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Abstract. A simple design for an open port sampling interface coupled to electrospray
ionization (OPSI-ESI) is presented for the analysis of organic aerosols. The design uses
minimal modifications to a Bruker electrospray (ESI) emitter to create a continuous flow,
self-aspirating open port sampling interface. Considerations are presented for introduc-
ing aerosol to the open port sampling interface including aerosol gas flow and solvent
flow rates. The device has been demonstrated for use with an aerosol of nicotine aswell
as aerosol formed in the pyrolysis of biomass. Upon comparison with extractive
electrospray ionization (EESI), this device has similar sensitivity with increased repro-
ducibility by nearly a factor of three. The device has the form factor of a standard Bruker/
Agilent ESI emitter and can be used without any further instrument modifications.
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Introduction

Aerosol particle analysis presents a significant analytical
challenge due to variations in size, composition, and

phase [1]. Such analyses are critical to many different fields,
including secondary organic aerosol formation [2, 3], drug
delivery [4, 5], biological warfare agents [6], and biomass
burning [7]. Typical compositional analysis includes off-line
aerosol collection onto a filter, and then extraction followed by
chromatography and mass spectrometric analysis (GC-MS)
[8]. Such analyses suffer from extraction bias, chemical aging,
evaporative losses, and reactions with the filter material [9, 10].
Thus, the suite of compounds identified in an off-line analysis
of a complex sample may not accurately represent the com-
pounds present in the aerosol particles immediately after
generation.

Several types of ambient ionization techniques have been
used in the mass spectrometric analysis of aerosol particles.
Particles have been impacted onto a plate followed by surface

analysis using desorption electrospray ionization (DESI) [11].
A particle-into-liquid-sampler (PILS) has also been used to
sample aerosols off-line prior to electrospray ionization (ESI)
[12, 13]. Both of these techniques require sample collection
prior to analysis by mass spectrometry and are susceptible to
chemical aging and evaporative losses. For real-time ambient
ionization, low temperature plasma ionization has been used to
characterize organic aerosols in which the plasma from a
dielectric barrier discharge interacts with a stream of organic
aerosol particles [14, 15]. An ambient electrospray ionization
source has also been used where the aerosol is flowed through
the nebulization gas inlet of a conventional electrospray source
[16]. The most reported technique for the on-line characteriza-
tion of aerosol particles is extractive electrospray ionization
(EESI) [17–20]. EESI is a technique in which a nebulized
sample is passed through an electrospray plume near the atmo-
spheric pressure inlet of a mass spectrometer [21–28]. EESI is
an appealing ambient ionization technique for the ionization of
organic aerosols because of the ability to use different solvents
to enhance the ionization of different classes of molecules [29,
30]. Although EESI typically suffers from poor reproducibility
and complexity of setup, recent innovations in source design
have demonstrated a marked improvement in both of these
areas by using a coaxial configuration [20].
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Since the early 2000s, self-aspirating continuous flow liquid
microjunction sampling techniques were implemented for nu-
merous applications [31–41]. Such devices may be configured
to use an upright open port for sample introduction [38]. In this
open port sampling interface (OPSI), the solvent flow rate
dictates the mode of operation. Themost commonly usedmode
of operation is the vortex mode where the solvent flow into the
open port is less than the aspiration rate out of the device. In
contrast, if the solvent flow into the device is greater than the
aspirated solvent flow out of the device, an overflow occurs
where excess solvent flows away from the open port to waste.
In this overflow mode, a dome-shaped solvent interface is
formed where the sample may be introduced. When the sample
(i.e., a liquid droplet, a solid tablet, or a gaseous stream)
interacts with the solvent interface, a portion of the sample is
dissolved and the solvent extract is aspirated through an inner
capillary for analysis by electrospray ionization-mass spec-
trometry (ESI-MS). An OPSI has been implemented for study-
ing of both solid and liquid samples, but it has not been used to
directly sample from aerosolized species. In this report, OPSI-
ESI is presented as a method to sample from both liquid and
solid organic aerosols by introducing the aerosolized sample to
the solvent interface of the OPSI.

Experimental
Materials

Nicotine was purchased from Sigma Aldrich (St. Louis, MO,
USA). Microcrystalline cellulose was purchased from Alfa
Aesar (Tewksberry, MA, USA) and sample extracts of lignin
and hemicellulose from tobacco were provided by R.J. Reyn-
olds Tobacco Company (Winston-Salem, NC, USA). Water
(optima grade) and methanol (optima grade) were purchased
from Fisher Scientific (Hampton, NH, USA). Optima grade
formic acid was purchased from Sigma Aldrich (St. Louis,
MO, USA).

Aerosol Generation

A constant output atomizer (Model 3076; TSI Inc., Shoreview,
MN, USA) was used to generate nicotine aerosol from a
solution of 100 ppm of nicotine in methanol using nitrogen
gas. The output of the constant output atomizer was diluted
with nitrogen gas in a dilution tube (radius, 6 cm; height 34 cm)
to evaporate methanol solvent from the aerosol. The gas flow
rate carrying the aerosol to the OPSI-ESI source was approx-
imately 0.5 L min–1. A manual three-port valve was actuated
and the aerosol stream was evenly split with half of the aerosol
flow directed to the OPSI-ESI solvent interface while the rest
was directed to a condensation particle counter (Model 3022A;
TSI Inc., Shoreview, MN, USA) to monitor particle count
(≈106 particles cm–3). The three-port valve was also used
during experiments to direct the aerosol flow toward the
OPSI-ESI solvent interface or to direct the aerosol flow away
from the OPSI-ESI solvent interface to measure residence time,

the time from aerosol penetration into the solvent interface to
the observance of signal.

A Pyroprobe 5250 (CDSAnalytical, Oxford, PA, USA)was
used to perform pyrolysis using 12 mg of sample in nitrogen
gas. The pyrolysis oven was held at 300 °C. Once the sample
tube entered the chamber, it was heated from ambient temper-
ature to 650 °C at 10 °C s–1. The chamber was then held at 650
°C for 5 min. The flow rate of nitrogen through the system was
approximately 0.5 L min– for both EESI and OPSI-ESI.

Mass Spectrometry

Mass spectrometric measurements of nicotine aerosol using
OPSI-ESI were performed using an HCTultra ion trap mass
spectrometer (Bruker Daltonics Inc., Billerica, MA, USA), and
mass spectrometric measurements of aerosol generated from
the pyrolysis of cellulose using both EESI and OPSI-ESI were
performed using an Esquire 3000 ion trap mass spectrometer
(Bruker Daltonics Inc.). Both instruments use an Apollo I ESI
source.With the exception of the nebulizing gas used for OPSI-
ESI, the tuning parameters used for both EESI and OPSI-ESI
were identical for each instrument and may be found in Sup-
plementary Table 1. All analyses were performed in positive
ion mode.

Open Port Sampling Electrospray Ionization

Open port sampling operates by flowing solvent into a vertical
tube that is sealed at one end to form a small reservoir of
solvent that is open at the top (open port). As shown in Figure 1,
this reservoir is attached to an electrospray emitter by an inner
capillary that extends into the reservoir of solvent. The
electrospray emitter uses a nebulization gas (nitrogen) to pro-
duce small charged droplets and aid in desolvation. For an
OPSI, the nebulization gas also acts as a Venturi pump to pull
solvent from the reservoir through the inner capillary. If solvent
is continuously provided to the reservoir, the solvent can be
continuously aspirated from the reservoir. For OPSI operation,
there are two liquid flow rates to consider: one is the solvent
flow rate into the device dictated by a syringe pump, and the
other is the aspiration rate through the inner capillary, which is
determined by the linear velocity of the nebulization gas.
Sampling using the vortex mode of operation was attempted,
but the aerosol gas flow forced air through the inner capillary
and no signal was observed. Instead, this device was operated
in overflowmode where the flow of solvent into the device was
greater than the aspiration rate. The surface tension of the
solvent formed a dome-shaped solvent interface at the open
port. Excess solvent flowed over the edge of the open port to
waste.

For our OPSI-ESI design, shown in Figure 2, a Bruker ESI
Emitter (P/N: A5940, Billerica, MA, USA) was used without
major modifications to the body of the emitter. The inner
capillary was removed and replaced with a longer stainless
steel inner capillary of matching inner and outer diameter,
0.1 mm and 0.22 mm, respectively (32RW gauge; Vitaneedle,
Needham, MA, USA). The inner capillary extended 130 mm
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from the tip of the electrospray emitter through both a zero dead
volume (ZDV) union (accessory to P/N: A5940; Billerica, MA,
USA) and a Swagelok 1/16′′ union tee (SS-100-3; Solon, OH,
USA). The tip of the capillary recessed 0.5 mm from the
surface of the open port. A second ZDV union was attached
to the orthogonal connector of the tee for introduction of
solvent to the system. The solvent used throughout this study
was a 1:1 mixture of methanol and water with formic acid
added at 1% by volume. In most cases, the solvent flow rate
into the device was set to barely exceed the aspiration rate and
ranged from 5 to 20 μL min–1. If the solvent flow rate into the
device is higher than the aspiration rate, the solvent spills over
the edge of the OPSI. The aspiration rate through the capillary
was controlled by changing the nebulization gas (nitrogen)
pressure in the Bruker control software, ranging from 0 to 50
psi above atmospheric pressure. The gas velocity was calculat-
ed by measuring the volumetric flow rate of the gas using a
flow meter (Bios Defender 510M; Butler, NJ, USA) and divid-
ing the volumetric flow rate by the area of the opening at the tip
of the emitter (0.08 mm2).

Aerosol was introduced to the solvent interface by position-
ing the output from the three-port valve approximately 4 mm
above the solvent interface. The aerosol gas flow caused a
distortion in the solvent interface and the surface was depressed
slightly as depicted in Figure 1. Care must be taken to avoid
using too high of an aerosol gas flow rate because the solvent
interface can be depressed beyond the inner capillary and then
only air is pulled through the inner capillary. In this situation,
no signal is observed until the aerosol gas flow is removed and
the particles that impacted exposed surfaces are dissolved and
flowed through the system.

Extractive Electrospray Ionization

For standard EESI experiments, the door on the Apollo I
ESI source was removed, and the ESI emitter was affixed
orthogonally relative to the inlet axis of the mass spec-
trometer, 7 mm from the spray shield. The output of the
constant output atomizer was positioned 14 mm from the
inlet of the mass spectrometer on-axis with respect to the
inlet of the mass spectrometer and orthogonal to the ESI
emitter. The nebulization gas pressure (nitrogen) for the
electrospray solvent was set to 10 psi. The instrument is
equipped with a heated desolvation gas (nitrogen) that
flows out from the inlet to the mass spectrometer. The
desolvation gas heating block temperature was set to 300
°C, and desolvation gas flow rate was 3 L min–1. Using
these parameters, the temperature at the spray shield was
60 °C and the temperature at the capillary was 90 °C. The
EESI solvent used for all experiments was a 1:1 mixture of
methanol and water with formic acid added at 1% by
volume.

Figure 1. Schematic of open port sampling interface-
electrospray ionization (OPSI-ESI)

Figure 2. Image of an OPSI-ESI emitter and a standard ESI
emitter
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Results and Discussion
Measurement of Aspiration Rate

The aspiration rate determines the residence time from
aerosol penetration into the solvent interface to ionization
as well as the concentration of the analyte in the extraction
solvent. The aspiration rate may be measured by turning
the solvent flow into the device off and allowing the device
to dry by electrospraying solvent until signal is no longer
observed. At this point, air is being pulled through the
inner capillary, resulting in no ion formation. To measure
aspiration rate, 15 μL was injected into the solvent inter-
face and the signal was measured as a function of time. The
injected volume was divided by the duration of signal to
obtain an aspiration rate. An average aspiration rate was
determined using five replicates for each gas velocity. In
Figure 3, the data shows that the aspiration rate is slow to
increase at gas velocity rates below 300 m s–1, then rapidly
increases at higher velocities. The factors that affect the
aspiration rate are nebulization gas pressure (and conse-
quently nebulization gas flow) and the inner diameter of the
inner capillary. The maximum gas velocity with the current
instrumental setup is 500 m s–1. The current design uses the
existing needle holder from the Bruker ESI emitter with no
modifications, which is sized to match the outer diameter of
an ESI needle. Modifications may be made to the needle
holder to increase the appropriate needle gauge size for
increased aspiration rate.

Nicotine Aerosol Response

When an aerosol of nicotine was introduced to the solvent
interface of the OPSI-ESI device, a signal at m/z 163,
[M+H]+, was observed. The three-port valve could be actu-
ated to the BAerosol OFF^ position to send the entirety of
the flow to the particle counter and none to the OPSI-ESI
solvent interface. Alternatively, the three-port valve could
be actuated to the BAerosol ON^ position to send the

entirety of the flow to the OPSI-ESI solvent interface. This
valve was actuated every 240 s beginning at 120 s for five
periods at four different gas velocities as shown in
Figure 4. For each gas velocity, the signal rises when the
aerosol is in the ON position and the signal falls when the
aerosol is in the OFF position. The residence times, solvent
flow rates, and average signal intensities are given in
Table 1. In each case, the solvent flow rate into the device
was 16.6 μL min–1. The solvent flow difference describes
the rate of overflow for the OPSI. An increase in signal
intensity is observed as aspiration rate is increased. Al-

Figure 3. Plot of gas velocity and aspiration rate through the
inner capillary (N = 5)

Figure 4. Response of OPSI-ESI to an aerosol of nicotine at
159 m s–1(blue), 247 m s–1(orange), 326 m s– (grey), and 405 m
s–1 (purple). The red trace indicates whether aerosol was direct-
ed toward the OPSI-ESI interface (ON) or away from the OPSI-
ESI interface (OFF)
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though peak height was used for comparison in Table 1,
average peak height correlates well to peak area as gas
velocity is increased.

An abnormality is observed in the extracted ion chronogram
when using OPSI-ESI for aerosol analysis in overflow mode.
One example is in the top (blue) trace at 200 s, but this occurs
consistently for the top two traces and occasionally for the
bottom two. This effect occurs when the three-way valve has
been switched to the Aerosol OFF position and the solvent
interface is no longer depressed by the aerosol gas flow. Fresh
solvent replaces nicotine-containing solvent at the tip of the
inner capillary in the reservoir, causing a rapid decrease in
analyte signal. As local fresh solvent is used up, nicotine-
containing solvent diffuses to the capillary and a slow decay
of signal is observed. This abnormality is most pronounced
when the difference between solvent in and solvent out is the
greatest as observed after every period of Aerosol ON in the top
two traces.

Comparison to EESI

The aerosol from cellulose, lignin extracted from tobacco, and
hemicellulose extracted from tobacco were analyzed by OPSI-
ESI-MS, and the results are displayed in Figure 5a. Overall, the
results obtained using OPSI-ESI are very similar to what is
observed using EESI for each sample. One example of this is

shown in the top two panels of Figure 5a in the mass spectral
comparison of OPSI-ESI to EESI for the analysis of the aerosol
generated from pyrolized cellulose. Although the primary peaks
observed in the spectrum as well as their absolute intensities are
very similar, there is an increase in the total ion current for OPSI
by a factor of three. The lower relative intensity peaks in the EESI
spectrum are increased in absolute intensity when using OPSI-
ESI. The increase in the sum of all peaks is displayed in Figure 5b
where the total ion count (TIC) is summed across the mass range
15 to 250 m/z for three replicates of each ionization method.
OPSI-ESI improves upon EESI 3-fold in TIC intensity. The
spectrum in Figure 5a shows this is not due to an increase in
sensitivity of the primary ions, so thismust be due to the rise in the
less-abundant ions from the aerosol.

When using OPSI-ESI, the error in the measurement de-
creases by nearly a factor of three. One reason OPSI-ESI im-
proves upon the inter-run reproducibility of EESI is that the
sprayer positioning is consistent. For EESI, the door to the
instrument inlet must be removed and the ESI emitter and
aerosol outlet must be manually positioned with respect to the
inlet to the mass spectrometer to optimize overlap between
charged solvent droplets and aerosol particles. In OPSI-ESI,
the device has the same form factor as a standard ESI emitter
so that it simply sits in the emitter slot in the door to the
instrument inlet. The only optimization necessary from experi-
ment to experiment is that the aerosol streammust be positioned
to be above the device, directed toward the center of the solvent
interface, which is very simple to optimize compared with the
EESI setup. OPSI-ESI also improves upon the intra-run repro-
ducibility observed in EESI because there are no turbulent gas
flows to suppress ionization at the inlet to themass spectrometer.
Previous studies have shown that the turbulent flow caused by
interacting gas streams in EESI lead to an erratic signal [20]. The
intra-run signal stability of OPSI-ESI is better than EESI by a
factor of four and is the same as standard ESI.

Table 1. OPSI-ESI of an Aerosol of Nicotine at Varying Gas Velocities

Gas
pressure
(psi)

Gas
velocity
(ms−1)

Aspiration
rate
(uL min−1)

Solvent flow
difference
(μL min−1)

Residence
time (s)

Average
intensity
(counts)

10 159 4.0 12.6 44.4 60768
20 247 4.3 12.3 29.2 63952
30 326 6.7 9.9 8.5 80939
40 405 13.5 3.1 7.3 93046

Figure 5. (a) Mass spectra obtained using OPSI-ESI for the analysis of pyrolized cellulose, EESI for the analysis of pyrolized
cellulose, OPSI-ESI for the analysis of pyrolized lignin extracted from tobacco, and OPSI-ESI for the analysis of pyrolized
hemicellulose extracted from tobacco. A comparison of the total ion count across the mass range 15 to 250 m/z for both OPSI-
ESI and EESI of pyrolized cellulose (N = 3) is shown in (b)
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Conclusions
A design for open port sampling electrospray ionization of
compounds from aerosol particles has been fabricated and
tested. This device is an on-line sampling technique coupled
directly to electrospray ionization and requires no external
pumps or moving parts and can be used with the existing
source design on any Agilent/Bruker ESI source. Because the
ESI emitter, and thus the OPSI-ESI device, is grounded on
Agilent/Bruker instruments, no voltages are exposed and only
the position of the aerosol outlet above the solvent interface
requires optimization. This makes the setup for OPSI-ESI
much faster and simpler compared with conventional aerosol
analysis techniques using ambient ionization. The current de-
vice can be implemented on any instrument with an atmospher-
ic pressure inlet by manually positioning the device orthogonal
to the inlet to the mass spectrometer, even if the voltage is
typically applied to the sprayer. A slightly modified design
where the voltage is applied to the sprayer is now being
investigated for use on a Thermo Scientific Ion Max ion source
with promising preliminary results. This modified design will
adapt any ESI or APCI ion source for OPSI-ESI/APCI opera-
tion without any instrument modifications.
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