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Abstract
The performance of several electrospray ionization emitters with different orifice inside
diameters (i.d.s), geometries, and materials are compared. The sample solution is delivered
by pressure driven flow, and the electrospray ionization voltage and flow rate are varied
systematically for each emitter investigated, while the signal intensity of a standard is measured.
The emitters investigated include a series of emitters with a tapered outside diameters (o.d.) and
unaltered i.d.s, a series of emitters with tapered o.d.s and i.d.s, an emitter with a monolithic frit
and a tapered o.d., and an emitter fabricated from polypropylene. The results show that for the
externally etched emitters, signal was nearly independent of i.d. and better ion utilization was
achieved at lower flow rates. Furthermore, emitters with a 50 μm i.d. and an etched o.d.
produced about 1.5 times more signal than etched emitters with smaller i.d.s and about 3.5 times
more signal than emitters with tapered inner and outer dimensions. Additionally, the work
presented here has important implications for applications in which maximizing signal intensity
and reducing frictional resistance to flow are necessary. Overall, the work provides an initial
assessment of the critical parameters that contribute to maximizing the signal for electrospray
ionization sources interfaced with pressure driven flows.
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Introduction

Electrospray ionization (ESI) is a commonly used ioniza-
tion method for mass spectrometry (MS). ESI is the

method of choice for producing gas phase ions from solution
because it is a very soft ionization method and is useful for
the ionization of larger molecules or biomolecules. ESI-MS

can be used for the analysis of complex mixtures [1–5] and
is commonly used to couple separation techniques, such as
high performance liquid chromatography (HPLC) [6–9],
capillary electrophoresis (CE) [10–21], or microchannel
electrophoresis (ME) [22–29] with MS. Many sample
introduction methods, particularly those that employ separa-
tions, rely on pressure driven flow for sample introduction.
For optimal sample utilization, determination of the param-
eters that provide the highest signal intensity is crucial.
Many previous studies have been performed to optimize
different parameters that affect the ESI signal, like sheath
flow [10, 12, 20], nebulizing gas [13, 16], buffer systems
[20, 30], and ESI voltage [31, 32]. Likewise, ESI emitters
have been extensively studied because the characteristics of
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the emitter, such as the emitter i.d., the surface area of the
emitter orifice, and the hydrophobicity, have a great impact on
the observed ESI signal; in addition to influencing the working
parameters of the system, such as flow rate or ESI voltage [33].

The emitter i.d. has a direct impact on many of the other
factors that affect the electrospray process and therefore,
require careful consideration. As solution emanates from an
emitter and is electrosprayed, the solution will have a natural
tendency to evenly spread along the surface from which it
stems. The amount the solution spreads is, in part, determined
by the hydrophobic character of the emitter surface; a more
hydrophobic emitter will exhibit less wet ability [34] and create
a more distinct droplet at the tip. As the volume of solution at
the tip increases it becomes harder to electrospray at a given
voltage. Therefore, hydrophobic emitters with smaller i.d.s
will, generally, have a smaller surface area and accordingly will
constrain the solution to a smaller volume as it flows from the
emitter at a given flow rate, either in the Taylor cone or as a
droplet on the tip [35]. Because more hydrophobic emitters
minimize the volume of solution accumulating at the emitter
tip, the voltage required to bring about the onset of the
electrospraying process is also reduced [33].

Small i.d. emitters have also been shown to create
droplets with smaller dimensions compared with the droplets
produced by emitters with larger i.d.s [36–39]. Wilm and
Mann predicted 180 nm diameter droplets, that statistically
contain about 1 molecule per droplet when used with an
analyte concentration of 0.5 pmol/μL [36]. Furthermore, the
droplets produced by smaller i.d. emitters also have a higher
charge density, which ultimately leads to increased ioniza-
tion efficiency and produce better signal [40–42]. Li and
Cole noted that spectra produced from narrow i.d. emitters
also showed higher average charge states, presumably
because of the increased charge density on the droplets [41].

Emitters with smaller i.d.s also have been shown to have
increased signal intensity compared to emitters with larger i.
d.s [7, 12, 21, 37, 38, 40, 41, 43, 44]. The increased signal
intensity observed with smaller i.d. emitters results from a
decrease in the amount of background electrolyte exiting the
orifice and thereby allows a greater portion of the analyte to
be converted to the gas phase. Increased gas phase analyte
ion production is caused by decreased competition for
charge between the analyte and solvent thus increasing
ionization efficiency [21, 45].

Smaller i.d. emitters also allow lower flow rates to be used
in addition to producing smaller droplets and minimizing the
volume of solution accumulating at the tip. Lower flow rates
also help increase the sensitivity in ESI because the background
electrolyte is reduced resulting in higher ionization efficiencies
[21, 36, 43, 46–49]. Furthermore, when lower flow rates are
used for ESI in applications such as LC-MS or CE-MS sample
bands are constrained to a smaller volume thus minimizing
sample dilution and as a result show improved limits of
detection (LODs) [36, 37, 50]. A general trend reported in
many references is that at moderate to high flow rates,
electrospray is concentration sensitive and the flow rate has

little affect on the signal intensity [7, 21, 32, 43, 46, 47, 51–53].
At very low flow rates, on the order of 10 nL/min, some signal
intensity to flow rate dependence is observed, but the increase
in signal is less than proportional to the increase in the mass of
the sample consumed [7, 21, 49]. This feature has important
implications for mass-limited samples, such as those typically
encountered in proteomics. When the analyte is constrained to
a smaller volume as it is electrosprayed, using lower flow rates
and narrow i.d. emitters, the signal will be maximized and the
probability of detecting low abundance analytes is increased.

To improve detection and optimize sample utilization,
previous reports have compared different ESI emitters to
determine, which provides the best signal intensity. Commonly
investigated ESI emitters are emitters that have tapered inner
and outer dimensions. These emitters are created by heating a
fused silica capillary and pulling to form a tapered tip. Emitters
created using this method will be referred to as “pulled-tapered
emitters” (PTE). A number of important early studies of ESI
emitters employed nanospray, which does not use pressure
driven flow, but relies on removal of the solution by the
electrospray process to drive the sample through the emitter.
Using the nanospray approach, Valaskovic et al. compared the
signal observed from gold-coated PTEs with different orifice i.
d.s fabricated from fused silica capillary [54]. Their results
showed improved LODs when using 5 μm i.d. capillaries
compared with 20 μm i.d. capillaries. Kelly et al. also compared
different gold-coated PTE emitters that were fabricated by
attaching a weight to one end of a fused silica capillary and
heating the other end to form a tapered emitter [18]. In this
work, the analyte response for three gold-coated emitters with
different tip i.d.s was compared. Their results showed that a
13 μm tip i.d. produced an analyte response three times higher
than the response from a 30 μm tip i.d.. Finally, Ishihama et al.
compared the signal observed from a series of stainless steel
emitters, ranging from and 20 μm i.d./70 μm o.d. to 76 μm i.d./
305 μm o.d., with a geometry similar to a PTE as a function of
flow rate, voltage, and i.d. [43]. Similar to results reported by
others, their results showed that smaller i.d. emitters produced
more stable spray and higher S/N ratios at lower flow rates.

While smaller i.d. emitters have many clear advantages,
there are several drawbacks that must also be considered. A
major difficulty associated with smaller i.d. emitters when
used with CE or ME is their resistance to flow. As the i.d. of
the emitter decreases, the resistance to volumetric flow
increases as a function of r4, where r is the inner radius of
the emitter [55]. This resistance to flow results in increased
backpressure, which is of little concern for HPLC interfaces,
but can substantially reduce the flow rate and can cause
significant band broadening in systems that rely on electro-
osmotic flow (EOF). Another issue with smaller i.d. emitters
is their susceptibility to clogging by small particulates. Once
an emitter becomes clogged, ESI ceases and the emitter must
be replaced before analysis can continue. Tip replacement
usually results in sample loss and requires time for replace-
ment. Furthermore, tips that have a propensity to clog are
not suited for use with automated systems.
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To reduce the problems associated with emitter fouling,
Kelly et al. etched the o.d. of fused silica capillaries with
hydrofluoric acid (HF) to create a tapered o.d. while passing
water through the capillary to prevent etching of the i.d.
[44]. Emitters of this type will be referred to as etched open-
tubular emitters (EOEs). Because the i.d. of these emitters is
unchanged they are less prone to clogging, while still
minimizing the surface area of the o.d.. In this work, a
5 μm EOE was shown to generate reproducible signal over a
range of ESI voltages at both 5 and 50 nL/min. The authors
also provided a qualitative comparison of emitter fouling
between EOEs and PTES and found that the EOEs had
significantly less fouling compared with the PTEs. Further-
more, they noted that when EOE emitter fouling did occur, it
was usually not from clogging but rather analyte precip-
itation or damage from mishandling.

This paper provides a relative comparison of the signal
intensity produced by a few common types of electrospray
emitters for pressure driven flow over a range of flow rates
and electrospray voltages. A range of emitter geometries and
materials is explored by using PTEs, EOEs, a monolithic
emitter, and a molded polypropylene tip. PTEs with orifice i.
d.s of 5, 8, and 15 μm and EOEs with i.d.s of 10, 20, 30, and
50 μm were investigated. The electrospray voltage was
varied systematically from 0.75 to 4.0 kV while the flow rate
was varied from 10 to 500 nL/min. The results show the
combinations of flow rates and ESI potentials, which
provide the greatest signal intensity and ion utilization
efficiency for each emitter. Overall, the best performance is
observed for EOEs, which consistently produced the highest
signal intensities and a large stable ESI range. Surprisingly,
the greatest signal intensity is observed for the largest orifice
i.d.s investigated in this study. It is anticipated that these
results will be useful for improving future emitter designs.

Experimental
Chemicals and Reagents

Unless otherwise noted, all chemicals were purchased from
Sigma-Aldrich (Milwaukee, WI, USA). The analyte solution
was 50% methanol 50% deionized water with 0.1 M acetic
acid and 0.1 mg/mL reserpine (MW: 608.68). The water was
dispensed from a Barnstead International NanoPure Infinity
(Dubuque, IA, USA) with a nominal resistivity of 18.3
MΩ*cm. Concentrated (47%–51%) hydrofluoric acid (HF)
was purchased from Fisher Scientific (Fair Lawn, NJ, USA)
and was used to etch the fused silica capillaries.

Electrospray Emitters

Pictures of the different types of emitters used for this work
are shown in Figure 1. The EOEs were created using a
procedure similar to one developed by Kelly et al. [44].
Briefly, the capillary was cleaved and polished to a flat edge,
and then about 1 cm of the polyimide coating was removed

from the polished end. Next, 5 mm of the exposed capillary
was submerged in the concentrated HF and the capillary was
etched until the silica was no longer in contact with the HF
while passing deionized water through the capillary at a flow
rate of 0.1 μL/min using a KD Scientific syringe pump
(model 7803118; Holliston, MA, USA). Please note, HF is
very hazardous and extreme care should be exercised when
HF is used. Accepted methods for handling and use of HF
should be followed because exposure to vapor and skin
contact is very dangerous. In addition, calcium gluconate
should be kept nearby for treatment in case of an emergency
exposure. The capillary used was purchased from Polymicro
Technologies (Phoenix, AZ, USA) with i.d.s of 10, 20, 30,
50, 100, and 200 μm and all had an o.d. of 360μm.

Three sets of PTEs were purchased from New Objective
(Woburn, MA, USA). The first set of PicoTip Emitters,
SilicaTip FS360-75-15 (15/75/360 μm PTEs), had a tip i.d. of
15 μm, an i.d. of 75 μm, and an o.d. of 360 μm. The second set
was PicoTip Emitters, SilicaTip FS360-50-8 (8/50/360 μm
PTEs), had a tip i.d. of 8 μm, an i.d. of 50 μm, and an o.d. of
360 μm. The third set contained PicoTip Emitters, SilicaTip
FS360-20-5 (5/20/360 μm PTEs), and had a 5 μm tip i.d., a
20 μm i.d., and a 360 μm o.d.

Both polymeric and monolithic emitters were purchased
from Phoenix S & T (Chester, PA, USA). PST-polytip
emitters are made with a silica monolith [56] and an
externally tapered tip having an i.d. of 50 μm and an o.d.
of 360 μm. A set of PST-4PP+LC nozzles were also

Figure 1. Photomicrographs of the different ESI emitters
used in this study are shown. The top three images are
different i.d. EOEs. The second row shows the molded
polymeric nozzle (PST-4PP+LC nozzles), the monolithic
emitter (PST polytip), and the 50 μm EOE. Finally, the last
three are the different PTEs. All images were acquired using a
40× objective
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purchased from Phoenix S & T, and these molded
polypropylene nozzles have a nominal tip i.d. of 20 μm.
The molded polypropylene nozzles were connected to a
transfer capillary, which introduces a dead volume of ~30 nL
at the capillary/nozzle interface. All commercially available
emitters were used as received.

Instrumental Setup

A schematic of the experimental setup is diagrammed in
Supplemental Material 1. A ThermoFinnigan LCQ DECA
XP (Waltham, MA, USA) ion trap mass spectrometer was
used to obtain the mass spectra, and an Agilent 1100 series
binary HPLC pump (Santa Clara, CA, USA) was used to
pump the analyte solution through a PEEK microfilter into a
PEEK microcross both from Upchurch Scientific (Oak
Harbor, WA, USA). The other arms of the cross contained
the MS electrode, the ESI emitter, and a waste capillary. The
waste capillary was used to split the flow of the incoming
solution between the ESI emitter and the waste capillary. A
split ratio of 100:1, defined as the amount coming into the
cross from the HPLC pump to the amount exiting the ESI
emitter, was used to improve accuracy at low flow rates, and
allow flow rates as low as 10 nL/min to be investigated.
Consequently, as the different spray emitters were inves-
tigated, the waste capillary was changed to maintain the split
ratio. Each emitter that was investigated was cleaved to a
length of 3 cm and tightened in place in the PEEK cross.
Next, the emitter was centered in front of the MS ion transfer
capillary 1 mm from the inlet using a Newport (Irvine, CA,
USA) MT-XYZ compact stage. The distance was measured
using a ruler built in-house as depicted in Figure S1
(Supplemental material).

To collect the data, both the ESI voltage and sample
introduction flow rate were controlled automatically. The MS
was controlled with Xcalibur ver. 1.3 SR1 (Waltham, MA,
USA). Both full scans over the range of 150 to 1000m/z and
zoom scans over the range of 608 to 610m/z were collected by
toggling between the full scan and the zoom scan for 5 min at
each voltage step. The ESI voltage was started at 0.75 kV and
was incremented in steps of 0.25 kV up to a final voltage of
4 kV for a total of 70min, while the flow rate was held constant.
At the end of each series of potentials, the HPLC pump was
ramped to the next flow rate and held constant for the next
70 min while the ESI potentials were scanned again. The flow
rates examined were 10, 30, 50, 80, 100, 150, 200, 250, 300,
400, and 500 nL/min. After all the flow rates were studied, the
data for the investigated emitter was exported from Xcalibur
and averaged using Microsoft Excel. A total of five different
emitters of each geometry were tested and the signal intensity
values reported are the average signal values from each of the
five runs. The flow rates were tested in both increasing and
decreasing directions for every other emitter, i.e., for the first
emitter the flow rates increased 10 to 500 μL/min and for the
second emitter the flow rates decreased from 500 to 10 μL/min.
No difference was observed between the increasing and

decreasing flow rate scans. The reported values were extracted
from the zoom scans and the 3DMesh plots were created using
SigmaPlot 11.0 (Systat Software, Chicago, IL, USA) and
CorelDraw 12.0 (Mountain View, CA, USA).

Results and Discussion
In this study, a sample solution of constant composition is
delivered hydrodynamically to an ESI emitter and the signal
intensity of reserpine is measured over a wide range flow
rates and ESI voltages for different types of emitters.
Overall, the results show little variation in the observed
maximum signal intensity as a function of the emitter size,
while a substantial variation is observed as a function of
emitter geometry and material as shown in Figure 2. The
signal intensities shown in Figure 2 are from the circled data
points in Figures 3, 4, and 5, and are labeled with their
corresponding flow rates. This graph shows little significant
difference among the EOEs, as all of the values are nearly
within one standard deviation of each other. Nevertheless,
the 50 μm EOE did provide the highest intensity, followed
by the 10 μm EOE with slightly lower values measured for
the 20 and 30 μm EOEs. Similarly, the PTE with the largest
tip orifice (15/75/360 μm) produced higher intensities
compared with the two other PTEs investigated. Again, this
result is in contrast to previous studies that have reported
that the signal intensity increases with the use of smaller i.d.
emitters, which has been attributed to production of smaller
droplets by the smaller emitters [36–39] and greater
ionization efficiencies [40–42]. The tabulated results in
Figure 2 show increased signal intensity for the larger i.d.s;
however, there is no clear trend with the EOEs because the
signal intensity obtained with the 20 and 30 μm emitters is
less than the signal intensity obtained from the 10 μm
emitter. The cause of the lower maximum observed
intensities with 20 and 30 μm EOEs is currently unknown.
It is possible that small experimental differences, such as the
angle of the emitter orifice, could create such differences,

Figure 2. The highest observed average intensities for each
emitter investigated are graphed and labeled with the
corresponding flow rate values. The reported intensity values
correspond to the circled data points in each of the 3D plots
in Figures 3, 4, and 5
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which are fairly small when the standard deviations are
considered. To reduce the effects of minor differences in
emitter geometry and alignment, five replicates were
produced for each emitter series and the plotted intensities
are the averages of these five replicates. For each replicate,
the ESI tip was replaced and centered with respect to the
heated capillary bore with a distance of 1 mm separating the
emitter from the end of the heated capillary.

To facilitate a direct comparison of the intensities for the
plots within each figure, the intensity scale is held constant
in Figures 3, 4, and 5, and the point of maximum intensity is
circled on each plot. It should be noted that the color scale is
quite sensitive to small intensity changes within each figure.
Figures 3, 4, and 5 show the average intensity from the
investigated emitters for a virtually unlimited sample
volume. The ion utilization efficiency, obtained by dividing
the average signal by the mass of sample consumed,
confirms that lower flow rates produce greater signal for
mass limited samples as shown in Figure 6.

The average signal intensity is shown for the EOE
emitters as a function of flow rate and ESI voltage in
Figure 3. At the lower ESI voltages (0.75 and 1 kV) for the

10 μm EOE investigated, the ESI signal is very low as the
onset of ESI has not been reached. The onset of ESI occurs
around 1.25 kV and the emitter continues to spray at all
other voltages investigated. At the lower flow rates of 10 and
30 nL/min, the signal intensity is fairly constant, while the
highest signal is generally observed at the intermediate flow
rates between 50 and 300 nL/min. Based on the data in the
graph, near equivalent signal intensities are observed over a
broad range of ESI voltages and flow rates. The average
signal intensities observed in the 20 μm EOE plot are,
overall, lower when compared with the 10 μm EOE plot.
However, a similar trend is observed in that at the lower ESI
voltages the signal is low and at about an ESI voltage of
1.25 kV the onset of ESI occurs and continues for the other
ESI voltages investigated. Likewise, flow rates from about
50 to 250 nL/min generally showed the highest average
intensities. The 30 μm and 50 μm EOE plots show a slightly
different behavior. In these plots, the greatest signal intensity
is observed shortly after the ESI onset, and after reaching a
maximum the signal intensity decreases as the ESI voltage is
increased. For the 30 μm EOE, the maximum signal
intensity is observed over the ESI voltage range of 1.25 to

Figure 3. The 3D average intensity plots generated with the four different EOEs, having i.d.s of 10, 20, 30, and 50 μm are
shown. The intensities for each plot are normalized to the highest intensities observed in the 50 μm EOE 3D plot. The circled
data points indicate the highest overall intensity for each emitter
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2.25 kV and a flow rate range from about 100 to 200 nL/min.
The 50 μm EOE plot again shows a trend similar to the 30 μm
EOE plot, with a slight shift in the maximum signal intensity to
a higher ESI voltage with the greatest signal intensities
observed over a range from about 1.50 to 2.50 kV. Overall,
the 50 μm EOEs produced the highest average intensities. The
decrease in signal intensity as the voltage is increased with the
50 μm EOE is likely caused by a transition from the cone-jet to
the multi-jet mode, as previously reported [42, 57]. For the 30
and 50 μm EOEs, it should be noted that the signal stability
decreases and the standard deviation of the signal intensity
increases as the ESI voltage increases. Likewise, the standard
deviation of the signal intensity increased as the ESI voltage
increased with the 20 μm EOE, however to a significantly
lesser extent. The signal stability in the 10 μm EOE spectra
contained little variability over the range of ESI voltages and
flow rates and, consequently, appears to be the most robust.
The decrease in the standard deviation of the signal intensity at
the higher ESI voltages probably results from the production of
smaller droplets with the smaller i.d. emitters.

The performance of the PTEs was characterized in a
similar manner as shown in Figure 4. Clearly, the overall
intensities from the PTEs are significantly lower than
observed with the EOEs which provide signal intensities
that are 2-fold greater or more. The highest intensities are
recorded with the 15/75/360 μm PTEs. However, these
intensities are still about three times lower than the
intensities observed with the 50 μm EOEs at 200 nL/min.
Slightly lower intensities that are about 1.7 times lower than
the 15/75/360 μm PTEs at 200 nL/min are observed with the
8/50/360 μm PTEs. Finally, the lowest intensities for the
PTEs (~5.3 times lower at 200 nL/min) are observed in the
plot for the 5/20/360 μm PTEs. This result is unexpected,
because in many previous reports the smaller orifice i.d.
emitters produced the greatest intensity signal [36–42]. In
addition, the optimal intensities in this work are obtained at
the higher flow rates, possibly indicating that even higher
flow rates may produce greater signal intensity. However, as
detailed in following sections, the ion utilization efficiency
continually decreases as the flow rate is increased across the
range tested. Additionally, the objective here is to study flow
rates that are typically used in capillary HPLC and CE-MS.

The signal intensity produced by a commercially avail-
able monolithic emitter fabricated from potassium silicate
polymerized inside a fused silica capillary was investigated.
As shown in the first panel of Figure 5, the PST polytip
sprays over a much smaller range of flow rates and ESI
potentials compared with the other emitters. The signal is

Figure 4. The average intensity 3D plots acquired with the
three different PTEs, having orifice i.d.s of 5, 8, and 15 μm are
shown. The intensities for each plot are normalized to the
highest intensities observed in the 15/75/360 μm PTE 3D
plot. The circled data points indicate the highest overall
intensity for each emitter, which are all observed at a flow
rate of 500 nL/min

b
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substantially lower (about 6.8 times lower than the 50 μm
EOE tip at 200 nL/min) than the other tips over the lower
flow rate ranges. Also, the maximum intensity was observed
at a potential of 2.0 kV, which is slightly higher than the ESI
voltage that produced maximum signal for other emitters.
With these tips, the Taylor cone was frequently not anchored
around the tip orifice and often expanded below the tip,
which contributes to the reduced signal intensities observed
compared with the other emitters.

A molded polypropylene tip (PST-4PP+LC Nozzle) that
was attached to the end of a transfer capillary was also
characterized. This polypropylene tip is similar in geometry
to many emitters that are molded directly into microfluidic
devices [58–65]. The polypropylene substrate imparts a very
hydrophobic surface to this emitter compared with the other
emitters characterized in this study. The results show that
this emitter generated lower signal intensities than the other
emitters and the signal intensity decreased significantly for

flow rates ≥400 nL/min and for ESI potentials ≥2.75 kV.
The highest intensity signals observed with this emitter were
only obtained over a very limited flow rate range, 250 to
300 nL/min, and at a spray voltage of 2.5 kV. For the
emitters, shown in Figure 5, the average signal intensities are
comparable to those observed with the 5/20/360 μm PTE,
however the average signal intensities are still lower than
those observed with the EOEs.

For many of the investigated emitters the signal intensity
increases with increasing flow rate, although the increase in
signal intensity is relatively small compared with the increase in
sample used. At higher flow rates ESI-MS behaves as a
concentration sensitive system, but at lower flow rates the
signal intensity becomes mass dependent [7, 21, 49]. In our
studies, the increase in signal with increasing flow rate indicates
the system is below the regime where it is entirely concentration
sensitive, particularly at the lower end of the flow rate range
used. At the lowest flow rates, the intensity does increase as the
flow rates increases, but the increase in the signal intensity is
less than directly proportional to the sample consumed. At the
optimum ESI voltage, initially the intensity quickly increases as
the flow rate is increased and then the rate of increase in signal
intensity decreases near 200 nL/min. In general, the signal of the
EOEs decreases at the highest flow rates. Such decreases in
signal intensity have been observed previously at high flow
rates [7, 21, 32, 43, 46, 49, 51, 53, 66]. The behavior of the
PTEs is somewhat different as the signal intensity continually
increased, although the slope continually decreases as the flow
rate is increased over the flow rate range investigated. The two
polymer emitters are characterized by peaks in the 3D plots,
which indicate a marked decrease in signal as the flow rate is
increased to the 300 and 400 nL/min range.

For mass-limited samples, ion utilization plots [32] are
more useful in method development than evaluation of the
raw signal intensity. Therefore, 3D ion utilization plots were
constructed from the data shown in Figures 3, 4, and 5 by
dividing the signal intensity by the mass of sample

Figure 5. The 3D average intensity plots generated with the monolithic emitter and the molded polymeric nozzles are shown. The
intensities for each plot are normalized to the highest intensities observed in the PST polytip 3D plot, which are significantly lower
than the intensities observed with the EOEs. Again, the circled data points indicate the highest overall intensity for each emitter

Figure 6. The ion utilization efficiency plots show the
dependence of the signal intensity on the mass of sample
consumed. As the flow rate is increased, the ratio of the
signal intensity to mass of sample consumed decreases
rapidly. The highest ion utilization efficiencies are achieved
with the EOEs while the PTEs provide higher ion utilization
efficiencies than the monolithic emitter and the polypropy-
lene nozzle
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consumed at the flow rate used for sample delivery. The 3D ion
utilization plots have many similarities with the 3D plots of the
signal intensity and therefore are not shown. The signal/mass,
or the ion utilization efficiency, is shown as a function of flow
rate in Figure 6. The displayed data was extracted from the 3D
ion utilization efficiency plots at the optimum electrospray
voltage for each emitter and clearly show that the most efficient
generation of signal is observed at the lowest flow rate used
(10 nL/min) and the ion utilization decreases monotonically as
the flow rate increases [32]. These results confirm that the most
efficient signal generation for mass-limited samples is achieved
at the lowest flow rates, which is 10 nL/min for this study. As
the flow rate is increased past 80 nL/min, little increase in
signal is observed as the flow rate increases, and consequently
the ion utilization efficiency decreases. Past 150 nL/min, the
signal/mass becomes asymptotic, and the signal/mass is nearly
completely dependent on the sample concentration and the
dependence on the mass is negligible. The results presented
here consistently show that the EOEs generate the greatest
signal intensities and the best ion utilization. Furthermore, the
EOEs produced higher values over a greater range of ESI
voltages and flow rates than other emitters. Therefore, if the
sample mass is limited, using an EOE, constraining the sample
to a smaller volume, and decreasing the flow rate will improve
the signal intensity.

For the analysis of mass-limited samples in which the signal
must be maximized, the following plan provides a strategy for
determining the best experimental settings. To begin, both the
mass of the sample and the time needed for the MS analysis
should be determined first. Of course, the time required for MS
analysis can be variable depending on the applications and the
experimenter can determine whether the longest analysis time
or a shorter time should be considered. The next step is to
determine what flow rate will provide the greatest signal. The
ion utilization plots indicate that the lowest flow rate provides
the most efficient signal, which was 10 nL/min for the results
reported here. Once the flow rate is set, a target volume of
solution can be determined from the product of the analysis
time and the flow rate. If the volume of solution is greater than
the target volume, the sample should be enriched for the most
efficient use of sample. If enrichment is not possible, small
gains in signal intensity can be achieved by increasing the flow
rate. However, this strategy assumes that the emitter is
functioning near the concentration limit, as observed in the
data presented herein.

Microfluidic devices are well suited for handling samples of
small volume in solution and their architecture minimizes
sample contamination and lends itself to automation. Con-
sequently, numerous researchers have developed systems for
coupling microfluidic devices with ESI-MS. Similar to their
larger scale counter parts microfluidic separations and sample
transport can be divided into 2 categories: (1) electrokinetic and
(2) hydrodynamic or pressure driven mass transport. Hydro-
dynamic separations, such as HPLC, have been readily
integrated into capillary and microchip platforms and their
widespread use has been adopted [7, 56, 67]. EOF originates

from the movement of the diffuse layer in an electric field and
has the advantage of being able to provide plug-like flow that
reduces band broadening greatly compared with pressure
driven systems. However, constrictions in the capillary i.d.,
such as those presented by an emitter tip, can cause a parabolic
flow profile to be superimposed on top of the plug-like flow
profile, sacrificing much or all of the gains in bandwidth
achieved with the electrokinetic system [23]. Even a discontin-
uous surface charge on the capillary or microchannel wall can
lead to such broadening [68–72]. Although greater band
broadening occurs in hydrodynamic systems than high
performance electrokinetic systems, pressure driven systems
are commonly used due to their robust nature. With pressure
driven systems, the contribution to band broadening caused by
the tapered electrospray tip is normally insignificant. In
contrast, the performance of electrokinetic systems, such as
ME, can suffer greatly from the backpressure created by
forcing the solution through a small orifice. In spite of the
significant number of designs reported, the lack of an ideal
interface with ESI has prevented CE and ME-MS from
becoming widely adopted. Electrokinetic systems rely on
EOF to create a bulk flow of solution. For ESI, the bulk flow
must be non-zero and great enough to provide adequate
solution for droplet formation. Therefore, the emitter plays a
key role in the performance of CE and ME-MS systems with
larger emitter orifices that are consistent with the capillary or
microchannel i.d. inducing the least band broadening.

Conclusions
The performance of a number of commonly used electrospray
emitters are evaluated for pressure driven flow. The signal
intensity is compared for EOEs, PTEs, a monolithic, and a
molded polypropylene emitter, over a range of flow rates and
electrospray voltages. For the EOE and PTE emitters, the signal
intensity exhibited only a very small dependence on the emitter
i.d., and contrary to many previously reported results, the larger
i.d. orifices studied provided slightly greater signal intensity.
This result is important for electrokinetic systems because
smaller i.d. emitters have deleterious effects on sample trans-
port and sample delivery to the MS. However, it is important to
note that many of the previous studies were preformed with
nanospray systems that are not pressure driven. It is postulated
that the difference in flow is largely responsible for the trend
toward greater signal intensity for the larger emitters used. The
intensity of the signal generated by the electrospray is found to
be largely concentration-sensitive, but over the lower range of
the flow rates investigated, some dependence on flow rate and
the mass of sample consumed is observed. The ion utilization
efficiency plots are consistent with previous reports and show a
decrease in ion utilization efficiency as the flow rate is
increased. The highest ion utilization efficiency is observed at
the lowest flow rate used in this study, which is 10 nL/min. The
EOEs provided the greatest signal intensities and it is
speculated that the geometry of the EOE emitters play an
important role in these gains as the EOEs are excellent at
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supporting a well-defined Taylor cone. These results can be
broadly applied to numerous electrospray systems that utilize
pressure driven flow.
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