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Reduction of Signal Suppression Effects in ESI-MS
Using a Nanosplitting Device
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Electrospray ionization mass spectrometry is a valuable
tool in the identification and quantification of drug me-
tabolites in biological fluids. However, there are many
instances where matrix components present in these
fluids interfere with analyte detection and prevent the
acquisition of accurate or complete results. In some
instances, the matrix can suppress ionization to such an
extent that analytes are completely undetectable by MS.
In this work, we investigate how ionization and ion-
transfer efficiencies are affected by drastically reducing
the flow into the MS. A postcolumn concentric flow-
splitting device was constructed to allow the measurement
of analyte signal and ionization suppression across a range
of flow rates (0.1—200 gL/min). Using this device, the
effects of flow rate on signal intensity and ionization
suppression were measured in analytical experiments that
included flow injection analysis MS, postcolumn addition
LC—MS, and on-line LC—MS analysis of metabolites
generated from rat liver microsomes. The device used to
deliver 0.1 uL/min flows is referred to as a nanosplitter
because it achieved high split ratios (2000:1), producing
flow rates comparable to those observed in nanoelectro-
spray. The nanosplitter maintained chromatographic in-
tegrity with high fidelity and allowed the direct comparison
of analyte signal across a range of flow rates (0.1-200
pL/min). A significant improvement in concentration and
mass sensitivity as well as a reduction in signal suppres-
sion is observed when the performance at 200 versus 0.1
pL/min flow rate is compared. Using this specially de-
signed concentric splitting device, the advantages of
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ultralow flow ESI were easily exploited for applications
employing large bore chromatography.

High-performance liquid chromatography—mass spectrometry
(LC—MS) is a widely applied technique for the fast and sensitive
characterization and quantification of pharmaceutical compounds
and their metabolites.! The analysis of these agents in complex
biological fluids such as plasma, urine, bile, feces, and tissue
homogenates for the determination of pharmacokinetic parameters
and metabolic pathways is a crucial step in the drug development
process.> 8 The inherent specificity of mass detection coupled with
the component separation afforded by chromatography has
contributed to increased analytical productivity in the area of
quantitative analysis by reducing the need for extensive sample
preparation. In addition, the unique combination of detection
sensitivity and information content has made LC—MS an essential
tool in the determination of metabolic pathways. These tools have
resulted in reduced assay development times, analysis times, and
detection limits. In fact, the literature has shown that several
thousand quantitative assays can be carried out in a single day
through the use of 96-well plate technology and tandem mass
spectrometric (MS/MS) techniques.?’~1° Furthermore, develop-
ments in software applications have enabled the automated
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quantitative and qualitative characterization of drugs and metabo-
lites, thus alleviating the bottleneck in data processing generated
by increased sample throughput. The use of LC—MS-based
methodologies has therefore become popular and widespread in
the pharmaceutical industry as evidenced by the breadth and
volume of publications within this sector.278 While these analytical
techniques have enjoyed tremendous success in recent years,
there have been many instances where they have faltered.!*~13

Efforts to increase sample throughput have placed huge
demands on analytical instrumentation to obtain error-free mea-
surements over long periods of time. In many instances, matrix
components present in these samples are responsible for analysis
failures and errors. Not only do these components foul instru-
mentation but they also interfere with detection processes in mass
spectrometry. Because ion transmission is generally dependent
upon mass and mass-to-charge ratio and not analyte structural
features, problems with analyte detection have often been at-
tributed to processes in the electrospray ionization (ESI) region
of the mass spectrometer, such as ionization suppression by matrix
components.!*15 The mechanism by which matrix components
suppress analyte signal is not fully understood; however, several
noteworthy hypotheses have been reported.!%17 In particular,
many components in biological fluids such as ionic salts and bile
acids of either very large relative abundance, very high ionization
efficiency, or high surface activity can reduce the analyte response
such that the quality of analytical measurements is compromised.
In extreme cases, components in matrixes such as bile can cause
ionization suppression to such an extent that the major metabolites
are rendered undetectable by MS. Time-consuming sample
preparation methods have often been inadequate because they
only remove a portion of the matrix components.i! For example,
solid-phase extraction (SPE) methods are only moderately suc-
cessful at limiting suppression effects because they rely on large
differences in chromatographic behavior for matrix removal.
Matrix components that remain following SPE cleanup typically
have chromatographic behavior similar to that of the analyte(s).
As a result, these components are likely to coelute with the analyte
in LC—MS and continue to cause ionization suppression.

It has been shown that reducing the ESI flow rate to the
nanoliter per minute range leads to increased desolvation, ioniza-
tion, and ion-transfer efficiency over ESI conducted at higher flow
rates.! The high degree of sensitivity demonstrated by this
technique has provoked much research into the design, construc-
tion, and evaluation of these nanoelectrospray sources.®=21 As an
example, Bahr et al. demonstrated that carbohydrates, which
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typically require chemical derivatization for suitable sensitivity in
ESI-MS,% can be detected as readily as peptides when analyzed
under nanospray conditions.’® It has been hypothesized that the
smaller droplet size achieved by nanospray forces the hydrophillic
carbohydrate molecules closer to the droplet surface, thus causing
them to behave like the more surface-active peptides. Further-
more, the higher surface-to-volume ratios of the smaller nano-
ESI droplets result not only in improved concentration sensitivity
but also in resistance to ionization suppression effects. In agree-
ment with this theory, Juraschek et al. reported that nanoelec-
trosray is more tolerant of samples that contain a nonvolatile salt
(e.g., NaCl) because of its ability to generate smaller, more highly
charged droplets.?

In the context of nanoelectrospray and its benefits, we have
utilized a modification of the experimental methodology of
Bonfiglio et al.,'t whereby the effect of eluting matrix components
on the response of a postcolumn infusion of analyte could be
measured. In the process of adapting this methodology to our
investigations, we have designed a novel flow-splitting device that
is capable of achieving extremely high split ratios (>2000:1)
without peak broadening. Hence, we refer to this device as a
nanosplitter because it can achieve flow rates in the nanoliter per
minute range by splitting from bulk flows as high as 1 mL/min
and thereby allowing the analysis of samples (e.g., neat bile) which
may cause problems when analyzed with capillary LC columns.
In this work, ionization suppression effects were evaluated across
a wide range of flow rates and using an array of different
suppressing agents. The primary goal of this work was to
determine whether lower ESI flow rates, especially in the nanoliter
per minute range, would lead to reduced ionization suppression
and improved concentration sensitivity. Analyte signal suppression
was examined both qualitatively and quantitatively through the
use of the aforementioned splitting device developed in our
laboratory. Demonstration of signal suppression and resistance
to signal suppression was accomplished using three types of
experiments each conducted at several flow rates.

The experiments were based on flow injection analysis (FIA)
MS, postcolumn addition (PCA) LC—MS, and on-line LC—MS
analysis of metabolites from in vitro sources. While the exact
details for these experiments are presented in the Experimental
Section, a brief description is given here. The first experiment
was based on the flow injection of a test analyte either alone
(benchmark signal) or in the presence of an excess amount of a
suspected suppressing agent. The test analyte was Carvedilol and
the suppressing agents were dimethyl sulfoxide (DMSO), Indi-
navir, and taurocholic acid (TCA; Figure 1). Conclusions on
suppression effects were drawn by comparing the signal from the
benchmark solution with the signals obtained from the solutions
containing test analyte and a suppressing agent. In the second
experiment, the LC column effluent following injection of a blank
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Figure 1. Structures of (A) taurocholic acid as the sodium salt, (B) Indinavir, (C) Carvedilol, and (D) dimethyl sulfoxide.

matrix solution (bile) was “teed” into a postcolumn addition of
the test analyte, Carvedilol. The Carvedilol baseline signal was
then modulated according to the nature of the column effluent.
The effect of the eluting matrix components was evaluated at
different ESI flow rates using the nanosplitter. It should be
emphasized here that the chromatographic flow was always
constant at 0.200 mL/min. A change in “flow rate” therefore refers
only to the flow of sample into the ionization source of the mass
spectrometer, also called “ESI flow”. The last experiment con-
ducted mimicked the real world application of analyzing metabo-
lites derived from in vitro incubations. Injections of Indinavir
metabolites were made onto an LC—MS system. The effect of
different ESI flow rates on the analysis of a real sample was
evaluated using the novel concentric nanosplitter to adjust the
delivery of flow to the MS.

EXPERIMENTAL SECTION
Chemicals. All water used was purified with a Milli-Q water

filtration system, Millipore, (Bedford, MA). Carvedilol, as the free
base (>99% purity), was obtained from GlaxoSmithKline phar-
maceuticals (King of Prussia, PA). Indinavir, as the sulfate salt
(>98% purity by HPLC), was a gift from Merck Research
Laboratories (West Point, PA). Ammonium acetate, acetic acid,
dimethyl sufoxide, and taurocholic acid (as the sodium salt) were
obtained from Sigma (St. Louis, MO). All solvents were HPLC
grade unless otherwise specified. Methanol was obtained from
EM Science (Gibbstown, NJ), and acetonitrile was obtained from
J. T. Baker (Phillipsburg, PA).

Metabolite Preparation. Rat liver microsomes were prepared
as previously described,?* and protein was determined by the
method of Lowry et al.® All microsomal incubations were
conducted in a shaking water bath at 37 °C. They contained liver
microsomal protein (2.1 mg/mL), NADPH (1 mM), and Indinavir
(10 uM) in 50 mM potassium phosphate buffer, pH 7.4. Incuba-
tions with no NADPH served as the controls. Total volume of the
incubation was 10 mL. The incubation of Indinavir with rat liver
microsomes was terminated after 4 h. The metabolites were
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extracted by shaking the incubation mixtures with 20 mL of
methylene chloride. The incubations were stopped by addition of
an equivalent volume of 80:20 MeOH/2-propanol containing 1%
acetic acid. The resulting solution was not extracted or dried, but
simply vortexed and spun down at ~12g. The supernatant was
decanted and diluted with water as described below.

HPLC. A HP series 1090 HPLC with an autosampler and diode
array detector (Agilent Technologies, Palo Alto, CA) was used
for FIA and HPLC experiments. The HPLC system was controlled
with HP ChemStation software (version A.06.03) running on an
IBM-compatible PC. For all HPLC experiments, a Waters (Milford,
MA) Symmetry Cyg reversed-phase LC column (2.1 mm x 10 cm
x 3.5 um) was used and the effluent was monitored by UV at
210, 230, and 254 nm with DAD spectra acquired every 0.5 s. To
prevent salt contamination of the ESI source during bile injections,
the column effluent was diverted to waste for the first 2.2 min of
the run.

Mass Spectrometry. Mass spectrometric measurements were
conducted with a TSQ 700 triple quadrupole mass spectrometer
(Finnigan MAT, San Jose, CA) controlled with UNIX operating
system (version 4 F), running ICIS 8.3, and ICL version 7.5. The
mass spectrometer was calibrated using the manufacturer recom-
mended MRFA—myoglobin solution. To maximize the sensitivity
for the detection of Carvedilol and Indinavir, tuning was performed
at each of the flow rates (50, 5, and 0.1 uL/min). This ensured
that the mass spectrometer was optimally tuned for the analyte
at each flow rate. In these tuning procedures, Carvedilol (m/z
407) or Indinavir (m/z 614) was infused at 0.1, 5, and 50 x«L/min
at concentrations of 1 ug/mL in 80% CH3;OH, 20% H,0, and 0.1%
CH3COOH (v/v/v). A syringe pump (model 980532, Harvard
Apparatus, Holliston, MA) with appropriate volume syringe was
used in the infusion experiments.

ESI and Concentric Splitting Device. The standard Finnigan
electrospray interface was used (+3.8 to +4.2 kV) where the
heated capillary was held at 200, 225, and 225 °C for the 5, 50,
and 200 uL/min flow rates, respectively. The standard Finnigan
150-um-i.d. stainless steel ESI sprayer was used for these flow
rates. Dry nitrogen gas (25 psi of sheath gas and 5 psi of auxiliary
gas) was used as the nebulization/drying gas.
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Figure 2. (A) Concentric splitting device used with the standard Finnigan ESI interface at 50 and 5 uL/min flow rates. (B) Nanosplitting device

used for split ratios of >1000:1 (nanosplitter).

For splitting at 5 and 50 xL/min, a custom-built concentric
splitting device composed of several individual parts was used
(Figure 2A). The splitter was used in conjunction with a length
of constant-bore fused-silica tubing (Polymicro Technologies,
Phoenix AZ) for the split flow exiting toward the ESI-MS system.
This piece of tubing, typically referred to as a calibrator, coarsely
determined the split ratio from a predetermined input flow. The
5 uL/min calibrator had dimensions (i.d. x length) of 50 um x
28.6 cm, while the 50 uL/min calibrator had dimensions of 75
um x 22.9 cm. A needle valve (86041, Alltech, Deerfield, IL),
placed on the waste side of the splitter, enabled fine adjustment
of split ratios by regulating back pressure within the splitter. For
these flow-splitting experiments, the bulk flow from the HPLC
was introduced to the splitter and the majority was sent to waste
through the vent/waste port. The remainder of the flow was
directed through the split orifice toward the MS. The flow exiting
the splitter (MS flow side) was collected in a syringe with
volumetric markings and was used to determine the flow rate (uL)
per unit time (min) toward the MS.

For the 0.1 uL/min flow rate, the Finnigan source was replaced
with an integrated splitter-ESI system designed and constructed
in-house (Figure 2b). The device was designed to enable easy
and reliable splitting of bulk flow rates (200—1000 uL/min) down
to nanospray conditions (<0.1 uL/min), hence it is referred to as
a “nanosplitter”. 1t consisted of an XYZ positioner (FP-2 Newport,
Irvine, CA), a splitter (FSMUASL.5, Valco Instruments Co. Inc.,
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Houston, TX), and a needle valve (86041, Alltech) all fastened to
a rail and mount system (9742(M) New Focus, Inc., Sunnyvale,
CA) and fitted to the TSQ 700. Once again, the needle valve
functioned to finely adjust split ratios by regulating back pressure
within the splitter. The high-voltage connection was made using
an alligator clip attached to the stainless steel body of the splitter.
For these nanoflow rate experiments, ~0.1 uL/min split flow was
directed into a piece of pulled fused-silica capillary (150-um o.d.,
75-um i.d., pulled to a 5-um tip; New Objective, Cambridge, MA)
where the ESI process took place directly from the pulled tip. In
general, the ESI tip was positioned 2—3 mm away from the heated
capillary orifice (185 °C) and operated in positive ion mode at
1.8—2.4 kV. The ESI process was self-sustaining under these
conditions and required no additional gas or sheath liquid.

Flow Injection Analysis. Single ion monitoring of m/z 407
was used to improve the precision and selectivity of the measure-
ments. The electron multiplier voltage was set at 1000 V, and the
scan rates were 0.3—0.4 s/scan. The HPLC pump used a flow rate
of 200 uL/min and was operated in isocratic mode where the ratio
of A/B solvents was 20:80. Mobile phase A consisted of 10 mM
ammonium acetate (adjusted to pH 4.7 with acetic acid), and
mobile phase B was acetonitrile. In all cases, the injection volume
was 10 ul.

For this experiment, four different solutions of 0.5 ug/mL
Carvedilol in 80% acetonitrile and 20% water were repeatedly flow
injected. One solution contained nothing but Carvedilol (the
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benchmark signal), while the other three solutions contained
Carvedilol with possible suppressing agents. These individual
solutions were flow injected and detected using an ESI-MS system
where only the signal for Carvedilol was monitored. The agents
that successfully suppressed the Carvedilol signal resulted in a
peak area lower than that of the benchmark signal. Using peak
area as a measure of signal, the ionization suppression from a
variety of different substances could be directly compared. The
solutions used, 80:20 acetonitrile/water, were as follows: (1)
Carvedilol at 0.5 ng/ZuL; (2) Carvedilol at 0.5 ng/uL and taurocholic
acid at 0.250 ug/mL; (3) Carvedilol at 0.5 ng/uL and 1% DMSO
(v/v); (4) Carvedilol at 0.5 ng/uL and Indinavir at 10 ng/ulL.

The 200 uL/min flow of carrier liquid was either directly
introduced to the ESI-MS system or split to a lower flow rate and
then introduced to the ESI-MS system. The split flow experiments
used a custom-built concentric splitting device (discussed above)
where the final split flows were 50, 5, and ~0.1 uL/min. To both
improve the accuracy of the data and generate statistical informa-
tion, each of the four solutions was alternately injected 12 times
at each of the flow rates in the following order: 12 34,12 3 4,
etc. This experimental design resulted in four data points/day for
each of the four solutions. Repeating this experiments for 3 days
resulted in a total of 12 data points (n = 12) for each of the solu-
tions. Generating numerous data points enabled one to determine
the validity and statistical repeatability of these measurements.

Postcolumn Addition. In this second set of experiments, bile
was injected onto a LC column so that the suppression effects of
its components on Carvedilol could be observed on-line with ESI-
MS. As in experiment I, single ion monitoring (m/z 407) was used
to improve the precision of the measurements. The electron
multiplier voltage was set at 1000 V, and the scan rates were 0.3—
0.4 s/scan. A general schematic of the experimental setup is
presented in Figure 3. This figure contains details of the physical
components of the system and is implicitly referenced throughout
the following experimental description.

The HPLC pumped at a flow rate of 200 xL/min and was
operated in gradient elution mode. Mobile phase A consisted of
10 mM ammonium acetate (adjusted to pH 4.7 with acetic acid),
and mobile phase B was acetonitrile. Mobile phase B was held at
10% for the first 2.2 min and then was increased linearly to 90% in
23 min. Subsequently, mobile phase B was held at 90% for 3 min
giving a total run time of 28 min. Injections (10 uL) of 50:50 bile/
CH30H (v/v) were made onto the LC column where the eluted
bile components were detected using UV-DAD detection. A
postcolumn switching valve was used to divert salts and other
unretained analytes away from the MS (i.e., switched off-line) at

the beginning of the run. The system was brought back on-line
2.2 min after the sample was injected.

A syringe pump was used to deliver a constant stream of Carve-
dilol to the column effluent. The Carvedilol solution (5 ug/mL)
was infused at 7 uL/min. This technique, referred to as postcol-
umn addition, has been previously reported for the addition of
matrix components in flow FAB MS experiments.'?% The column
effluent and PCA solution were thoroughly mixed using a chro-
matographic mixing tee. Following mixing, the stream was either
directed toward the ESI-MS system or split using the aforemen-
tioned splitting devices and then delivered to the ESI-MS system.

The PCA technique provided a constant delivery of analyte to
the MS detector that resulted in a baseline signal in the MS TIC
chromatogram. As the bile matrix components eluted from the
column, they were mixed with the constant flow of Carvedilol
(Figure 3) at the tee junction and then were introduced to the
mass spectrometer. Using the signal of Carvedilol as a baseline,
suppression effects from eluting bile components were readily
observed as depressions in the Carvedilol signal. The expected
outcome was an inverse peak that is a direct result of signal
suppression effects from eluting matrix components. In this way,
both the location and extent of suppression from bile components
could be determined.

This experiment was conducted at 200, 50, 5, and 0.1 uL/min
in order evaluate suppression effects at various flow rates. The
200 uL/min flow was directly introduced to the ESI-MS system
whereas the other flows required a split. These LC—MS PCA
experiments with Carvedilol were conducted in triplicate at each
of the flow rates.

Indinavir Metabolites by LC—MS. Indinavir metabolites
derived from microsomal incubations were analyzed by LC—MS
using a Waters (Milford, MA) Symmetry Cy5 reversed-phase LC
column (2.1 mm x 150 mm x 3.5 um). Injection volume was 100
uL; the pump flow rate was 200 «L/min, and the pump operated
in a gradient elution mode. Mobile phase A consisted of 10 mM
ammonium acetate (adjusted to pH 4.7 with acetic acid), and
mobile phase B was acetonitrile. The characterization of metabo-
lites used a linear gradient: 15—40% B over 52 min, subsequently
adjusted to 65% B in 13 min.

LC—MS experiments of Indinavir metabolites derived from in
vitro sources were conducted at two different flow rates, 200 and
0.1 uL/min, where the latter used a concentric splitting device to
adjust the flow toward the MS. In this experiment, the solution
containing metabolites (described above) was diluted with water
1:1 by volume. The solution was injected (100 uL) onto the LC—
MS system for analysis at 200 and 0.1 xL/min in SIM mode. lons
of m/z 445, 482, 523, 539, 614, and 630 were monitored at a dwell
time of 0.066 s, resulting in a total scan time of 0.4 s for the six
masses. The MS was tuned with an Indinavir solution (~1 x 107®
M) pumped in at a flow rate of 40 uL/min for the 200 uL/min
experiments and 0.1 xL/min for the 0.1 uL/min experiments. All
LC—MS experiments were performed in triplicate, and the result-
ing chromatograms were not smoothed in order to allow visual
comparison of signal-to-noise ratios. The information obtained from
these analyses was used to calculate the differences in signal
intensity and signal suppression between high and low flow rates.

(26) Coutant, J. E.; Chen, T. M.; Ackermann, B. L. J. Chromatogr. 1990, 529,
265—75.
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Figure 4. Flow injection profile for Carvedilol at (A) 200, (B) 50, (C) 5, and (D) 0.1 uL/min. Single ion monitoring mode of m/z 407.

RESULTS AND DISCUSSION

Flow Injection Analysis. In this experiment, Carvedilol, in
solution by itself or in combination with another component, was
repeatedly injected into to the MS using an FIA format. Since all
the test solutions contained the same concentration of Carvedilol,
one would expect to see similar signal responses in each of these
solutions. However, if ionization suppression processes were
occurring in the presence of other agents, the Carvedilol response
would be expected to decrease. The results of the flow injection
experiments are presented in three basic formats (Figures 4—6).
The different formats allow interpretation of the data in terms of
splitter chromatographic properties, absolute signal intensity, and
percent signal suppression. In the first format, the TIC for each
solution was plotted at each flow rate (Figure 4). The effect of
the concentric splitter on peak width and peak symmetry was
evaluated rigorously and the results of such evaluation revealed
no observable differences in peak shape. The TIC format shows
that all peak widths are identical across the range of flow rates
(i.e., peak widths or shapes are not dependent on the split ratio).
We can conclude that the concentric splitting device did not
degrade or alter chromatographic performance and, therefore,
allowed for direct comparison of signal between the different flow
rates. More importantly, these data show that the splitting device
is capable of maintaining peak efficiency under extremely high
split ratios (2000:1 for the 0.1 uL/min split flow). The practical
implications of this will be summarized later.

In the second format, the effect of flow rate on the absolute
signal intensity is illustrated in the bar graph shown in Figure 5,
where the average peak area for each solution is plotted for all
four flow rates. As the ESI flow is decreased from 200 to 50 to 0.1
uL/min, the Carvedilol response increased in solutions 1—3. In
all cases the 0.1 uL/min flow rate yielded the highest Carvedilol
signal intensity. In the best case, the TCA solution 2, compared
at 200 and 0.1 #L/min, showed a 3-fold improvement in signal. In
the case of solution 4 (Carvedilol plus Indinavir), there was no
significant improvement in signal following reduction of flow from
200 to 0.1 uL/min. This suggested that a 20-fold excess of Indinavir
does not have a negative effect on Carvedilol response. The
measurements made here indicate that concentration sensitivity
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Figure 5. Peak area response vs flow rate for Carvedilol in the
solutions that contain either Carvedilol alone (benchmark signal) or
Carvedilol with a suppressing agent present TCA, DMSO, or Indinavir.

can be significantly improved by simply splitting the flow rate
down to 0.1 uL/min. Moreover, the overall mass sensitivity can
be improved by more than a factor of 2000 by splitting from 200
to 0.1 uL/min. In this fashion, precious sample can be collected
for further analysis or used later as a reference standard. While
the nanoliter per minute flow yielded the most abundant signal,
the results did not demonstrate a linear relationship between
decrease in flow rate versus increase in signal intensity. The
reasons for this nonlinear relationship are unclear, and further
experiments are required to determine why the 5 uL/min flow
did not fit the trend. We speculate that the dimensions of the
standard Finnigan orifice needle (365 mm o.d. x 150 mm i.d.)
were not optimal for this flow, and therefore, improvements in
signal intensity were not observed.

In the third format, shown in Figure 6, a plot of the percent
signal suppression versus flow rate is presented for each solution.
These measurements allow quantitative comparisons of the signal
suppression observed at 200, 50, 5, and 0.1 xL/min (the x-axis,
not drawn to scale, shows the flow rate and the y-axis is percent
signal suppression). To calculate percent signal suppression the



80
| ---TCA
.............. DMSO
60 4. Indinavir
c .
s
2 N E—
17
e 20' /
= i
2 i
3 """
»  0q® {
-t N gh
s 1 o
\ Ve A
9 201 \ d A
o \ s N
o \ 4 S
(N4 N
-40 \}/ I
60— T
200 50 5 01

Flow Rate (uL/min)

Figure 6. Flow rate vs percent signal suppression for Carvedilol in
the solutions that contain Carvedilol with a suppressing agent present
TCA, DMSO, or Indinavir.

following equation was used:

suppressed signal area
benchmark signal area

% signal suppression = 1 — ( X 100)

The graph reveals that several parameters may influence this
degree of ion suppression as a function of flow rate. For example,
ion suppression due to DMSO decreases significantly at reduced
flow rates. On the other hand, the effect due to Indinavir is much
less pronounced. Finally, TCA shows no clear trend other than a
marked improvement when the percent signal suppression
between the 200 and 0.1 mL/min flow rates was compared. It is
clear from this limited set of data that more comparisons will have
to be made in order to establish well-defined trends. However, it
is significant to point out that these results were repeatable over
a period of several days (also note RSD values given in Figure 6).
Moreover, irrespective of the overall percent suppression trends,
there is a clear and significant improvement in absolute signal
when the results from flow rates of 200 versus 0.1 uL/min are
compared: specifically, note improvements in the Carvedilol
signal, 175% (£48) in the presence of DMSO, 30% (£30) in the
presence of Indinavir, and 133% (£60) in the presence of TCA.
As before, the 5 uL/min flow did not fit the trend of improved
resistance to suppression at low flows. This observation further
corroborates the hypothesis that the ESI needle used did not have
the optimum dimensions for 5 uL/min flow.2%’

Postcolumn Addition. The purpose of this experiment was
to determine both the retention time and magnitude of suppres-
sion from individual components present in bile and to evaluate
how those parameters changed as a function of flow rate.
Suppression effects from eluting components were observed as a
reduction in signal and, hereafter, these chromatograms will be
referred to as “suppression chromatograms.”

(27) Van Berkel, G. J. J. Am. Soc. Mass Spectrom. 2000, 11, 951—60.
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Figure 7. (A) LC—UV chromatogram at 254 and 230 nm of a 10-
uL injection of 50% bile/50% methanol (v/v). (B) LC—MS chromato-
gram of a 10-uL injection of bile with postcolumn addition of Carvedilol.
Single ion monitoring of m/z 407 at a flow rate of 200 uL/min. (C)
LC—MS chromatogram of a 10-uL injection of bile with postcolumn
addition of Carvedilol. Single ion monitoring of m/z 407 at a flow rate
of 0.1 uL/min.

The LC—UV chromatogram of separated bile components at
230 and 254 nm (Figure 7A) indicates that several UV-absorbing
species are present in bile. However, this method does not
necessarily detect all compounds that are likely to cause ionization
suppression. Several components present in bile, such as cholic
acid and taurocholic acid, are invisible to UV and therefore could
go unnoticed in a UV-DAD experiment. Hence, UV traces alone
are not necessarily good indicators for the presence of possible
suppressing agents. Furthermore, the data will show that UV
absorbance (intensity) does not necessarily correlate with degree
of ionization suppression.

The suppression chromatogram for the 200 «L/min flow into
the MS is shown in Figure 7B. Negative peaks observed at several
points, including 17, 18, 25, and 29 min, in the chromatogram
demonstrated the apparent suppression of the Carvedilol signal
by eluting bile components. From these data, one can determine
that there are several species present in bile that are capable of
causing severe reduction in analyte response. In addition, the
suppression chromatogram also indicates how the intensity of the
Carvedilol signal varies as a function of LC run time or, more
appropriately, mobile-phase composition. The plot displays an in-
crease in signal intensity as the percent organic solvent increases.
The signal intensity increased with the percent organic as a gener-
al trend across all flow rates, most likely the result of improved
desolvation of ESI droplets at higher organic compositions.
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Figure 8. Extracted lon chromatograms for Indinavir metabolites
generated from a rat liver microsomal incubation (m/z 445, 483, 523,
539, 614, and 630). The peaks detected here at 200 uL/min are
targeted for further analysis by SIM analysis at 200 and 0.1 uL/min
as shown in Figure 9.

Comparing the negative peaks observed at 200 uL/min to those
observed at 0.2 uL/min (Figure 7C), it is evident that the overall
signal intensity is ~2-fold higher at lower flow rate and there was
less signal suppression. Some depressions were clearly less
intense, while others were simply narrower and exhibited a more
rapid return to baseline. As in the previous experiments, the 5
uL/min flow rate again did not exhibit a behavior consistent with
the expected trends, suggesting that perhaps the source design
was not optimal for ESI conditions at that flow rate.

Indinavir Metabolites by LC—MS. In this last experiment,
metabolites generated from an in vitro incubation of Indinavir with
rat liver microsomes were examined by LC—MS at 200 and 0.1
uL/min. The purpose of this experiment was to provide a real
world application of flow splitting and present the associated
benefits over conventional flow ESI-MS. The metabolites, previ-
ously characterized and reported by Koudriakova et al.,* were
detected by SIM at m/z 445, 482, 523, 539, 614, and 630. After
recording the metabolite peak intensities by area and height,
comparisons of signal were made between the high and low flow
rates. The incubation mixture was first analyzed by full-scan LC—
MS (200 uL/min ESI flow) in order to locate and confirm the
presence and retention times of Indinavir metabolites. A series
of reconstructed ion chromatograms representing the metabolites
of Indinavir is shown in Figure 8. The drug-related peaks, which
were to be evaluated at 200 and 0.1 uL/min are highlighted.
Consistent with the observations of Koudriakova et al.,?* there
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Figure 9. Extracted lon chromatograms for hydroxylated Indinavir
metabolites (m/z 630) at (A) 200 and (B) 0.1 uL/min.

are numerous hydroxylated metabolites present in the metabolite
mixture (m/z 630). Only the two marked 630A and 630B will be
used in these comparisons.

Before examining the chromatograms for signal intensity, the
mass traces for hydroxylated metabolites (m/z 630) were in-
spected to once again establish the integrity of the peak shape
after a split of 2000:1. Figure 9 shows a side-by-side comparison
of the extracted ion chromatograms for m/z 630 at 200 (A) and
0.1 uL/min (B). The figure reveals that there is a cluster of at
least five hydroxylated metabolites present in the mixture and
that several peaks are not well resolved from one another. This
situation provides an ideal circumstance for viewing changes in
chromatographic performance because ill-defined peaks become
less distinct when peak broadening is observed. Comparing Figure
9A and B, it becomes obvious that the splitting device not only
maintained chromatographic quality but actually made these peaks
more distinguishable from one another. In fact, the lower flow
rate into the MS more clearly depicts the presence of the low-
intensity peak (marked with an arrow) off the left shoulder of the
intense peak at 31.82 min in Figure 9B. This effect is most likely
due to the improved signal-to-noise ratio observed under nanoflow
conditions resulting in a more well-defined peak. More rigorous
inspection of these metabolite peaks, however, indicates that there
is no measurable difference in peak width between the two flow
rates (e.g., peak width at half-maximum). This example clearly
documents the nanosplitter’s ability to accurately maintain peak
profiles at split ratios of ~2000:1.



The nanoliter per minute flow also revealed a putative hydrox-
ylated metabolite (Figure 9B at 37.82 min) that was not previously
observed at 200 xL/min. Since this peak had a retention time close
to that of the parent drug, it is likely that the signal for this
metabolite was previously suppressed by the parent drug. How-
ever, this peak could also be a noise/ghost peak resulting from
the coeluting parent drug peak during low-flow analysis. For
example, if an ammoniated adduct, [M + NH,]", of the parent
drug were present at high enough abundance, it could produce a
signal misconstrued to be a hydroxylated metabolite. The ammo-
niated adduct of the parent drug would yield an m/z ion of 631
where the hydroxylated metabolites are detected at m/z 630. The
close proximity of these two ions could lead to “ion crosstalk” if
the resolution on the MS is not at or above 1 Da. To conclusively
determine the nature of this peak, MS/MS experiments of the
m/z 630 ion were performed at 0.1 uL/min. The MS/MS
experiments revealed that this peak is in fact a hydroxylated
metabolite that was previously undetected at 200 uL/min. The
MS/MS spectrum of the metabolite (data not shown) has many
common fragments as Indinavir (e.g., m/z 188, 364, and 465) as
well as many fragments that are 16 Da higher than those observed
from Indinavir (e.g., m/z 320 — 336, 338 — 354, 403 — 419, 421
— 437, 495 — 511, and 513 — 529).

In line with the experimental results discussed in the previous
sections, it is reasonable to attribute the dramatic signal improve-
ment shown in Figure 9B to an overcoming of ion suppression
effects due to matrix. This hypothesis is also supported by
consideration of the peak ratios in the mass chromatograms in
Figure 9. Specifically, note that the ratios of the first five peaks
(I-1V) in Figure 9A are essentially identical to those in Figure
9B. Peak VI, which is completely absent in the chromatogram of
Figure 9A, “shows up” with greater relative intensity than peaks
111 and 1V, which coincidentally were present in Figure 9A. Based
on these observations, such an improvement in sensitivity may
be explained, at least in part, by a reduced competition from the
large excess of parent drug whose elution time partially overlaps
that of metabolite peak VI (see Figure 8 for a comparison of elution
times).

To assess the nanosplitter’s ability to generate improved signal
over that of conventional flows, the peak areas and heights were
determined for each of the metabolites detected in Figure 8. The
data for these measurements are presented in Table 1 and contain
peak intensity by height and area for each of the m/z values at
200 and 0.1 uL/min. Shown in this table are the average peak
intensities, average RSDs, and average percent signal improve-
ment when using the nanosplitter. It is indeed the case that the
majority of the metabolites detected here exhibit significantly
higher signal intensities at 0.1 uL/min than at 200 xL/min. In
only one instance did the peak intensity decrease, e.g., m/z 630A,
and this decrease was less than 31%. In one instance, m/z 523,
the improvement in signal was greater than 360%. The average
change in signal intensity for these metabolites was an increase
of 155 and 145% by area and height, respectively. However, the
lower flow did yield less precision that that of the higher flows
(i.e., average RSD is slightly higher at the nanoliter per minute
level). The 0.1 xL/min flow had an average RSD of 25% and the
200 uL/min had an average RSD of 19% by area (height values

Table 1. Integration Results for Indinavir Metabolites,
m/z 445, 482, 523, 539, 614, 630A, and 630B, by Height
and Area at 200 and 0.1 gL/min (n = 3)

Height

200 uL/min 0.1 uL/min

mean RSD mean RSD  improvement
m/z height (%) height (%) (%)
445 6.06 x 107 151  9.69 x 107 38.1 59.8
482 218 x 106 179  9.46 x 105  22.6 333.6
523 230 x 107 174  1.04 x 108 289 354.5
539 2.80 x 106 25 838 x 105 133 199.4
614 214 x 108 228 3.05x 108 274 421
630 A 157 x 107 171 123 x 10’ 25.8 —22.1
630B 549 x 106 11.7 8.05x 108 28.1 46.7

Area

200 uL/min 0.1 uL/min

mean RSD mean RSD  improvement
m/z area (%) area (%) (%)
445 232 x 10° 247 410 x 10° 157 76.7
482 568 x 107 131 273 x 108 255 381.1
523 6.54 x 108 205 3.03 x 10° 30.1 363.1
539 6.94 x 107 176 213 x 108 189 206.1
614 581 x 10° 247 7.75x10° 316 333
630 A 390 x 108 129 269 x 108 227 —31.0
630B 123 x 108 192 1.89 x 108 289 53.8
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Figure 10. Bar graph for Indinavir metabolites, m/z 445, 482, 523,
539, 614, 630A, and 630B, by height and area at 200 and 0.1 uL/
min.

yielded similar results). The data in Table 1 are also presented in
bar graph format in Figure 10.

CONCLUSIONS

The sensitivity of detection and the efficiency of sample
utilization determine the effectiveness of many trace level analyti-
cal applications that utilize HPLC. In HPLC—MS, exceptional mass
sensitivity is achieved via the use of nano-ESI, which is compatible
with nanobore chromatographic columns. On the other hand,
there are many instances where the use of conventional-bore
chromatographic methods is warranted. The latter requirements
are typically associated with circumstances under which it is
necessary to utilize larger injection volumes of a reconstituted
physiological sample in order to introduce sufficient quantities of
isolated trace level analyte into the LC—MS system. The nano-
splitter device discussed in this paper provides a means for con-
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ducting LC—MS analysis under nano-ESI conditions while utilizing
conventional LC equipment and columns. It is shown that the
nanosplitter can maintain chromatographic integrity at split ratios
as high as 2000:1 and allows a comparison of signals over a wide
range of flow rates. Most significantly, there was a significantly
improved overall performance both in terms of absolute signal
and in reduced signal suppression when the flow was decreased
from 200 xL/min to submicroliter per minute rates.

This work opens the door to a host of different applications
and future related experiments. Future work will be directed
toward further characterization of the system using other more
complicated biological matrixes, further understanding of the
underlying processes resulting in these flow related phenomena,
improving performance and precision by optimizing the ESI tip
dimensions, ESI high voltage, or both, and characterization of the

(28) Preisler, J.; Foret, F.; Karger, B. L. Anal. Chem. 1998, 70, 5278—87.

5644 Analytical Chemistry, Vol. 73, No. 23, December 1, 2001

chromatographic integrity of the splitter waste stream. Other
potential applications of this device may include on-line MALDI
techniques where the use of conventional chromatography is
desired but is not feasible because the source does not accept
bulk LC flow rates?® and techniques where the waste flow that
contains sample is directed elsewhere for further measurement
such as NMR or fraction collection equipment.
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