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Abstract
We demonstrate the use of capillary zone electrophoresis with an electrokinetic sheath-flow
electrospray interface coupled to a triple quadrupole mass spectrometer for the accurate and
precise quantification of leu-enkaphalin in a complex mixture using multiple-reaction monitoring
(MRM). Assay time is <6 minutes, with no re-equilibration required between runs. A standard
curve of Leu-enkephalin was performed in the presence of a background tryptic digest of bovine
albumin. We demonstrate reasonably reproducible peak heights (21% relative standard deviation),
retention times (better than 1% relative standard deviation), and robust electrospray quality. Our
limit-of detection (3σ) was 60 pM, which corresponds to the injection of 115 zeptomole of
peptide. This is a 10–20-fold improvement in mass sensitivity than we have obtained by nano
HPLC/MRM and substantially better than reported for LC/MS/MS. Further quantification was
performed in the presence of stable-isotope labeled versions of the peptides; under these
conditions, linearity was observed across nearly four orders of magnitude. The concentration
detection limit was 240 pM for the stable-isotope labeled quantification.

Nanoscale reversed-phase liquid chromatography is routinely used as the primary separation
technique in bottom-up proteomics (HPLC/MS/MS). 1–3 It has advantages in sensitivity and
peak shape, and is amenable to in-line automation and low-volume injections. Efforts to
improve the depth of protein identification have largely relied on multi-dimensional gradient
separations and longer, shallower gradients.1–3 More recently, these techniques have been
coupled to triple-quadrupole and hybrid linear ion-trap triple quadrupole (QqQ) mass
spectrometers employing Multiple/Selected Reaction Monitoring (MRM/SRM) acquisitions
to perform targeted detection and relative and absolute quantification of peptide mixtures in
a complex biological matrix.4–6 One of the first studies to employ this technique in a
relevant biological background was Anderson et al., in which they used targeted acquisition
to monitor 47 proteins from high-abundance protein-depleted human plasma digested with
trypsin.7

MRM is a gas-phase separation technique by which the first quadrupole (Q1) isolates a
parent m/z, which is passed to the second quadrupole (Q2) for fragmentation, and the third
quadrupole stabilizes a single fragment ion, which is allowed to pass to the detector. The
combination of parent and fragment m/z is called a transition, which is tuned for each
peptide of interest. This process can be accomplished in a few milliseconds, and generates a
linear ion response enabling absolute-quantification with appropriate calibration curves and
standards.7–9 Despite being performed at modest resolution, typically 0.7 amu, the
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specificity of a single transition in biologically relevant mixtures can be quite high. MRM
differs from conventional tandem mass spectrometry because the third quadrupole is not
scanned but instead tuned to the preselected ion of interest.

Efforts to provide open-access to to MRM data have resulted in the availability of large
MRM repositories where specific transitions have been curated for many compounds and
proteins of interest. The predominant information required to define a MRM transition is
parent ion m/z, and one or more fragment m/z ion masses. Further refinement is provided by
accurate retention times. This information is portable, and easily compared between
different labs, experiments, tissue, and even mass-spectrometers. The Clinical Proteomic
Tumor Analysis Consortium (CPTAC) initiative and the Institute for Systems Biology (ISB)
have spent considerable effort in validating the portability of MRM transitions.10–12

Recently, our group and others have employed novel CE/CZE interfaces for ESI-MS/MS
analysis to approach bottom-up proteomics analysis.13,14 The utility of this separation
technique has been demonstrated on proteome samples of intermediate complexity,
including bacterial secretomes and nuclear histone fractions.13,14 Since its development by
Olivares et al., 15 on a single quadrupole instrument, CE/CZE-MS analyses of peptides and
proteins have historically been acquired on high-resolution instrumentation and to our
knowledge, have never been coupled to a high-sensitivity triple quadrupole for CE-ESI-
MRM. CE has been employed as a separation technique utilizing MRM/SRM before, but
this was limited to small-molecule analysis including antibiotics and nucleoside
adducts.16–18 SRM experiments on peptides reported previously have all been performed on
ion-trap style instrumentation, which approximates a MRM transition through the use of
selective ion extraction.16,17 Preparative CE as a prelude to traditional LC/MS/MS (MRM)
was used in a multi-dimensional approach by Kuzyk et al. but as a method of assessing
peptide purity and not as the direct CE-ESI interface.8

Our objective here was to couple the higher separation resolution and mass-sensitivity of
CZE-ESI to compound the sensitivity and specificity gains afforded by MRM on a modern
triple quadrupole instrument. The versatility of MRM has been exploited to provide relative
and absolute quantification across a myriad of biological contexts, and samples. This
includes bacterial lysates, SDS-PAGE bands, blood plasma, and others.4,7–9,19,20 Recently
Aebersold’s group demonstrated that MRM is highly adaptable and even preferred for non
internal standard absolute quantification using the "best-flyer" hypothesis for bottom-up
quantification.10,21 To this end, we developed and implemented an electrokinetically
pumped sheath-flow CZE-ESI for the MRM analysis of Leu-enkephalin, a opioid
neurotransmitter in the presence of a biological background. Leu-enkephalin has been
separated using CZE, MEKC previously, and thus represents an ideal peptide from which to
establish MRM-based quantitative CZE-ESI separations.22,23 We demonstrate that the CZE-
ESI MRM response is linear at low concentrations and that it produces reproducible
migration times. We furthermore demonstrate that CZE-ESI MRM is amenable to
normalization both against the biological background and by using stable isotopic dilution
via chemical labeling (mTRAQ).

EXPERIMENTAL SECTION
Chemicals and Materials

Bovine serum albumin, Leu-enkephalin, ammonium acetate, ammonium bicarbonate, and
triethyl-ammonium bicarbonate (TEAB) were purchased from Sigma (St. Louis, MO).
Sequencing-grade trypsin was purchased from Promega (Madison, WI). LC/MS grade
solvents (water, acetonitrile, methanol) were purchased from Burdick and Jackson (B&J)
(Morristown, NJ), Formic acid was purchased from Fisher (Waltham, MA). Fused
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capillaries were purchased from Polymicro Technologies (Phoenix, AZ). mTRAQ reagents
Δ0 Da. and Δ8 Da. were purchased from ABSciex (Foster City, CA).

Sample Preparation
Bovine serum albumin (BSA, 2.2 mg/mL) was prepared in ammonium bicarbonate buffer
(50 mM, pH 8.2) and then reduced at 95 °C for 5 minutes with 16 mM dithiothreitol.
Iodoacetamide was added to a final concentration of 48 mM, and alkylation was performed
at room temperature for 20 minutes in the dark. 50 µg of trypsin was added to 1 mL (2,200
µg) of BSA and digestion was performed for 10 hours at 37 °C. The BSA tryptic-digest was
diluted to a final concentration of 66 nM in ammonium acetate buffer (10 mM, pH 5.5). A
stock solution of Leu-enkephalin was made in water at a concentration of 50 µM, then
diluted by the BSA tryptic-digest (66 nM) to a concentration range of 1 nM to 10 µM as
working standards.

Compound Tuning
MRM source and fragment ion conditions were optimized while infusing a Leu-enkephalin
solution. Briefly, 100 fmol/µL of N-YGGFL-OH was infused at 500 nL/min via syringe
pump into a 5500 QTrap (AB Sciex). Automatic compound tuning (Analyst Compound
Optimization V1.5.1) was used to determine Q1, Q3, and CE (collision energy, eV) for
multiple fragment ions for the peptide. The [M+H]1+ ion at 556.20 m/z was the only
observed parent ion for Leu-enkaphalin, and 397.20 m/z was the most intense fragment ion.

The transitions used in this study and their optimized parameters are summarized in Table 1.
Unlike small molecule MRM, peptides typically exhibit a broad range of optimized values
for most instrument parameters and constant values of DP, EP, CXP were used
(Declustering Potential, Entrance Potential, Collision Exit Potential respectively) in this
study. This set-up is consistent with that reported by the MacCoss group.24 MRM transitions
for the SIS (Stable-Isotope-Standard) coded versions of Leu-enkephalin were determined by
adding the appropriate mTRAQ masses (140, 148 Da.) and increasing th collision energy by
8 eV. MRM transitions to common peptides found within the biological matrix itself used
for normalization were previously determined and are part of a common collection of MRM
transitions used to QA/QC (Quality Assurance, Quality Control) QqQ instruments within
our and other laboratories.7,12,20

Compound Labeling
Leu-enkephalin (N-YGGFL-OH) 1.2 mg was dissolved in 240 µL triethylammonium
bicarbonate buffer (TEAB pH8.0) (0.5 M in Burdick & Jackson water). 1-unit vials of
mTRAQ reagent Δ0 and Δ8 were allowed to reach room temperature and briefly
centrifuged. 100 µL of anhydrous-isopropanol was added to each tube and mixed. 20 µL of
the Leu-enkephalin solution in an additional 2 mM ammonium bicarbonate was added to
lower the rate of spurious tyrosine hydroxyl labeling.25 The tube was allowed to sit at room
temperature for 1 hour and the reaction was quenched by adding 100 µL of 0.5% formic
acid. The solutions were dried in an Eppendorf Vacuum concentrator and reconstituted in
100 µL of 0.1% formic acid (1 mM). Labeling efficiency of both the Δ0 and Δ8 were
determined by infusion of the solution through an ESI Q-TOF (Bruker-Daltronics, Billerica,
MA) and determined to be approximately 50% by comparison of the 596.20 m/z and 696.20
m/z peak intensities. Previous labeling in the absence of free primary amine resulted in
heterogeneous labeling of the N-YGGFL-OH producing singly, and doubly labeled species
(Data not shown). The Leu-enkephalin labeled with mTRAQ reagent Δ8 (1 mM) was added
to the BSA whole digest to a final concentration of 50 nM, which was used as the biological
matrix. The Leu-enkephalin labeled with mTRAQ reagent Δ0 (1mM) was diluted by the
matrix to the concentration range of 1.5 nM to 10 µM, as working standards.
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CZE Acquisition
High voltages were provided by two Spellman CZE 1000R high-voltage power supplies.
Electrospray was generated using an electrokinetically pumped sheath flow through a
nanospray emitter.14,26,27 The emitter was borosilicate glass capillary (o.d. 1.0 mm, i.d. 0.75
mm, 10 cm length) pulled with a Sutter instrument P-1000 flaming/brown micropipette
puller. The size of the emitter opening was 5–10 µm. Voltage programming was controlled
by LabView software.

The separation capillary (i.d. 50 µm, o.d. 149 µm, length 30.0 cm) was uncoated. Samples
were injected by applying 8 kV to the sample reservoir and 2 kV to the sheath flow
electrospray reservoir for 3 seconds. For separation, 8 kV was applied on the injection end
of the capillary and 2 kV on the sheath flow reservoir for 5 minutes. The separation buffer
was 10 mM ammonium acetate (pH 5.5). The electrospray sheath flow liquid contained 50%
v/v methanol, 50% v/v water, and 0.1% formic acid.

MS/MS (MRM) Parameters
MRM data were acquired in manual acquisition (tune) mode on a QTrap 5500 hybrid linear-
ion trap triple quadrupole instrument (AB Sciex) with the Nanospray III DCI interface
heater installed and set to 160°C. A custom electrokinetically-pumped nanospray source was
attached via a nanospray source ring.26 Ion spray voltage was provided either through an
external power supply or via a conductive clip from the internal power supply of the
instrument. GS1 (Sheath gas) was disabled on the instrument and the Curtain gas was set
within the software parameters to (5) arbitrary units, which is lower than the (10) setting
allowed by default. Ion spray voltage was set to 2.2 kV, DP at 100 V, and CXP at 35 V.
Resolution for all transitions was performed at Q1,Q3 Unit resolution (0.7 amu FWHM). All
other parameters are set according to the default calibration under which the instrument was
operating. Dwell times varied depending on the number of transitions in the method, but
were typically 50–100 ms in order to acquire 8–12 points across each peak profile. Inter
transition pause times were set to 4 ms; no period or MRM scheduling were used.

Peak Processing, Integration
Peaks were integrated and fit using Multiquant v2.0.2 (AB Sciex) with the MQ4 algorithm
and a 3-point Gaussian fit. Data were fit to a linear calibration curve corrected by a MRM
transition from bovine albumin Q1569.70--> Q3818.40 m/z or the heavy labeled
mTRAQΔ8-YGGFL peak area added in at constant concentration. Linear calibration curves
were weighted with a 1/X bias (X = concentraton of YGGFL) to reduce the influence of
higher concentrations on the slope-intercept formula. Linear Data fits for the unlabeled N-
YGGFL-OH were similar to the linear fits presented in S-3 for the Stable-Isotope-Dilution
data. Data presented within Figure 2 were treated with a 3-point median filter and then
convoluted with a 2 point (1.05s) Gaussian filter, then fit with a Gaussian function

(1)

where amplitude is the peak height, t is time, t0 is the peak center, σ is the peak standard
deviation, and offset is the average background signal.

RESULTS AND DISCUSSION
Adaptation of CZE-ESI-QqQ Interface

The electrophoresis system was assembled from components previously reported, with the
following modifications.14,26 The existing CZE-ESI interface was moved to a 15° angle
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with respect to the source, and it was coupled the existing commercial nano-spray interface
collar from AB Sciex. The separation buffer reservoir was made from a 20 mL scintillation
vial molded to the source stage using Sugru putty (Sugru, UK). A schematic of the interface
is illustrated as Scheme 1.

Quantitative-response Curves
Calibration curves were generated for the Q1 556.20, --> Q3 397.20 m/z transition of Leu-
enkephalin. This transition was treated as the quantifier transition, the remaining transitions
were used as qualifiers. Five replicates were obtained for analyte concentrations ranging
from 10−9 to 5×10−6 M, spanning 3.5 orders of magnitude. Testing for linearity across a
wide dynamic range is not straightforward. A linear least squares fit to a plot of peak
amplitude versus concentration will be dominated by the highest concentration signal.
Instead, analysis of the log-log plot of the calibration curve can provide useful insight into
the data’s linearity. A linear fit that produces a slope of one in the log-log plot confirms the
original data’s linearity. Table 2 summarizes the results. The slope of the log-log plot is
within experimental error of 1.0, which confirms a linear relationship between the signal and
peptide concentration across the concentration range. However, the values of the reduced
chi-squared statistic were much larger than expected, which suggests that there is a source of
systematic error.

The obvious source of that systematic error is uncontrolled variation in injection volume.
We also measured three transitions associated with the BSA digest (Q1 569.70, --> Q3
818.40; Q1 582.32, --> Q3 951.48; and Q1 461.75, --> Q3 722.40 m/z). We normalized the
peak height obtained from Leu-enkephalin with the peak height from the Q1 569.75, --> Q3
818.44 m/z transition. The normalized data are under control; the reduced chi squared
statistic for the log-log plot is close to 1 (p~0.90), and the slope is within experimental error
of unity. Figure 1 presents log-log plot of the calibration curve for both the pre-normalized
and normalized data. Normalizing the data to invariant proteins within the biological matrix
is one of the best strategies to correct for errors in injection in both CZE and LC/MS/MS
data. This strategy has been successfully employed to correct for theses variances in other
LC/MS/MS MRM studies including both label-free and labeled quantification.7,8,20,21 In
order to assess the quality of the electrospray plume, we monitored the peak-shape of the
underlying MRM transition itself. Since this work utilized a beam-line style instrument,
heterogenity in the spray quality itself might be observed as large swings in counts/s−1,
signal drop out, etc. None of these spray artifacts were not observed. An example of the raw
signal from a single transition of Leu-enkephalin is shown as S-4.

Reproducibility of Migration Time
Migration times were determined using the peak center (t0) and peak widths using the sigma
value (σ) from the Gaussian fit using equation 1. The migration time was remarkably
reproducible. The average migration time was 3.408 ± 0.038 minutes, corresponding to a 1%
relative standard deviation. A major source of uncertainty in the migration time was the peak
width itself, which averaged 0.0305 ± 0.0036 min. This highly reproducible migration time
will be valuable in the analysis of complex samples, where an ion’s transition is probed only
when the parent ion is migrating from the capillary. This precision provides an enhanced
level of confidence in discriminating between correct from incorrect MRM
transitions.5,12,21,24 Precise migration times also enable the use of period-based and
interleaved dwell time approaches that can increase the number of transitions monitored into
the hundreds or even thousands while providing improved ion-statistics by increasing the
effective time spent per peptide transition.28,29
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Detection Limit
The noise in the baseline was estimated as the standard deviation of a set of four filtered
blanks. The concentration detection limit was 35 pM for the Q1 556.20 --> Q3 397.20 m/z
transition. Figure 2 presents five electropherograms generated by injection of a 1 nM (8
amol) sample injection. Four blanks are also presented in the figure. This sensitivity
compares very favorably to those observed in nano-HPLC- MRM studies in comparable
biological background. Our detection and quantification limits are as much as 1.5 -- 2 orders
of magnitude superior to those reported for peptides from similar complexity in SDS-PAGE
extracted protein digests.19,30 Sinnaeve et al. reported capillary LC/MS (MRM) LOQ values
for Leu-enkephalin of 0.5–1 pmol/mL and mass detection limits of 500 amol.17,31 Our
absolute mass detection limit (3 σ) for Leu-Enkephalin was three orders of magnitude
superior, 335 zeptomoles, (Table 2).

Stable Isotope labeling
In order to further characterize potential sources of peak-shape error, we also acquired
comparable calibration curves of an isotopically-light labeled (mTRAQ) Leu-enkephalin in
the presence of a constant background Internal Standard (IS) of a heavy isotope form of the
mTRAQ label using stable isotope dilution to normalize the data.32,33 This compound
represents a nearly ideal internal-standard as the heavy and light forms of the peptide differ
only due to the addition of stable isotopes, and thus have identical chemical, ionization and
migration-time properties. As indicated in Table 2, detection limits for this analysis (35 pM)
were degraded vs. the unlabeled peptide mixture (240 pM) with a mass detection limit of 2
amol. As expected, the ideal internal standard had weighted linear concentration curves with
R2 values of 0.9997 (weighted ln(x)) Slope =0.0168x+/−0.98598). In particular the RSD for
these corrected data was < 4% for all concentrations and 0.48% for the lowest concentration
of Leu-enkephalin observed (1.5 fmol/µL) when plotted as log data as in Fig 1 (slope not
shown). In order to represent the data typical for that observed in LC/MS-MRM analysis we
re-plotted the data against a linear slope, weighted 1/x for concentration. The summary of
these data is shown as S-1, S-2. This includes SIS (Stable Isotope Standard) normalized
curve and integrated peaks for one concentration point (S-1) and the summary table for the
integrated data of triplicate injections over 3.5 orders of magnitude (S-2). Linearity for these
data were also excellent with a slope (weighted 1/x =0.020x+(−0.017). r=0.99933. RSD for
the linear plotting ranged from 0.85 -- 23.8% , demonstrating excellent inter-run
reproducibility. Accuracy was good, with an average accuracy of 99.85% (σ=3). The lowest
quantified point has poor accuracy overall (179.95%). Removal of the lowest quantified
point, demonstrates excellent accuracy for all points with an average accuracy of 89.8% and
a RSD of 16%. Area response [ratio] Analyte peak area / IS peak area S-3 was excellent
with a RSD of 0.9% at 3σ.

There are two obvious sources for the difference in sensitivity between the stable isotope
and unlabeled forms of the analysis. First, these data were not corrected for the
approximately 50% labeling efficiency engineered into the mTRAQ standard. In labeling a
solution containing just a single peptide, tyrosine hydroxyl-mediated NHS ester (N-
hydroxysuccinimide) formation occurred at a high rate generating a mixture of unlabeled,
singly, and doubly labeled forms of the N-YGGFL-OH peptide.25 This observation
confounded attempts to accurately assess an absolute detection and quantification limit using
the completely labeled, but heterogeneous peptide; thus the partially labeled, but
quantifiable fraction was used. Labeling efficiency accounts for a factor of two degradation
in detection limit. In addition, since there are two chemically identical peptides eluting
simultaneously in the labeled experiment, one could expect an approximately 2-fold effect
from ion-suppression. These two potential sources of error may explain all of the
quantitative differences observed from the labeled and unlabeled forms of the quantification.
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SUMMARY AND CONCLUSIONS
The application of capillary electrophoresis as a separation technique to complement
existing MRM-based peptide quantification has been demonstrated with high reproducibility
and sensitivity, using an apparatus that can be easily interfaced to multiple mass
spectrometers. We observe highly sensitive detection and quantification at the pM level of
Leu-enkephalin, a common opioid neurotransmitter peptide, in the presence of a large
excess of bovine albumin digested with trypsin. This sample simulates the biological context
under which most bottom-up proteomics based quantification is performed. The relatively
robust accuracy in peak height (RSD 21%), and excellent reproducibility in migration time
(RSD <1%) in a contextual background suggest a broad applicability for bottom-up and
endogenous peptide quantification by CZE-ESI MRM based approaches. Further
quantitative accuracy was demonstrated utilizing stable-isotope dilution, which is the de
facto method for high precision and accurate LC/MS/MS peptide quantification. This
method is well suited to implementing CE/CZE as a complementary method to LC-based
approaches for biological quantification.34
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Figure 1.
Log-log calibration curve for Lue enkephalin in 66 nM BSA digest for the 556.2 → 397.1
transition. Propagation of errors was used to estimate the uncertainty in the log(signal). The
line is the result of a linear least squares fit of a first order polynomial to the data. The slope
of the line and the reduced chi-squared for the fit are included in Table 1. A – raw data. B –
normalized to the 569.75→ 818.44 transition from a BSA peptide, which corrects for
variations in injection volume.
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Figure 2.
Five replicate analysis of 1 nM (2 amol) leu-enkaphalin transition (top curves) and four
blanks (bottom curves) using the 556.2 → 397.1 transition. Curves offset for clarity.
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Scheme 1.
Schematic of CZE-ESI QqQ interface. Shown here is diagram of the modified CZE interface
as in Wojcik et al.24 The CZE needle is positioned 15° offset with respect to the X axis of
the orifice. The interface to the triple quadrupole (QqQ is a modified form of the nanopray
III Sciex source, with the laminar-flow particle discriminator installed and heated to 160°C.
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Table 1

Multiple Reaction Monitoring (MRM) Transitions and parameters used in this study.

Name Q1 Q3 Dwell time (msec) Collision energy (eV)

Unlabeled Leu-enkephalin 556.20 397.20 100 28.00

[C][C]TESLVNR (BSA) 569.75 818.44 100 33.90

LVNELTEFAK (BSA) 582.32 951.48 100 34.40

AEFVEVTK (BSA) 461.75 722.41 100 29.14

Q1 Q3 Dwell time (msec) Collision energy(eV)

Δ0 labeled Leu-enkephalin 696.37 537.28 50 46.00

Δ0 labeled Leu-enkephalin 696.37 418.21 50 49.00

Δ0 labeled Leu-enkephalin 696.37 565.27 50 39.00

Δ8 labeled Leu-enkephalin 704.37 426.21 50 49.96

Δ8 labeled Leu-enkephalin 704.37 573.27 50 40.65

Δ8 labeled Leu-enkephalin 704.37 545.40 50 45.69

Unlabel Leu-enkephalin 556.39 279.17 50 28.50

[C][C]TESLVNR (BSA) 569.75 818.44 50 33.90

LVNELTEFAK (BSA) 582.32 951.48 50 34.40

AEFVEVTK (BSA) 461.75 722.41 50 29.14

Shown here are the Q1, Q3, Dwell and CE eV values utilized in the unlabeled (Top) and Stable Isotope Standard (SIS) experiments performed.
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Table 2

Results of a linear least squares fit to the log-log calibration curve (Fig 1).

transition Q1556.20 → Q3397.20 m/z

slope of log-log plot 0.987 ± 0.027

reduced chi-squared 5.5

Mean RSD peak height 21%

Mean RSD peak area 21%

Migration time 3.408 ± 0.038 min

Peak width 0.0305 ± 0.0036 min (1.8 ± 0.2 s)

transition Q1 556.20 → Q3 397.20 m/z normalized with Q1 569.80→ Q3 818.40 m/z

slope of log-log plot 1.017 ± 0.015

reduced chi-squared 0.342

Mean RSD peak height 29%

Mean RSD peak area 28%

concentration detection limit 60 pM

mass detection limit 115 zmol
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