprised a sample inlet module that was
introduced earlier"™*® and a sealed spray chamber (ID 20 mm
and 35 mm in length) connected to the MS inlet. The outlet hole
of the chamber was matched with the MS inlet tube that the
connection of the entire module to the MS interface can be
manually assembled and meet the airtightness requirement.

During the operation, the spray solvent was syringed into the
spray chamber through a fused-silica capillary (OD 360 pm, ID
50 um) at a rate of 3 uL min~ ', and a high voltage of +6 kV was
applied onto the solvent to generate a stable electrospray.
Simultaneously, the gas or liquid samples were placed near the
sampling inlet and continuously drawn into the MS instrument
along with the airflow, and then the SESI process could occur in
the spray chamber. Standard 1/16 inch OD PEEK tubing with
different internal diameters was used as the sample inlet to
obtain variable sampling rates and chamber pressures.

The experiments were mostly carried out on the Q-Exactive
Orbitrap instrument unless specially indicated. The scan
parameters for MS analysis were as follows: scan range, 50 to
750 m/z; resolution, 70 000; microscans, 1; AGC target, 1e6;
maximum inject time, 30 ms. The capillary temperature was set
at 320 °C, with a S-lens RF level of 50. No sheath or auxiliary gas
was used.

Most of the chemical analytes were purchased from Aladdin
Reagent (Shanghai, China), and the reagents were purchased
from Anpel Company (Shanghai). The dried rosemary leaves
were purchased from an ordinary supermarket. Methanol with
0.01% hydrochloric acid was used as the spray solvent when
performing SESI analysis.

3. Results and discussion

Mass spectrometer with an atmospheric pressure interface will
continuously draw air into the instrument during the operation,

Spray Chamber

Solvent Flow
V e

p B |

T Sample Inlet

Fig. 1 Schematic structure of the developed SAP-ESI sampling and
ionization system.
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and this airflow can also be used for sample delivery. Using the
inherent vacuum of a mass spectrometer as the self-aspirating
force for gas or liquid sampling will simplify both the struc-
ture and operation and implement high sample utilization.*>*
Currently, SESI-MS has become an increasingly powerful tech-
nique for online analysis, especially when coupled to a high-
resolution (HR) instrument,*****® and the simplification in
sampling operation can make it more convenient to use. A
routine SESI-MS analysis experiment was first carried out in this
study by using a conventional Q-Exactive Orbitrap mass spectro-
meter coupled with an Ion Max source. Using the sampling
method described in Fig. S1t allows the MS instrument to
analyze the aroma components in some plants directly. When
placing rosemary leaves near the sample inlet, the corre-
sponding SESI-MS spectrum could be rapidly acquired, as
shown in Fig. 2. The high mass accuracy of the Q-Exactive
instrument (generally less than 3 ppm) enabled direct assign-
ment of the molecular formulas based on the mj/z values,
especially for those small ions. Then the main components of
the volatiles could be roughly identified by comparing with the
previous ref. 49 and were also given in the spectrum. The above
experiment preliminarily verified the feasibility of using the
native inspiratory flow of a mass spectrometer for sample
transmission, and the subsequent sampling mode can turn
a standard laboratory MS device into an electronic nose with the
ability of sniffing** and rapid identification, especially when
coupled with an HR instrument.

Since the Ion Max source is not designed for SESI analysis, its
large ionization chamber and diagonal gas path configuration
will reduce detection efficiency. Then efforts were devoted to
improve the overall performance of the self-aspirating SESI-MS
analysis. The ionization efficiency of SESI is affected by many
factors, such as the yield of the charged spray, the charge
transfer rate and the airflow field condition.** In addition,
enhancing ion transmission efficiency during the atmospheric
sampling process should also be critical for high detection
sensitivity. Based on the above considerations, a small and
simplified SAP-ESI device was designed to favor the ionization
and sampling process. It evolved from the previously described
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Fig.2 High-resolution SESI-MS spectrum of rosemary leaves by using
the lon Max source.
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vacuum electrospray source that was adopted in a miniature
mass spectrometer.*® The pulsed pinch valve became unneces-
sary and was removed in the current device because the lab-
scale MS instruments were capable of continuous atmo-
spheric sampling. Furthermore, an enclosed spray chamber was
added to create a variable pressure environment for different
ionization processes. In this structure, almost all samples and
sprays in gas or aerosol phase could be drawn into the mass
spectrometer. Besides, the coaxial design of the ESI capillary
and sample tube outlet was expected to produce straight and
full impacts between the analytes and the charged drops to
achieve a high ionization efficiency.**->

During the experiment, the pressure in the spray chamber of
the SAP-ESI source was determined by the pumping speed of the
MS instrument and the intake rate of the sample inlet. The
former remained constant while the latter could be adjusted by
changing the sampling tubing. The normal fore vacuum pres-
sure of the MS system with or without the Ion Max source was
about 1.8 mbar. When the SAP-ESI source was mounted, the
pressure dropped as the tubing ID decreased. Using an inlet
tube with an ID greater than 1 mm will not change the pressure,
while using a 250 pm tube will reduce the pressure to 0.4 mbar.
To meet the operational requirement of the commercial MS
instrument in terms of fore vacuum pressure (higher than 0.65
mbar), most of the SESI experiments were carried out using
a 500 pm tube that led to a pressure of about 0.8 mbar. Under
this condition, the actual pressure in the spray chamber was
about 0.55 bar, indicating that a sub-ambient pressure envi-
ronment was formed.

ESI is widely renowned and used as an atmospheric ioniza-
tion technique, but in fact, it has a certain tolerance to the
operating pressure. Prior to our recently developed vacuum ESI
source,” it has been reported that performing ESI at SAP
condition was conducive to both the reduction of the solvent
background peaks and the improvement in ionization efficiency
and ion transmission.***® Current HR-MS can well identify the
analyte ions from massive background species, but those
instruments with low resolution often encounter severe peak
interference issues. The influence of the dropped chamber
pressure on the ionization process and the MS analysis was
roughly evaluated at first by coupling the ion source to
a common LCQ ion trap mass spectrometer. In this experiment,
switching between ambient and sub-ambient conditions inside
the spray chamber was simply implemented by successively
removing and installing the sampling tubing of the SAP-ESI
source. A mixed methanol solution containing 1 ppm 9,9-diox-
opromethazine (DPZ) and 2,4-dimethylaniline was prepared as
the electrospray solvent to perform routine ESI-MS analysis.
Mass spectra acquired under AP and SAP conditions were
shown and compared in Fig. 3a. It was found that severe
interference of background ions appeared mainly in low mass
range for AP-ESI analysis that almost submerged the protonated
2,4-dimethylaniline ion peak (m/z 122). In addition, the extrac-
ted ion chromatograms of the protonated DPZ (m/z 317) and
one of the background ion species (m/z 81) were given in Fig. 3b,
indicating a close correlation between the ion formation and
the source pressure. It was speculated that the generation of the
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Fig. 3 (a) ESI mass spectra and (b) extracted ion chromatograms
acquired under sub-ambient pressure and ambient pressure (AP)
condition.

background ions during the AP-ESI process was probably
related to the air-involved reaction products rather than the
solvent clusters. Hence, the background ions could be effec-
tively suppressed under SAP condition due to less air partici-
pation during the ionization, while the analyte ion current was
slightly increased probably owning to the reduced competition
effect among different ions. Although the developed sub-
ambient source was aimed at facilitating SESI analysis, its
capability in suppressing ESI background interferences was also
remarkable, and this can be quite conducive to the analysis of
small volatile compounds.

100%-) SAP-SESI

Normalized Level: 1.49E8

lon Max Source
Normalized Level: 9.40E6

Relative Abundance

0 10 20 30 40 50 60
Time (s)

Fig.4 Comparison of the SESI ion signal responses acquired using the
lon Max source and SAP-ESI source. The accurate time of sample
injection was difficult to determine and therefore not marked on the
chromatogram.
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The usage of an enclosed spray chamber can prevent the
diffusion of gas samples and the influence of external airflow
turbulence during ionization, and the structure of the chamber
will also affect the ionization efficiency. For example, gaseous
sample will easily remain in the large ionization chamber of the
Ion Max source and thus cause residual effect and lower the
sample utilization. To improve the ionization efficiency, the
SAP-ESI source was carefully designed to eliminate dead volume
in its injection pathway. Direct SESI analysis of an aqueous
solution of 10 ppm acetone was then carried out using the two
sources for comparison. Although acetone has low sensitivity in
SESI-MS analysis probably due to its low mass and low
protonated ionization efficiency, its strong volatility can reduce
residues in transmission and make the results more represen-
tative. During the experiment, the solution was quickly moved
away after being placed under the sample inlets, then the
volatilized analytes can be drawn into the spray chamber and
ionized. The chromatogram profiles of protonated acetone ion
acquired using the two sources were shown in Fig. 4. As the self-
aspirating airflow can accelerate the sampling process, both
sources had fairly fast response time, creating sharp rising
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Fig. 5 (a) EIC chromatogram and (b) calibration curve acquired from
successive SESI-MS detections of N,N-dimethylaniline vapors above
different solutions.
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edges of the signal profiles. However, the ion signal acquired by
the commercial source exhibited a long-term tailing due to
sample retention in the chamber, which also caused dilution of
the gas analytes and reduction of signal intensity. In contrast,
a shorter and stronger signal response can be obtained using
the SAP-ESI source, because the compact gas path enabled
a more efficient ionization process and therefore a higher
detection sensitivity in terms of convenient SESI analysis.

To evaluate the quantitative ability of the SAP-ESI source in
SESI analysis, a series of aqueous solutions of the moderately
volatile N,N-dimethylaniline (DMA) with concentrations
ranging from 100 ppm to 1.7 ppb were prepared and directly
analyzed. According to the Henry's law,* the actual content of
the evaporated DMA in the gaseous state was estimated to be
about 0.47 times the solution concentration (i.e. 0.47 ppbv in
gaseous phase corresponds to 1 ppb in solution, the calculation
is shown in the ESIf). The centrifuge tubes containing these
solutions were successively placed under the sample inlet for
a few tens of seconds to make the solution volatile to be
sampled and detected. Then the corresponding SESI-MS signals
could be rapidly obtained, as shown in Fig. 5. By processing this
result, a calibration curve was plotted and given in Fig. 5b,
indicating a linear response between ion intensity and analyte
concentration in a relatively wide range. For detection of 1.7 ppb
DMA solution, a signal to noise ratio of about 17 was obtained,
then the detection limit was estimated to be less than 1 ppbv for
DMA vapor. It is worth mentioning that natural volatilization
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and diffusion of the analyte from the solution to the open lab
environment can result in an uncontrolled enhancement of
DMA ion background, which will affect the detection of low-
content samples and reduce detection sensitivity. In addition,
analysis of high-concentration samples (higher than 3.7 ppm)
will cause signal saturation and a certain degree of residual
effect, hence it was not suitable for current experimental plat-
form. Nevertheless, the proposed device and sampling strategy
still provided a simple method, despite some flaws, for rapid
quantitative analysis of volatiles in liquids.

With the analytical protocol described above, the SAP-ESI
source can provide a convenient way for rapid and sensitive
detection of gaseous compounds or solution volatiles. Since the
electrospray cloud has indeed been well served as a charge
source to ionize different forms of analytes through charge
transfer reactions, the application of the developed source
could be further extended. Efforts have been invested in per-
forming extractive analysis of liquid using the SAP-ESI source by
directly drawing solution through the sample inlet. It was found
that continuous injection of liquid would block the gas path,
leading to a sharp decrease in the fore pressure of the MS
instrument and causing system error notification. Then
a pulsed introduction procedure was applied to avoid such error
in direct liquid analysis. A mixed aqueous solution containing
100 ppb 2,4-lutidine (v/v), 100 ppb DMA (v/v), 10 ppb arginine
(w/w) and 10 ppb DPZ (w/w) was prepared and analyzed
following a two-step procedure. The first step was to sample 3 pL
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(a) A typical SAP-ESI mass spectrum of the mixed aqueous solution acquired using gas introduction; (b) EICs for different compounds and

a background ion (m/z 177.16) acquired after directly injecting 3 uL mixed solution into the SAP-ESI source; average mass spectra recorded in (c)

interval 1 and (d) interval 2.
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solution with a 10 pL pipette, followed by a sample transfer step
that the tip was removed from the pipette and quickly con-
nected to the inlet tubing of the source. Then, the micro-volume
samples can be rapidly sucked into the source without causing
pressure fluctuations. The total consumption of each
compound in a single analysis was at sub-nanogram level, and it
was sufficient to produce ion signals with a certain time width,
as shown in Fig. 6.

In this experiment, the SAP-ESI device behaved similar to
a coaxial ESI source® but with a pulsed operating mode.
Protonated ions of all analytes, both volatile and non-volatile,
can be ionized and appear in the mass spectra. The EICs for
the standard solutes and a background ion (m/z 177.16) were
also obtained and shown in Fig. 6b, which depicted the time
profiles of different ion components during a typical detection
process. The background ion signal descended rapidly after
sample injection and then remained substantially stable, while
the analyte signals exhibited synchronous responses with a time
width of a few seconds. However, the ion signals of volatile and
non-volatile compounds showed different response character-
istics that two distinct signal intervals can be observed. The
volatile compounds (2,4-lutidine and DMA) mainly appeared in
the mass spectrum of the former interval (as seen in Fig. 6c).
The acquired ion signals were higher than that in Fig. 6a,
indicating a better sample utilization in the pulse liquid intro-
duction analysis. Such operation can achieve high injection rate
for a short period to maximize sampling efficiency. After a few
seconds, the ion peaks of the non-volatile components (arginine
and DPZ) could be observed in the second interval along with
some residual ion signals of the volatile analytes. Based on this
approach, MS detection of peptide samples can also be realized
(see Fig. S21). The generation of two signal intervals in Fig. 6
may due to the volatilization of the analytes during the trans-
port and the higher transmission rate of gas in the tube than
that of liquid. Even so, the ability to easily perform microanal-
ysis on both gaseous and liquid samples potentializes the SAP-
ESI technique to be a common and versatile ionization method,
considering that all these analyses can be implemented on the
same device.

4. Conclusions

The renowned ESI technology and its many derivatives,
including DESI, EESI and SESI, have brought us too many
surprises through their magical and superb capability in
charging various compounds. Until now, its inexhaustible
potential along with related applications are still being exca-
vated. For SESI process, the charge transfer reactions between
the electrospray cloud and its surrounding substances makes
ionization of some gas-phase analytes exceptionally easy to
achieve. A simplified SAP-ESI device is then designed to further
facilitate the SESI operation and has been successfully
employed to detect gas or volatile samples. In particular, it also
allows direct analysis of both volatile and non-volatile
compounds in liquid by combining pulse injection method.
MS instrument coupled with this SAP-ESI source presents some
impressive merits, such as convenient operation, fast response,
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high sensitivity, and minimal sample consumption. Although
surrounding condition is a crucial factor for electrospray
process, it is usually ignored in traditional applications. The
small sealed chamber in the SAP-ESI device can provide a vari-
able pressure environment for ESI and SESI, both of which are
found to function well in low-pressure atmosphere with the
background interferences being evidently suppressed. The SAP-
ESI source has a compact and smooth gas pathway that enables
the analytes to be efficiently ionized and introduced into the
mass spectrometer. Besides, its ability to directly aspirate
samples for MS analysis, like a human nose but with more
powerful identification capability, can simplify the operation
and minimize sample waste.

Some analytical protocols demonstrated in this study can be
further extended. For instance, creating a low-pressure ioniza-
tion condition to reduce interference should be effective for
other conventional API techniques. Furthermore, using the
native aspiration capability of a mass spectrometer to imple-
ment efficient sample acquisition and transmission will
simplify both the assembly and operation of the MS instrument.
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