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Abstract : Dual-channel nano-electrospray has recently become an ionization technique of great promise especially in biologi-
cal mass spectrometry. This unique approach takes advantage of the mixing processes that occurs during electrospray. Under-
standing in more detail the fundamental principles influencing spray formation further study of the origins of the mixing
processes: (1) in a Taylor cone region, (2) in charged droplets or (3) in both environments. The dual-channel emitters were made
from borosilicate theta-shape glass tubes (O.D. 1.2 mm) and had a tip diameters of less than 4 µm. Electrical contact was
achived by deposition of a thin film of an appropriate metal onto the surface of the emitter. The experimental investigation of
the Taylor cone formation in a dual-channel electrospray emitter has been carried out by injection of polystyrene beads
(diameter 3 µm) at very low concentrations into one of the channels of the non-tapered theta-glass tubes. High-speed camera
experiments were set up to visualize the mixing processes in Taylor cone regions for dual-channel emitters. Mass spectra from
dual nano-electrospray are presented.
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Introduction

Nano-electrospray (nano-ESI) was introduced by Wilm

and Mann1 little more than 20 years ago, and it was named

to reflect the flow rate and size of a droplets produced by

emitters. While conventional electrospray typically uses

nitrogen or argon to assist in droplet formation and

operates at a flow-rate of 1-200 microliters per minute,

nano-ESI produces a stable ion current at a flow rate of 10-

100 nanoliters per minute. The flow rate of nano-ESI

mainly depends on the inner diameter of the emitter tip and

on the viscosity of the solution. It has been said that the

efficiency of electrospray techniques to produce ions rose

500 times with invention of nano-ESI.2

The focus for the development of electrospray ion

sources has always been on the emitter design, as an

emitter’s geometry is the major factor influencing

performance. One approach to increasing ionization

efficiency is to minimize the size of the emitter tip. When

the diameter of a tip is reduced to a couple of micrometers,

much smaller charged droplets are generated. The

development of nano-electrospray (nano-ESI) extended the

application of ESI making possible analysis of analytes

obtainable only in small quantities, such as non-covalent

complexes of proteins.

Generally, single-channel glass capillary emitters are

used in nano-ESI experiments, and are commercially

available. Dual-channel emitters, sometimes referred to as

theta-shape capillaries however must be produced by

researchers at the present. In order to achieve optimum

geometrical parameters of the emitters, a good

understanding of the manufacturing process is required.

Electric contact to an emitter can be introduced by sputter

deposition of a metal film, or by a metal wire inserted at

the back of the emitter into the spraying solution.

Theta-shaped dual channel emitters were first described

by Mark et al.3 The emitters were pulled from round

borosilicate capillaries, which had a septum wall in the

middle creating a so-called theta shape. Electrical contact

was introduced in two ways - by hand painting of platinum

paint and by sputtering of gold above a titanium adhesion

layer. In this original study, hydrogen/deuterium exchange

*Reprint requests to Anna Radionova
 E-mail: a.radionova@auckland.ac.nz

All MS Letters content is Open Access, meaning it is accessible online to
everyone, without fee and authors’ permission. All MS Letters content is
published and distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org /licenses/by/3.0/). Under
this license, authors reserve the copyright for their content; however, they
permit anyone to unrestrictedly use, distribute, and reproduce the content
in any medium as far as the original authors and source are cited. For any
reuse, redistribution, or reproduction of a work, users must clarify the
license terms under which the work was produced.



Anna Radionova, David R. Greenwood, Geoff R. Willmott, and Peter J. Derrick

22 Mass Spectrom. Lett. 2016 Vol. 7, No. 1, 21–25

between vancomycin and deuterated vacomycin and

interaction of vacomycin with diacetyl-l-lysyl-d-alanyl-d-

alanine peptide (KAA) were described. It was shown that

there is interaction between these two solutions and it was

proposed that mixing occurred in a shared Taylor cone

region.

Later theta-shaped emitters were used to effect changes

in charge state distributions.4 Electrical contact was

achieved by a platinum wire inserted into one or both

channels at the rear end of the emitter. Mixtures of

myoglobin and cytochrome c with acids and supercharging

agents at different concentrations were sprayed with single

and theta capillary emitters, and premixed solutions were

compared with the short-time mixing processes. There

were no difference found between mass spectra. During

myoglobin-acetic acid experiments it was shown that

myoglobin was partially denaturated and charge state

distribution was changed, while mass spectra for premixed

solution indicated only apomyoglobin. It was observed that

charge state distributions shifted towards lower charge

states for both cytochrome c and myoglobin.

Another study of myoglobin and cytochrome c with the

use of theta shaped emitters was carried out to investigate

folding and unfolding processes by altering pH of the

solution.5 An approach to estimating time of interaction

between two solutions based on the integrated law of a two-

state folding reaction has been performed. A simplified

mixing model based on Fick’s second law of diffusion was

suggested for mixing in a droplet.6 It was stated that

significant amount of mixing was occurring in droplets

rather than in a Taylor Cone. To extend mixing times of two

solutions with the use of theta shaped emitters, different

voltages were applied to platinum electrodes to induce

electro-osmotic flow from one channel to the other.7

Experiments and Results

Fabrication

The emitters have been produced from “theta-shaped”

borosilicate capillaries (O.D. 1.2 mm, Hilgenberg

borosilicate capillaries, # 1423021). The fabrication of

electrospray emitters was performed on a laser-based

micropipette puller. A glass tube was fixed between two

holders and a laser beam shone across the middle of the

glass tube. Application of heat melts the glass and after a

certain time the force applied to a tube holders begins to

pull apart the two halves of the glass tube creating two

emitters. We used the P-2000 micropipette puller from

Sutter Instrument Company. It has a carbon dioxide laser-

based puller, which permits production of ESI emitters

from a wide range of glass capillaries including quartz.

Dual-channel emitters pulled from the borosilicate theta-

shape glass tubes had tips diameters of about 4 µm.

Scanning electron microscopy (SEM) was used to examine

the tips of the dual-channel emitters, shown in Figure 1.

Electrical contact was introduced either by deposition of

a thin film of an appropriate metal onto the surface of

emitters or by a platinum wire inserted at the back of the

emitters. Usually noble metals are used for a metal coating

in order to prevent sample contamination with metal ions.

Noble metals are resistant to corrosion and oxidation in air,

which allows storage of emitters for long times if required.

Noble metals do not adhere well to the glass and, if they

are coated without an adhesion layer, they can be easily

removed from the glass by hands during handling.

Coating was performed in two steps:

1. an adhesion layer of titanium was coated

2. a much thicker layer of gold or platinum was coated

to perform good electrical contact

During the metal deposition process, a septum wall in a

dual-channel emitter was coated with metal as well the

outer surface. A numerical simulation was performed using

COMSOL Multiphysics to investigate how coating the

septum changed the electric field around a dual-channel

emitter.8 It was found that the strength of electric field

around a dual-channel emitter had a magnitude about one

and half times larger than for a single-channel emitter. This

numerical simulation result was consistent with

experimental results, as it was observed that a stable Taylor

cone for dual-channel emitters was formed at a smaller

electric potential compared to single-channel emitter (4.5 kV

and 5 kV respectively for the capillary emitters with 1.2 mm

outer diameter). Furthermore, the size of a Taylor cone in a

dual-channel emitter was larger and had slightly different

shape than a Taylor cone in a single-channel emitter.8

Visualisation

To investigate the fluid dynamics in a Taylor cone region a

flow-visualisation experiment was performed for single- and

dual-channel tubes with outer diameter 1.2 mm. Apparatus for

the flow-visualization experiment is shown in Fig. 2.

Figure 1. SEM image of theta-shaped dual channel glass

emitters coated with platinum.
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Polystyrene beads (Phosphorex Inc., #114) of three

micrometres size have a density similar to water 1050 kg/m3.

These small particles with density similar to the liquid

solution were introduced at very low concentration (less

than 0.04% volume) into one of the channels and the motion

of particles was record with a high-speed camera. Fifty

percent methanol in water was used as the liquid phase with

density of 912 kg/m3. Two Cole-Palmer Instrument syringe

pumps (74900 Series), holding Hamilton 100 microliters

syringes were used for continuous solution injection and

flow rate was set to 125 microliters per hour. The

expectation was that the results of these experiments would

give information on how electrospray was initiated and

developed. Mixing processes were visualized the in the

Taylor cone. Images were recorded with a high-speed

camera at 1000 frames per second. A picture the fluid

motion is shown on Figure 3. This picture was obtained by

superposition of 70 frames.

As indicated in Fig. 3 particles were exploring the whole

space in the Taylor cone region. These particles were

moving in a helical or cork screw type of motion

everywhere in a Taylor cone region. Similar flow patterns

were obtained when particles were introduced into a single

channel emitter, and in the results reported by Barrero et

al.9 for polystyrene beads of 5-micrometer size were

introduced to ethanol. Implementation of a similar

experiment for nanoscale emitters is rather challenging, as

particles should be less or around 1 nanometer.

 

Mass Spectrometry

To investigate interactions of two different analytes in

dual nano-electrospray a series of experiments with a simple

system of metal-binding ligand ethylenediamine-tetraacetic

acid (EDTA) and solutions of metal salts was performed.

EDTA can bind up to six ions by losing up to four

hydrogens. It prefers, however, to bind one or two metal

ions. In the first set of experiments, metal-binding ligand

EDTA at 10mM was injected in one of the channels and a

solution of CaCl2 at the same concentration was injected into

the second channel. Mass spectra (LTQ Fourier transform

ion cyclotron resonance mass spectrometer (Thermo

Figure 2. Schematic diagram of apparatus for flow-visualization

experiment.

Figure 3. Fluid flow pattern inside a Taylor cone for a theta-

shape dual-channel emitter. Superposition of 70 frames recorded

at 1000 frames per second.

Figure 4. Mass spectra of EDTA and CaCl2 in a single-channel emitter (upper mass spectra) and in a theta-shape dual-channel emitter

(lower mass spectra).
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Finnigan))10,11 of EDTA premixed with calcium chloride in

a single-channel emitter and the same solution loaded into

both channels of a theta shape dual emitter are shown in

Figure 4.

The mass spectra were very similar. There was less

sodium when theta-shape emitters were used, which was

reflected in a higher intensity of EDTA In the first set of a

short time scale experiments, metal-binding ligand EDTA

at 10 mM (pH=8) was injected in one of the channels and

a solution of CaCl2 at the same concentration was injected

into the second channel. The results of this experiment are

shown in Figure 5.

There are strong peaks due to sodiated EDTA. There are

no peaks due to calcium alone bound to EDTA, although

there are peaks due to calcium bound together with

sodium. This suggests that mixing is occurring in a very

small volume and on a short time scale. As it was shown

earlier, the fluid flow inside a Taylor Cone might be very

rapid and it has a helical type of motion. Two different

solutions may mix in a different volume fraction within a

same Taylor Cone volume over time, and therefore

equilibrium may not be reached during some reactions.

Similar results were reported earlier for proteins by Mark

et al.3 and later were confirmed by Mortensen et al.6

In a second set of experiments, EDTA mixed with

magnesium sulphate at 10 mM (pH=8) was injected into

one of the channels and calcium chloride at 10 mM (pH=8)

was injected into the other channel. Magnesium ions have

a lower affinity constant with EDTA, compared to calcium

ions. In a solution of these two ions with EDTA, calcium

ions would bind and replace magnesium ions. The aim was

to observe an exchange process or replacement of

magnesium with calcium. EDTA in a mixture with

magnesium sulphate premixed a couple of hours before

experiments was injected into one of the channels and

calcium chloride was injected into second channel. As seen

from the mass spectra (Figure 6), there is EDTA with both

magnesium and calcium attached.

These results indicates partial replacement of magnesium

ions with calcium occurred in theta-shaped dual channel

emitters, and, as in case of EDTA and calcium, equilibrium

was not reached.

Figure 6. Mass spectra of EDTA with magnesium in one channel and calcium chloride in the other channel.

Figure 5. EDTA and calcium chloride injected into separate channels.
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Discussion

The use of nano-electrospray emitters containing two

separate channels has revealed the possibility to study

interactions of two different solutions in a short timescale.

One of the most important questions to be answered,

however, is where does this interaction occurring. There

are three ways of how two different solutions might

interact:

- in a Taylor cone region;

- in charged droplets through the coalescence in gas

phase;

- in both regions;

Using borosilicate theta-shaped glass emitters coated

with gold, it has been demonstrated that there was mixing

in the Taylor cone region when non-tapered theta-glass

tubes (O.D. 1.2 mm) were used. It was found that metal

coated dual-channel emitters require lower electric

potentials compared to a single-channel emitters, due to the

coated septum wall will form. Interactions between metal-

binding ligand EDTA and calcium/magnesium have been

demonstrated.

Acknowledgments

Authors acknowledge Dr. Nicholas Demarais from the

Department of Physics at The University of Auckland for

assistance with electrospray set up for high-speed

photography experiments and for helpful discussions. This

work supported by The MacDiarmid Institute for

Advanced Materials and Nanotechnology and The

University of Auckland.

References

1. Wilm, M. S.; Mann, M. Int. J. Mass Spectrom. Ion Proc.

1994, 136, 167.

2. Wilm, M. S.; Mann, M. Anal. Chem. 1996, 68, 1.

3. Mark, L.; Gill, M.; Mahut, M.; Derrick, P. J. Eur. J. Mass

Spectrom. 2012, 18,439.

4. Fisher, C. M.; Kharlamova, A.; McLuckey, S. A. Anal.

Chem. 2014, 86, 4581.

5. Mortensen, D. N.; Williams, E. R. Anal. Chem. 2015, 87,

1281.

6. Mortensen, D. N.; Williams, E. R. Anal. Chem. 2014, 86,

9315.

7. Fisher, C. M.; Hilger, R.T.; Zhao, F.; McLuckey, S. A. J.

Mass Spectrom. 2015, 50, 1063.

8. Radionova, A.; Greenwood, D.; Demarais, N. J.;

Willmott, G. and Derrick, P. J. NZIP 2015 Conference,

Hamilton (New Zealand), 6-8 July 2015, p 35.

9. Barrero, A.; Gañán-Calvo, A. M.; Dávila, J.; Palacio, A.;

Gómez-González, E. Phys. Rev. 1998. E 58, 7309.

10. Palmblad, M.; Håkansson, K.; Håkansson, P.; Feng, X.;

Cooper, H.; Giannakopulos, A.; Green, P.; Derrick, P. Eur.

J. Mass Spectrom. 2000, 6, 267.

11. Linke-Winnebeck, C.; Paterson, N. G.; Young, P. G.;

Middleditch, M. J.; Greenwood, D. R.; Witte, G.; Baker,

E. N. J. Bio. Chem. 2014, 289, 177.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


