
Detection of 1 zmol injection of angiotensin using capillary zone 
electrophoresis coupled to a Q-Exactive HF mass spectrometer 
with an electrokinetically pumped sheath-flow electrospray 
interface

Emily Ann Amenson-Lamar1, Liangliang Sun2, Zhenbin Zhang1, Paul W. Bohn1,3, Norman 
J. Dovichi1,*

1 Department of Chemistry, University of Notre Dame, Notre Dame IN 46556, USA

2 Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA

3 Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame 
IN 46556, USA

Abstract

An electrokinetically pumped sheath-flow nanoelectrospray interface provides an efficient means 

of transferring ions from a capillary electrophoresis system into a mass spectrometer. To 

characterize its performance, we analyzed angiotensin solutions prepared in a background of 0.25 

mg/mL of a BSA tryptic digest. Calibration curves were prepared from 10 zeptomole (10−21 mol) 

to 10 femtomole (10−14 mol) of angiotensin injected into the capillary. A parallel reaction 

monitoring approach was used; MS1 was set to m/z = 523.8 ± 2, and fragment ion signals at 

263.1389 (y2+) and 784.4095 (b6+) were used to generate selected ion electropherograms. 

Calibration curves based on peak areas were linear (log-log slope of 0.94 for the y2+ fragment and 

0.98 for the b6+ fragment). We then injected 1-zmol (600 copies) of angiotensin in the BSA 

background using a 10-μm ID separation capillary. Triplicate analyses consistently produced co-

migrating peaks for the two fragment ions. The b6+ electropherogram showed no background 

signal, whereas the y2+ electropherogram showed a few noise spikes that were smaller than the 

peak maximum. Bienayme-Tchebycheff inequality was used to estimate detection limits of 230 

ymol (140 ions) injected into the separation capillary. To the best of our knowledge, these 

electropherograms present the smallest number of molecules detected using mass spectrometry 

coupled with a separation.
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1. Introduction

Laser-induced fluorescence produces extraordinarily low detection limits for solution-phase 

analyte [1]. Incorporation of fluorescence detection for separations produced zeptomole 

detection in the 1980s and single molecule detection in the 1990s [2,3]. However, 

fluorescence is a low-information content detector, and mass spectrometry tends to be much 

more useful detection method for complex samples.

There have been a handful of reports of zeptomole detection limits using electrospray 

ionization-mass spectrometry. In 1994, Andren and colleagues reported low attomole 

detection limits for neurotensin using a Vestec electrospray source coupled to a Finnigan 

MAT TSQ 700 mass spectrometer [4]. Belov and colleagues reported 30 zmol detection 

limits for 8 kDa proteins using a 3.5 tesla FTICR mass spectrometer in 2000 [5]. Four years 

later, the same group improved these results by coupling 15-μm ID HPLC with a 11.4 T 

FTICR mass spectrometer; five peptides were detected from a 75 zmole aliquot of a BSA 

tryptic digest, and detection limits were extrapolated to 10 zmol [6]. Also in 2004, Syka and 

colleagues reported a novel linear-quadrupole/FT mass spectrometer with low zeptomole 

detection limits for tryptic peptides [7]. In 2015, Li and colleagues coupled an open-tubular 

liquid chromatography system with a Q-Exactive mass spectrometer and reported 10–50 

zmol detection limits for tryptic peptides [8]. Last year, Lipponen and colleagues reported a 

microcapillary electrospray ionization platform with an extrapolated detection limit of 60 

zmol [9]. Also last year, the Nemes group reported a limit of detection of 260 zmole and a 4-

log-order dynamic range for angiotensin II using a CE-nanoESI-MS system and parallel 

reaction monitoring [10]. The capillary in this case had an ID of 20 μm, and the interface 

was coupled to a Qq-TOF Impact HD from Bruker. Finally, single +20 ions of myoglobin 
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have been detected in an LTQ Orbitrap XL, in a direct infusion experiment; this experiment 

suggested the noise floor of the Orbitrap electronics is six elementary charges [11].

We developed a high-sensitivity sheath-flow electrospray interface for CZE. There have 

been three generations of this interface, optimizing the distance between the tip of the 

capillary and the emitter orifice and the outer diameter of the emitter tip [12–14]. The 

second generation interface etched the distal tip of the capillary to a 60 μm OD [13]. By 

etching the separation capillary, the distance between the end of the capillary and the 

opening of the emitter tip was reduced to ~200 μm. This reduction led to a dramatic increase 

in sensitivity, and reproducible separations of an E. coli protein digest were demonstrated 

using loading amounts from 400 fg to 84 pg on a 10 μm ID/150 μm OD separation capillary. 

The most abundant peptide in E. coli, the elongation factor Tu, was used to estimate the 3 σ 
LOD as approximately 1 zmole (~600 molecules). It is important to note that this detection 

limit is an estimate based on a three-order of magnitude extrapolation from the injected 

amount.

Detection limit is defined as the amount (or concentration) of analyte that generates a signal 

three times larger than the noise in the baseline. There are two issues in this definition of 

detection limit. First, it assumes a linear calibration curve. This assumption may not hold for 

low amounts of peptides, which can be lost to the surface of plasticware used to hold 

samples. This loss will only be observed when a calibration curve extends to close to the 

detection limit. Most earlier studies estimated detection limits by linear extrapolation of 

calibration curves over several orders of magnitude, and would be blind to loss of zeptomole 

amounts of sample.

Second, this definition of detection limit is typically based on the assumption of Gaussian 

distributed background signal. As we will show, such an assumption is not valid for 

measurements made near the detection limit of Orbitrap mass spectrometer.

In this manuscript we demonstrate the reproducible detection of two fragment ions from 

injection of 1 zmol (600 ions) of angiotensin onto a CZE system coupled to a Q-Exactive HF 

using our electrokinetically-pumped nanoelectrospray interface. To obtain the detection of a 

peptide at this level, it was necessary to prepare the sample in a much higher concentration 

of a BSA tryptic digest; this matrix apparently saturated active binding sites on plasticware, 

allowing analysis of this minute amount of angiotensin. Based on our 1-zmol 

electropherogram, we extrapolate a 240 ymol detection limit using a method based on the 

Bienayme-Tchebycheff inequality, which provides a robust estimate of detection limit for 

non-Gaussian background signals.

Experimental

Materials and Reagents

Formic acid (FA) and hydrofluoric acid (HF) were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). LC-MS grade water and methanol were from Honeywell Burdick & 

Jackson (Wicklow, Ireland). Fused silica capillary (10 μm ID/150 μm OD; 20 μm ID/150 μm 
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OD; 10 μm ID/360μm OD) was purchased from Polymicro Technologies (Phoenix, AZ, 

USA).

Sample Preparation

Bovine serum albumin (BSA) was dissolved in 100 mM NH4HCO3 (pH 8.0) containing 8 M 

urea, and denatured at 37° C for 30 minutes. A standard reduction and alkylation was 

performed using dithiothreitol (DTT) and iodoacetic acid (IAA). The solution was diluted to 

a urea concentration of less than 2 M, and the proteins were digested at 37°C with trypsin at 

a trypsin/protein ratio of 1/30 (w/w) for 8 hrs. The digestion was ended by acidification with 

FA, and the protein digest was desalted using a C18-SepPak column (Waters, Milford, MA). 

The solution was then lyophilized with a vacuum concentrator (Thermo Fisher Scientific, 

Marietta, OH), and the dried protein pellet was stored at −80 °C.

Stock solutions of angiotensin II were prepared in MS-Grade water, and aliquots were stored 

at −80° C. Solutions were created at angiotensin II concentrations shown in Table 1, both 

with and without BSA digest. These solutions were made fresh daily in 0.05% FA and stored 

at 4° C.

All samples were diluted in a sample buffer of 0.05% formic acid. The angiotensin II 

solutions were diluted to a concentration 10X the concentration desired for the injection, and 

the last dilution was into a 0.25 mg/mL BSA digest. The solutions for injections of 1 

zeptomole loading amount were diluted into a 1 mg/mL BSA digest. Any samples within the 

picomolar range were remade for each injection to ensure accuracy.

CZE-ESI-MS/MS Analysis

A capillary zone electrophoresis system was constructed from a sample injection block that 

is similar to ref 15, the third-generation electrokinetically-pumped nanoelectrospray 

interface [14], and a Q-Exactive HF mass spectrometer (Thermo).

The calibration curve from 10 zmol to 10 fmol was generated with a 36-cm long, 20 μm ID 

capillary. The capillaries were initially conditioned by flushing with 1 M NaOH followed by 

background electrolyte (0.5% FA or 0.1% FA) for 10 minutes at 40 PSI. The capillary was 

flushed with water (MS-Grade) between separations.

1 zmol injections were run to estimate the detection limit. The 1-zmol separations were 

generated with a 42-cm long, 10-μm ID capillary, pretreated as described for the calibration 

curve. The narrow ID capillary tended to plug, which discouraged attempts to construct a 

calibration curve at higher concentrations.

For the calibration curve, the samples were injected by applying 8 PSI for 2 seconds, after 

which the injection end of the capillary was dipped in MS-Grade water to remove 

contaminating sample from the exterior of the capillary before being placed in background 

electrolyte for electrophoresis. Injection volume was calculated using Poiseuille’s law. 

Electrophoresis was performed at a separation voltage of 22 kV, with the electrospray 

voltage set at 1.7 kV.
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For the 1-zmol data, samples were injected by applying 6 PSI for 2 seconds. The capillary 

tip was washed as described above. Electrophoresis was performed at a separation voltage of 

25.2 kV. The electrospray voltage set at 2.2 kV.

A third-generation electrokinetically pumped nanospray interface was used to couple the 

separation capillary and mass spectrometer. The distal tip of the separation capillary was 

etched to ~ 30 μm diameter by hydrofluoric acid (appropriate safety protocols must be 

employed while handling HF). Emitter tips were pulled from borosilicate capillaries (1 mm 

OD, 0.75 mm ID) to an opening diameter of 15 μm for the calibration curve, and 40 μm for 

the 1 zmol experiment using a Sutter puller (P-1000). The puller used a temperature setting 

from 460 – 470° C and a pull velocity of ~20. The electrospray sheath electrolyte was 0.1% 

FA, 10% methanol in water.

The separation capillaries were coupled to the Q-Exactive HF mass spectrmeter, operated in 

positive ion mode. Data were collected using a parallel reaction monitoring (PRM) method 

with the parameters shown in Table 2. The data files for the calibration curve were collected 

in Profile mode, while the data files for the 1 zmol runs were collected in Full Profile mode. 

The calibration curve data files were converted from RAW files to mzXML files using 

MSConvert [16], and imported into MATLAB for analysis. Selected ion electropherograms 

were generated by summing the intensity across a 0.075 AMU window around the target 

m/z.

Results and Discussion

Calibration Curve

We prepared samples for a calibration curve by doping minute amounts of angiotensin into a 

0.25 g/L solution of BSA tryptic digest. We discovered that the BSA background was 

necessary to detect low concentrations of angiotensin; no signal was observed without the 

added BSA for all but the largest angiotensin injection amounts. We presume that 

angiotensin is adsorbed on active sites on the plasticware used to prepare the sample, and 

that the BSA digest blocks those high-activity sites.

The Q-Exactive HF was programmed in PRM mode. The parent ion was set at m/z 

523.77340 (+2) corresponding to angiotensin II (human, Asp-Arg-Val-Tyr-Ile-His-Pro-Phe). 

The two most intense fragment ions (b6+ and y2+) of angiotensin II were extracted with 

0.075 Da mass tolerance to construct a calibration curve. Data were collected in triplicate.

Figure 1 presents a log-log calibration curve. The fragment ion signal increased linearly with 

angiotensin loading amount for five orders of magnitude (b6+ log-log slope = 0.930, r = 

0.990; y2+ log-log slope = 0.987, R2 = 0.988). Higher loading amounts were not used to 

minimize contamination of the system.

High sensitivity analysis: 1 zmol injection

We modified the instrument to increase sensitivity. We used a 10-μm ID separation capillary, 

which is a four-fold decrease in capillary cross-section compared to the calibration curve, 

which produces a proportional increase in analyte concentration for the same loading 
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amount. A slightly longer capillary was also used, which modestly reduced band broadening 

due to injection volume. Finally, a larger emitter orifice was used, which allowed placing the 

tip of the etched capillary within the orifice, further improving sensitivity.

Figure 2 presents three successive electropherograms generated from 1-zmol injections (600 

copies). The data are presented as butterfly plots, with the m/z 263 data plotted as positive 

numbers and the 784 data as negative. The two fragments comigrate, which provides high 

confidence for the detection of angiotensin at this minute loading amount. The mean 

migration time was 148 ± 6 seconds, and the variation in time is likely due to a drift in room 

temperature.

Detection limit

The data presented in Figure 2 are intriguing. With the exception of one spike, the 

background generated at m/z784 equals zero. The background for m/z = 263 consists of a set 

of spikes with width equal to one sampling interval and with similar peak heights. Run1 

generated 16 spikes with intensity = 734 ± 80 (mean ± standard deviation), Run2 generated 

12 spikes with intensity = 690 ± 66, and Run3 generated 19 spikes with intensity = 665 ± 62. 

The decrease in average spike intensity is statistically significant and presumably due to 

instrument drift.

We interpret this data as arising from a thresholding algorithm used by the QExactive HF to 

truncate noise below some level, and that the spikes are produced in the m/z 263 by noise 

that occasionally exceed the threshold. Without details of the algorithm used by the Q-

Exactive HF to threshold low-intensity signal, any extrapolation of this data to lower 

injection amounts is problematic. However, the consistent observation of co-migrating 

fragment ions in the three electropherograms provides confidence in an estimate of the 

detection limit as less than 1 zmol injected into the capillary.

There are several approaches to calculate detection limits from this data. The classic 

definition is

LODclassic = 3 * signal/stdbackground/injected amount (1)

where signal is the peak height, stdbackground is the standard deviation of the background, 

and the injection amount is 1 zmol. In this case, we define the background as the baseline 

before 125 seconds, which corresponds to a mass LOD of 80 ymole (~50 copies). However, 

the classic definition of detection limit is based on normally-distributed background signal 

which is inappropriate for this non-Gaussian background noise.

In this case, it is instead appropriate to use a method reported by Knoll that is based on the 

Bienayme-Tchebycheff inequality, which provides a robust estimate for non-Gaussian 

background noise [17]. This method estimates detection limit as

LODKnoll = Klod * hn * Minjected/hs (2)
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where Klod is a constant based on the measurement window divided by the peak width, hn is 

the height of the largest noise peak, Minjected is the sample mass injected, and hs is the height 

of the signal. The measurement window for the background is 125 s and the peak width at 

half-height is ~2s, so that the window is roughly 50 times the peak width, which corresponds 

to a Klod = 0.92. As noted above, hn/hs ~0.25, and detection limit is estimated to be 230 

ymol or 140 ions injected into the separation capillary, which is a factor of four less than our 

injected amount.

Conclusions

We draw several conclusions from these data.

First, the electrokinetically pumped nanoelectrospray interface is remarkably efficient in 

introducing ions into the mass spectrometer. Although this interface uses sheath flow, that 

flow does not appear to interfere with the transfer of ions from the separation capillary into 

the mass spectrometer.

Second, the Orbitrap Q-Exactive HF mass spectrometer has ion optics that are very efficient 

in transferring precursor ions to the collision cell, and then transferring fragment ions to the 

Orbitrap mass analyzer. Assuming that the noise of the Orbitrap is roughly equivalent to six 

elementary charges [11], then roughly 20 ions are detected in our 1-zmol injection, which 

corresponds to an overall ion transmission from injection onto the separation capillary to 

detection in the Orbitrap mass analyzer of 3%.

Third, care is required to block active sites on vessels that contact the sample to minimize 

loss of minute concentrations of analyte. We employed a large excess of a BSA tryptic 

digest in our experiments to saturate those active sites. Alternatives should be investigated.

Fourth, in favorable cases, it is possible to detect injections of 1 zmol of peptide in capillary 

zone electrophoresis with an electrokinetically-pumped nanoelectrospray interface.

Finally, capillary electrophoresis coupled with the Orbitrap mass spectrometer produces six 

order of magnitude dynamic range measurements. That dynamic range approaches the 

performance of laser-induced fluorescence, which providing a much higher information 

content signal for compound identification.18−19
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Highlights

We report the detection of 1 zmol amounts of a peptide injected onto a capillary, 

separated by zone electrophoresis, and detected with an Orbitrap mass spectrometer. 

These detection limits required careful consideration of the sample’s matrix to minimize 

peptide loss.
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Figure 1 –. 
log-log calibration curve of PRM analysis of angiotensin. Moles injected are shown on the 

bottom X-axis, and copies of angiotensin injected are shown on the top axis. Peaks were fit 

with a Gaussian function; peak area is the product of the height and width of the fitted 

function. Several 10 zmol injections did not generate peaks for mz 784; a value of zero area 

was used in calculating that average.
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Figure 2. 
PRM electropherograms generated from injection of 1 zmol (600 molecules) of angiotensin. 

Data are presented as butterfly plots, with the data at m/z = 263 plotted as positive numbers 

and the data at m/z = 784 plotted as negative numbers.
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Table 1 –

Sample concentration and injection volume

Injection Volume Concentration Amount

Detection limit - 50 pL 20 pM 1 zmol – 600 copies

Calibration curve - 1 nL 10 pM 10 zmol – 6 × 103 copies

100 pM 100 zmol – 6 × 104 copies

1 nM 1 amol – 6 × 105 copies

10 nM 10 amol – 6 × 106 copies

100 nM 100 amol – 6 × 107 copies

1 μM 1 fmol – 6 × 108 copies

10 μM 10 fmol – 6 × 109 copies
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Table 2 -

Method Parameters for PRM

Scan Range 350 – 1800 m/z

Inclusion On; 10.0 PPM (Mass List: 523.77340, +2)

Resolution 30,000

AGC Target 2e5

Max Injection Time 200 ms

Isolation Window 2.0 m/z

NCE 25
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