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A B S T R A C T

This thesis focuses on the development of novel injection systems for cap-
illary electrophoresis based on microfluidics driven through pressurization
combined to different detection methods as well as the coupling to and the
use of different ionization methods for mass spectrometry.

At first, an ambient ionization method based on a cold plasma, which is
called dielectric barrier discharge, was coupled to a mass spectrometer. The
ambient plasma source was low-cost and the circuitry can easily be repli-
cated. The plasma source was characterised in terms of electronic and opti-
cal properties. The ionization method was used to qualitatively and quanti-
tatively analyse substances from different application areas such as pharma-
ceuticals, illegal drugs and food samples.

As second project a new capillary electrophoresis system based on microflu-
idics was developed. The injection system was solely based on the applica-
tion of one fixed pressure, while the flow rates were varied by the implemen-
tation of flow restrictors. The feasibility of the instrument was demonstrated
by the fast separation of different inorganic cations using a thin capillary
with an inner diameter of 10 µm. Nine ions were separated in only 25 sec-
onds. Good reproducibility and detection limits could be achieved.

The third project was the development of a graphical user interface for con-
trolling analytical instruments. The software was written in Java program-
ming language and enables the communication with a microcontroller run-
ning Forth code. The graphical user interface sends commands in the inter-
preted programming language Forth to the microcontroller. This approach
is simple and improves at the same time the user friendliness of the device
operation. This project was published as part of a tutorial about the usage of
Forth on microcontrollers for controlling analytical instruments. The graphi-
cal user interface was tested by reading and saving analogue values from an
alcohol sensor as well as displaying the results in a real time graph.

The fourth project was the development of a low-cost fluorescence detector
for capillary electrophoresis. The detector based on a laser diode was as-
sembled from different commercially available parts. The focused light was
coupled to the separation capillary and the arising fluorescence converted
to a current by using a photomultiplier. The resulting current was amplified
and converted to a voltage by using a transimpedance amplifier. The perfor-
mance of the detector was demonstrated in the scope of a collaboration with
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the group of Prof. Dr. Than Duc Mai. A new method was developed for de-
tecting different oligosaccharides labelled with a fluorescent tag by using the
detector. The results were compared to the performance of a commercially
available instrument.

In the scope of the fifth project, an open source capillary electrophoresis in-
strument was developed. The design of the instrument was kept as simple as
possible. Three modules contained an electronic part for instrument control,
a pneumatic part for driving the liquids in the tubes at controlled flow rates
and a microfluidic part responsible for all fluid handling actions necessary
for sample injection. The performance of the instrument was demonstrated
showing the separation of alkaline, alkaline earth metals and different heavy
metals. In addition, a method was developed for separating different inor-
ganic ions responsible for honey quality. Four honey samples were analysed
quantitatively. This project resulted in a collaboration with the company Sen-
sorFactory in the Netherlands.

The last project was the development of an automated capillary electrophore-
sis instrument for the coupling to a mass spectrometer by using an interface
free sheathless nanoelectrospray. The microfluidic part responsible for sam-
ple injection contained no electronics to avoid damage of the devices due
to the high voltage applied to the injection end. Instead, pneumatic valves
and different pressures were used for the injection process. A capillary with
an internal diameter of 15 µm was employed for obtaining good resolution.
Volatile buffers based on acetic acid were used to achieve acceptable separa-
tion and ionization of the analytes. The feasibility of the set-up was demon-
strated by separating three benzalkonium chloride homologues qualitatively.
Good resolution and detection limits were obtained for the quantitative mea-
surements of four pesticides in spiked grape juice.

iv
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„Mut brüllt nicht immer nur.
Mut kann auch die leise Stimme am

Ende des Tages sein, die sagt:
Morgen versuche ich es nochmal.“

Mary Anne Radmacher

A C K N O W L E D G E M E N T S

Without the help of so many people, it would be not possible to conduct this
PhD thesis. First of all, I’d like to sincerely thank Prof. Dr. Peter Hauser for
accepting me as a PhD student and for his valuable supervision and helpful
guidance during these four years. I really appreciated to work on the various
interesting projects and valued their interdisciplinary character. I’m grateful
that Prof. Dr. Daniel Häussinger accepted to be second supervisor and for
his helpful advices and support during the annual meetings. I would like to
thank Prof. Dr. Serge Rudaz for being co-examiner to this work.

Many thanks to all members of the workshop, Andres Koller, Philipp Knöpfel,
Grischa Martin and their apprentices. Their great knowledge and techni-
cal assistance was very important for building the analytical instruments.
I would also like to acknowledge Markus Ast, Hisni Meha and Andreas
Sohler for taking care of the whole building and always being very quick on-
site for helping out whenever help was needed. I’m very grateful to Marina
Mambelli-Johnson for taking care of all administrative matters and to the
University of Basel for the financial support. I would to especially thank all
present members of the group including Kanchalar Keeratirawee, Nattapong
Chantipmanee, Sophia Rehm, Marc Aurèle-Boillat, Andrei Hutanu and also
to the former members for a nice working atmosphere, helpful suggestions
and support whenever needed and for just having a great time together in
these four years. I thank my students Claire, Caroline, Björn and Marc. I
would like to acknowledge Prof. Dr. Joao Petruci and Dr. Joel Koenka for
correcting my thesis. I would like to appreciate the co-authors, Prof. Than
Duc Mai and his group from the university of Paris for the interesting col-
laboration.

My warmest gratitude belongs to Jakob. You were always on my side during
the last years. Thank you for all the love and your enormous support. I’m
deeply grateful to my whole family and my friends for their support and
encouragement. Without you all, I would not be here today. I’d like to thank
in particular my parents Rene and Elisabeth for their tremendous support
during my undergraduate and graduate studies and always believing in me.

v

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



C O N T E N T S

i introduction 1

1 capillary electrophoresis 3

1.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Basic Principles and Concepts . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Instrumental set-up . . . . . . . . . . . . . . . . . . . . . . 4

1.2.2 Electroosmotic flow . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 Electromigration . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.4 Band broadening effects . . . . . . . . . . . . . . . . . . . 9

1.3 Modes of capillary electrophoresis . . . . . . . . . . . . . . . . . 10

1.4 Detection Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4.1 Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . 13

1.4.2 Optical Detection . . . . . . . . . . . . . . . . . . . . . . . 13

1.4.3 Electrochemical Detection . . . . . . . . . . . . . . . . . . 15

2 mass spectrometry 19

2.1 Basic Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.1 Mass Spectrum . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Mass Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 Ion sources . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.2 Mass analyser . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.3 Hyphenated Methods . . . . . . . . . . . . . . . . . . . . 25

3 purpose-made capillary electrophoresis systems 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Design of purpose-made microfluidic CE instruments . . . . . . 31

ii results and discussion 35

4 projects 37

4.1 DBD ionization source for mass spectrometry . . . . . . . . . . 37

4.2 Flow restrictor based injection system for CE . . . . . . . . . . . 51

4.3 Forth for controlling analytical instruments . . . . . . . . . . . . 57

4.4 Modular instrumentation for CE with LIF . . . . . . . . . . . . . 71

4.5 Low-cost open-source automated CE instrument . . . . . . . . . 81

4.6 Injection system for mass spectrometry based on pneumatic
control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

iii references 131

iv list of publications and posters 137

v appendix 141

vii

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



L I S T O F F I G U R E S

Figure 1 CE instrument set-up . . . . . . . . . . . . . . . . . . . . 5

Figure 2 Scheme of the electric double layer in a fused silica
capillary . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Figure 3 Hydrodynamic flow profiles . . . . . . . . . . . . . . . . 7

Figure 4 Schematic drawing of the C4D detector . . . . . . . . . 16

Figure 5 Electronic circuitry of a C4D detector . . . . . . . . . . . 17

Figure 6 Detection circuitry of a C4D detector . . . . . . . . . . . 17

Figure 7 Schematic drawing of the ESI with Taylor cone . . . . . 22

Figure 8 Application ranges of different API methods . . . . . . 23

Figure 9 Schematic drawing of a split injector . . . . . . . . . . . 33

viii

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



L I S T O F A B B R E V I AT I O N S

AC alternating current

ADC analog-to-digital converter

ADI ambient desorption/ionization

APCI atmospheric pressure chemical ionization

API atmospheric pressure ionization

APPI atmospheric pressure photoionization

APTS 8-aminopyrene-1,3,6-trisulfonic acid

BGE background electrolyte

BR buffer reservoir

CE capillary electrophoresis

CGE capillary gel electrophoresis

CI chemical ionization

cIEF capillary isoelectric focusing

CMC critical micelle concentration

CZE capillary zone electrophoresis

C4D capacitively coupled contactless conductivity detection

DAD diode array detector

DBD dielectric barrier discharge

DC direct current

DNA deoxyribonucleic acid

EI electron ionization

EOF electroosmotic flow

ESI electrospray ionization

FAB fast atom bombardment

FIA flow injection analysis

FT-ICR fourier-transform ion cyclotron resonance

ix

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



x acronyms

GE slab gel electrophoresis

GUI graphical user interface

HPCE high performance capillary electrophoresis

HPLC high performance liquid chromatography

HV high voltage

ID inner diameter

IDE integrated development environment

ITP isotachophoresis

I2C inter-integrated circuit

LASER light amplification by stimulated emission of radiation

LED light emitting diode

LIF laser induced fluorescence

LOAR lab on a robot

LOC lab on a chip

LOD limit of detection

LTE local thermal equilibrium

LTP low temperature plasma

MALDI matrix-assisted laser desorption/ionization

MCE microchip electrophoresis

MEKC micellar electrokinetic chromatography

MS mass spectrometer

m/z mass-to-charge ratio

OD outer diameter

OSCE open source capillary electrophoresis

OSH open source hardware

PAGE polyacrylamide gel electrophoresis

PEEK polyether ether ketone

PMMA poly(methyl methacrylate)

PMT photomultiplier tube

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



acronyms xi

Q quadrupole

QIT quadrupole ion trap

RSD relative standard deviation

SDS sodium dodecyl sulfate

SIA sequential injection analysis

SPE solid phase extraction

TIC total ion current

ToF time of flight

µTAS micro total analytical system

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



Part I

I N T R O D U C T I O N

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



1
C A P I L L A RY E L E C T R O P H O R E S I S

Capillary electrophoresis (CE) as an analytical separation technique allows
to isolate an analyte from other compounds of a sample, detect and charac-
terize it [1]. Charged and neutral compounds are separated based on their
different mobilities in an electric field [1, 2]. As a complementary method
to high performance liquid chromatography (HPLC), CE is characterised by
short analysis times, high separation efficiencies and resolution [1–4]. Fur-
ther advantages include minimal buffer and sample consumption, lack of
organic waste production and the possibility to adjust a certain pH and tem-
perature required to analyse rather unstable biomolecules [1, 3]. The possi-
bility of implementing different CE methods and applying diverse detection
methods, allows to separate many different analyte classes such as proteins,
peptides, vitamins, nucleic acids, carbohydrates, amino acids and inorganic
ions [2].

1.1 history

More than a hundred years ago Kohlrausch investigated basic theoretical
principles of electrophoresis and formulated the essential equation for ion
migration [5]. In 1923, Kendall and Crittenden [6] separated for the first
time rare earth metals by isotachophoresis. Important pioneering work was
predominantly done by Tiselius in 1930 by performing "moving boundary
electrophoresis" [7]. He separated different serum proteins in plasma accord-
ing to their charge by using a quartz U-tube and detecting the analytes by
UV light photography [8]. For his important work, Tiselius was awarded a
Nobel Prize in 1948 [4]. Subsequently, the works of Svenson [9], Longsworth
[10] and Dole [11] were essential for the development of zone and displace-
ment electrophoresis. In the early stage of CE, the method was conducted
in glass tubes with large internal diameters filled with liquids and therefore
leading to excessive Joule heating. As a consequence, blurred analyte zones
were obtained and only low voltages could be applied [1, 8]. Later, during
the development of the so-called slab gel electrophoresis (GE) in the 1950s,
anticonvective media such as starch, agarose gels or paper were introduced
to reduce the current [1, 2]. Gel electrophoresis as a rapid and inexpensive
method is still frequently used today for preparative and analytical purposes
in biochemistry enabling the separation of biomolecules such as proteins,
peptides and DNA [1].

In 1967, Hjertén made an important discovery for the development of elec-
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4 capillary electrophoresis

trophoresis [12]. For performing free zone electrophoresis, he coated the
tubes with methyl cellulose and succeeded this way to eliminate the elec-
troosmotic flow (EOF) [12]. High performance capillary electrophoresis was
only developed in the 1980s [2]. Jorgenson and Lukacs employed in 1981

for the first time a glass capillary with a low internal diameter of 75 µm

[13, 14]. The use of narrow-bore capillaries made CE popular, since the
high electric resistance of the capillary reduced Joule heating [4]. Nowadays,
CE is performed in miniaturized and automated systems, on field by us-
ing portable instrumentation or by using small chips (microchip capillary
electrophoresis). Separation times and reproducibility have been greatly im-
proved. Therefore, CE can be used in many areas including environmental
analysis, pharmaceutical and biomedical applications, forensic sciences and
industrial analysis.

1.2 basic principles and concepts

1.2.1 Instrumental set-up

A typical capillary electrophoresis instrument has a relatively simple experi-
mental set-up as shown in Figure 1. A fused silica capillary (E) is filled with
a suitable buffer solution and dipped in two reservoirs (A and G) contain-
ing the same solution. An electrode (B) is attached to each reservoir, which
is connected to a high voltage power supply (D). For sample injection, the
buffer reservoir at the capillary inlet (A) is exchanged by a vessel containing
the sample solution (C). After introduction of a small sample amount into
the capillary, the high voltage is turned on to start the separation process.
The solutes in the capillary migrate with different velocities through the cap-
illary. Due to their difference in mobility they will separate from each other
over time. A detector (F) connected to a data acquisition system, placed
either on-column or off-column measures the separated analyte zones [3].
Signals are recorded by a data acquisition system (H). On a computer (I) the
resulting data is displayed in an electropherogram with the signal intensity
plotted against the migration time.

The capillary is usually made of fused silica and has an internal diameter
between 10 and 100 µm [4]. The stability of the fragile glass tube is in-
creased by a thin polyimide coating with only a few micrometer in thick-
ness. Other materials can be used as well for the separation capillary such as
borosilicate glass, fluoroethylenepropylene or tetrafluoroethylene [4]. How-
ever, fused silica is more established and can be purchased from many sup-
pliers [4]. Larger diameter capillaries are favourable for optical detection
where the optical path length is critical. Disadvantages of wide bore capillar-
ies are higher Joule heating, which can lead to peak broadening and issues
concerning sample integrity. This limits the height of voltages, which can be
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1.2 basic principles and concepts 5

applied for driving the separation without compromising the measurement.
Joule heating arises due to the current passing through the conductive liq-
uid in the applied electric field [2]. A lower internal diameter of the capillary
restricts the current flow due to the higher electric resistance of the capillary
[3]. Narrow bore capillaries have also the advantage to efficiently dissipate
heat through the capillary wall due to the high surface area-to-volume ra-
tio [4]. Disadvantages of narrow bore capillaries are possible difficulties in
handling due to clogging issues and the possibility of increased sample ad-
sorption at the capillary wall [3].

Electrodes made of an inert metal such as platinum or gold provide the
electrical connection between the high voltage power supply and the buffer
reservoirs. Usually, DC high voltages between 10 and 30 kV are applied
for driving the separations. Higher voltages can result in disturbing corona
discharges. In capillary electrophoresis it is important to position the two
electrolyte reservoirs at the same height. Otherwise a laminar flow is arising
due to siphoning effects leading to a reduced reproducibility of the mea-
surements [3, 4]. Possible detection systems for CE are for example UV/Vis,
fluorescence, refractive index, conductivity detection and mass spectrometry
(see Section 1.4) [4].

B

A

C

D

E

F

G

I

H

Figure 1: Set-up of a CE instrument

At the beginning of a measurement series, the capillary is usually flushed
with sodium hydroxide solution [3, 4]. Due to the nature of the fused silica,
the inner capillary wall consists of silanol groups (SiOH), which can be ei-
ther protonated or dissociated depending on the pH of the filling solution.
The conditioning step brings all silanol groups at the inner capillary wall in
a well-defined state and therefore largely improves the reproducibility of the
measurement [3]. For the separation, the capillary is filled with an aqueous
buffer solution, normally called electrolyte or background electrolyte (BGE)
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6 capillary electrophoresis

[2]. Capillary electrophoresis is very pH sensitive because of the electroos-
motic flow (EOF) which largely effects the effective mobilities of the analytes
(see Section 1.2.2). The electrolyte should therefore have sufficient buffering
capacities in the chosen range to maintain a constant pH. Further require-
ments to the buffer are a low mobility to limit the current generation and a
low UV absorbance when optical detection is used [3].

1.2.2 Electroosmotic flow

An important particularity of capillary electrophoresis is the electroosmotic
flow (EOF), which leads to a bulk flow of the buffer solution through the
capillary in an applied electric field [4]. This electrokinetic phenomenon is a
consequence of the deprotonated silanol groups at the interior capillary wall
leading to the formation of an electric double layer (see Figure 2) [4].
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Figure 2: Scheme of the electric double layer in a fused silica capillary

Two species are accumulating in the proximity of the negative capillary sur-
face, which are hydronium ions and oriented water dipoles from the buffer
solution [4]. A double layer is formed with the first rigid layer called Stern
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1.2 basic principles and concepts 7

layer or inner Helmholtz layer [2, 15]. Next to this static layer, a more diffuse
layer of mobile cations is formed, which is called outer Helmholtz layer. The
diffuse layer will move towards the cathode upon application of a high volt-
age because the hydronium ions are less tightly attached in this region [4].
The EOF becomes significant at pH above 4 of the electrolyte solution where
the silanol groups are starting to dissociate [4]. The velocity of the EOF can
be calculated by using equation 1. It is proportional to the dielectric constant
of the buffer (ϵ), the zeta potential (ζ), the applied electric field (E) and in-
versely proportional to the viscosity of the electrolyte (η) [2]. Since the zeta
potential is determined by the amount and dissociation of the silanol groups
of the capillary, it is generally used as a measure for the EOF strength [4].

vEOF =
ϵζE

4πη
(1)

The EOF as a superimposing buffer flow through the capillary accelerates
the separation of cations and drags neutrals and even anions towards the
cathode [4]. That means that all species can be analysed in a single run.
The EOF has also a significant effect on the hydrodynamic flow profile in
the separation capillary. Instead of a laminar flow normally present when
pumping the liquid through a capillary (Figure 3 A), the EOF leads to a plug
flow profile (Figure 3 B). The flat flow appears because the pressure is not
dropping along the capillary, but the driving force is evenly distributed [3].
Band broadening is therefore minimised and separation efficiency increased,
which is a huge benefit of CE compared to HPLC [2, 3].

A

B

Figure 3: Flow profiles in a capillary (A) Laminar flow due to an applied pressure
(B) Plug flow profile due to the EOF

Although the EOF has many advantages, it needs to be controlled. Especially
when measuring at high pH values, the EOF would otherwise be too fast and
therefore deteriorate the separation. Also adsorption of analytes at the nega-
tively charged capillary wall needs to be restricted [3]. The EOF strength can
be reduced by using low pH buffers, increasing the ionic strength of the elec-
trolyte or adding organic solvents. In addition, the capillary surface property
can also be changed by adding a neutral hydrophilic polymer to the buffer
as a dynamic coating. The capillary wall can also be modified permanently
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8 capillary electrophoresis

by a covalent coating [2, 3].
For the separation of anions, the EOF can be reversed by using buffer addi-
tives such as cetyltrimethylammoniumbromid (CTAB) or tetradecyltrimethy-
lammonium bromide (TTAB) [4]. The inversion in the polarity of the zeta
potential leads then to an EOF flow towards the anode [4, 16].

1.2.3 Electromigration

Capillary electrophoresis is based on the principle that electrically charged
solutes migrate in a conductive liquid under an applied electric field. The
electric force in the electric field accelerates the ions towards the attracting
electrode. On the other hand, the frictional force in a liquid or gel opposes
the movement. After reaching an equilibrium between the two forces, the
ions migrate at constant velocity in the electric field. Therefore the electric
force depending on the applied electric field (E) and the ion charge (q) equals
the negative frictional force (equation 2). The frictional force of a spherical
ion is determined by the solution viscosity (η), the ion velocity (v) and the
ion radius (r).

qE = 6πηvr (2)

From this equation an expression for the electrophoretic velocity (ve) can be
derived (equation 3).

ve =
qE

6πηr
(3)

The velocity (ve) is depending on the electrophoretic mobility (µe) and the
applied electric field (E) (equation 4).

ve = µeE (4)

By combining equations 3 and 4, an expression for the mobility of an ion
in an electric field is found (equation 5). Because the viscosity is constant
for a given electrolyte, the mobility only depends on the charge to size ratio
of the ion [2]. Therefore highly charged and small solutes are faster than
uncharged larger ones.

µe =
q

6πηr
(5)

Because of the superimposed electroosmotic flow (EOF), the apparent elec-
trophoretic mobility (µa) of a solute is the sum of its own electrophoretic mo-
bility (µe) and the electrophoretic mobility of the electroosmotic flow (µEOF)
referring to equation 6.

µa = µe + µEOF (6)
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1.2 basic principles and concepts 9

The time needed by an analyte to migrate to the detection point is called mi-
gration time (t) and defined by the effective capillary length (Leff) divided
by the apparent electrophoretic velocity (va) (equation 7). Although the mi-
gration time is characteristic for a given analyte, it is no absolute proof of
identity.

t =
Leff
va

=
L2eff
µaV

(7)

1.2.4 Band broadening effects

Broadening of zone lengths due to dispersion should be controlled in CE.
Otherwise the necessary mobility difference to separate two compounds is
increasing. Under ideal conditions, only longitudinal zone broadening along
the capillary would be existing [3]. Therefore this factor defines the funda-
mental efficiency limit in CE [3]. Radial diffusion across the capillary is not
relevant due to the plug flow profile of the EOF.

By application of high voltages, Joule heating becomes an important contrib-
utor to band broadening leading to a loss in resolution. The current passing
through the conductive buffer leads to a temperature gradient across the cap-
illary diameter, which destroys the plug flow profile [2]. Joule heating can be
minimised by using lower conductivity buffers, applying lower voltages and
decreasing the internal diameter of the capillaries. Other contributors to dis-
persion are the injection plug length and sample adsorption to the capillary
wall causing peak tailing [3].

1.2.4.1 Sample Injection

Sample injection in capillary electrophoresis is challenging because only tiny
sample amounts in the nanoliter to picoliter range are required. Therefore
the quantity cannot be measured directly but needs to be calculated. As a
rule of thumb the sample plug length should occupy less than 1 to 2 % of
the effective length of the capillary. Sample overloading should be avoided
because it affects the resolution and causes distortion of peaks. Various in-
jection methods were developed for capillary electrophoresis. The most com-
mon ones are electrokinetic and hydrodynamic sample introduction. There
exist also various other approaches such as split flow injection, sample gat-
ing, electric sample splitting [4].

Electrokinetic injection is based on the application of a low voltage to the
capillary dipped in the sample vessel for a controlled time length [3]. The
analytes move into the capillary by electrophoretic migration and EOF [3].
This injection method is simple because the high voltage module needed for
the injection is already on-site. On the other hand, discrimination of analyte
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10 capillary electrophoresis

ions occurs because of their differences in mobility and dependence on the
sample concentration. The injected sample amount can be calculated by us-
ing equation 8. The injected sample amount in moles (Q) is dependent on
the electrophoretic mobility (µe) of the analyte and the mobility of the EOF
(µEOF) as well as on the capillary radius (r), the voltage (V), the sample con-
centration (C), time (t) and total capillary length (L).

Q =
(µe + µEOF)πr

2VCt

L
(8)

Hydrodynamic injection is based on the creation of a pressure difference
across the capillary. Either a pressure is applied at the inlet end or vacuum
at the outlet end of the capillary [3]. Another possibility is injection by si-
phoning where the injection reservoir is elevated to a defined level towards
the outlet end [3]. The advantage of hydrodynamic injection is that sample
bias are avoided because the injection is independent of the sample matrix
[3]. Therefore, hydrodynamic injection is better reproducible than electroki-
netic injection [3].

The sample volume can be calculated by using the law of Hagen-Poiseuille
(equation 9) [3]. The injected sample amount is a function of the pressure
difference across the capillary (∆P), the inner diameter of the capillary (d),
the time length (t), the solution viscosity (η) and the capillary length (L).

V =
∆Pd4πt

128ηL
(9)

In the case of siphoning, the hydrostatic pressure (∆P) is a function of the
fluid density (ρ), the gravitational acceleration (g) and the height difference
(∆h). ∆P can be calculated by using Pascal’s law (equation 10).

∆P = ρg∆h (10)

1.3 modes of capillary electrophoresis

In capillary electrophoresis, various operation modes can be applied to ad-
dress different analytical tasks. The modes are based on different separation
mechanisms and most of them are defined by the composition of the back-
ground electrolyte [3, 4]. The most prominent representatives are capillary
zone electrophoresis (CZE), micellar electrokinetic chromatography (MEKC),
capillary gel electrophoresis (CGE), capillary isoelectric focusing (cIEF) and
isotachophoresis (ITP). When using CZE, MEKC and CGE, the analytes are
migrating in discrete zones wherefore these are called zonal techniques [3].
CIEF on the other hand is based on focusing of the solutes and ITP is a
"moving boundary" technique [3].
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1.3 modes of capillary electrophoresis 11

Capillary zone electrophoresis is the simplest operation mode with the ana-
lytes migrating in discrete zones in a capillary filled with a suitable buffer.
With CZE, cations as well as anions can be separated while neutral solutes
co-migrate all together with the EOF [3]. Selectivity can be controlled by the
composition and the pH of the background electrolyte. Many different ad-
ditives can be added to the buffer. Organic solvents for example decrease
the conductivity and EOF strength because they disturb the structure of the
water molecules at the capillary wall [1]. Zwitterionic salts on the other hand
such as trimethylglycine or potassium sulfate improve the separation of pro-
teins by preventing their adsorption to the capillary wall [17].

Micellar electrokinetic chromatography is an intermediate between capillary
electrophoresis and chromatographic techniques [4]. A charged surfactant
is added to the running buffer, for example sodium dodecyl sulfate (SDS).
Above the critical micellar concentration (cmc), micelles are formed out of
the negatively charged molecules leading to a dynamic stationary phase [4].
An equilibrium establishes where analytes are distributed between the elec-
trolyte and the formed micelles [4]. The longer an analyte stays within the
micelle, the slower it migrates [3]. MEKC is very useful to analyse neutral an-
alytes, but can also be applied to charged solutes [3]. As an example, MEKC
has been successfully used to analyse neutral triazine compounds in ground
water [18]. Triazines are frequently used herbicides applied to the soil to in-
crease harvest yields [18].

Analytes can also be separated on the basis of their size by using capillary
gel electrophoresis, which is related to the standard slab gel electrophoresis
[4]. In this method, the analytes are migrating in the electric field through
a gel filled into the capillary. The gel serves at the same time as anticon-
vective medium to reduce the current and as sieving matrix [3]. The larger
the analyte is, the more friction it will experience within the polymer net-
work and therefore have longer migration times [4]. This method is used
to separate large biological macromolecules such as proteins, nucleic acids
or peptides [3, 4]. Commonly used gels are crosslinked polyacrylamide and
agarose. Polyacrylamide has a smaller mesh size and is therefore more suit-
able for proteins while agarose with the larger mesh spacing is better for
DNA [3]. CGE was applied for example to determine the form distribution
of plasmids, which are small circular DNA molecules, by using a hydroxy-
propylmethylcellulose gel [19].

By using capillary isoelectric focusing, proteins and peptides are separated
on the basis of their pI [3]. For this method, a pH gradient needs to be es-
tablished across the capillary. Ampholytes are employed for this purpose,
which contain an acidic and a basic moiety [3]. The method is conducted in
two steps. The capillary is first filled with a mixture of ampholytes and so-
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12 capillary electrophoresis

lutes. In addition, a basic solution will be placed at the cathode and an acidic
one at the anode. Upon application of a voltage, the charged ampholytes and
proteins migrate to the region of their pI where they become neutral. This
focusing step leads to very narrow sample zones and its end is characterised
by a drop in the current flow. In the following mobilising step, the zones are
passed through the detector by either applying pressure or adding salt to
one of the buffer containers [3]. CIEF having a very high resolution is com-
monly used to measure the pI of proteins and for the separation of protein
isoforms [3].

Capillary isotachophoresis is a "moving boundary" technique where the sep-
arated analyte zones move all at the same velocity [3]. To achieve this, two
buffer systems are used, consisting of a leading and a terminating electrolyte.
In one measurement, either cations or anions can be analysed [3]. For the
analysis of cations for example, the leading electrolyte contains a cation,
which has a higher effective mobility than the solutes while the terminating
cation has a lower mobility than the solutes. The different cations migrate
then in discrete zones, but all with the same velocity. ITP is conducted in
a constant current mode with the electric field varying in each zone. The
method was combined with mass spectrometry to detect amyloid peptides
as markers of the Alzheimer’s disease by analysis of cerebrospinal fluid [20].
ITP can also be used as a preconcentration step to CZE, CGE or MEKC [3].

1.4 detection methods

Sensitive detection in capillary electrophoresis is challenging due to the
small employed dimensions. Only very small sample volumes are injected
and the path lengths for optical detection are short because of the low in-
ternal diameters of the separation capillaries [4]. On the other hand, the
concentration of the analyte zones at the detection end is similar to the be-
ginning of the analysis. This is an advantage compared to HPLC, where the
sample is diluted many times when arriving at the detector [4].

Many different detection techniques were developed for CE over the years.
Detection can be performed on-column as well as off-column. In general, an-
alyte detection on the capillary is favourable because dead-volumes as well
as zone broadening or component mixing can be avoided [3]. Detection can
either be performed by measuring the property of one solute in the mixture
(UV/Vis or fluorescence detection) or by measuring a fundamental property
of the whole solution (refractive index or conductivity) [4]. The recorded
signals from the detector are plotted against the migration time in so-called
electropherograms [2]. Detection limits can be improved by preconcentrating
the sample prior to the analysis. Possible methods for concentrating the sam-
ple inside the capillary are for example isotachophoresis or sample stacking
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1.4 detection methods 13

[3]. The stacking method is based on a difference in concentration between
the running electrolyte and the sample of around 10 [3]. Therefore in CE, the
sample is usually not dissolved in the carrier electrolyte. Due to the lower
concentration of the sample zone the electric field is higher in this region
than in the buffer solution. Ions migrate therefore faster in within the sam-
ple zone until they reach the electrolyte boundary. When arriving there, they
migrate slower leading to a concentrated analyte zone in this region [3].

1.4.1 Mass Spectrometry

Mass spectrometry (MS) as a detection method for capillary electrophore-
sis will be discussed in more detail in Chapter 2. It enables selective and
sensitive detection and identification of small as well as large molecules on
the basis of their mass-to-charge ratio (m/z) [21]. The molecular weight is
determined and also structural information can be gained from the analysis
[1]. Components that co-migrated in CE can easily be distinguished with MS
[21, 22]. Since capillary electrophoresis and mass spectrometry are orthogo-
nal analytical techniques, their coupling leads to a 2D separation system. In
capillary electrophoresis the separation takes place in an electrolyte solution
while in mass spectrometry the analytes are separated in high vacuum [1].
The interfacing between CE and MS is done in most cases via electrospray
(ESI) (see Section 2.2.1.2), which is convenient to ionize polar and charged
substances provided by CE [1, 21].

1.4.2 Optical Detection

In optical detection, the signal is usually measured on-column. Therefore, a
part of the polyimide coating on the capillary has to be removed to create
a detection window. In order to obtain a high resolution, the width of the
detection window should be small compared to the solute zone width. Sen-
sitivity and the linear range are dependent on the optical path length. By
increasing the diameter of the separation capillary these parameters can be
improved but at the cost of the resolution [3]. To overcome the maximum
length of 100 µm available for separation capillaries, the optical path length
can be further increased by using special designed cells such as the bubble
cell or the Z-shaped cell [2].

1.4.2.1 UV/Vis Detection

UV/Vis absorption detection is the most commonly applied detection method
to capillary electrophoresis [2, 4]. The detection is based on the absorption
of light by the analyte measured at a specific wavelength. The absorption
can be calculated from the ratio between the output light intensity (I) and
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14 capillary electrophoresis

the initial light intensity (I0). The so-called transmittance (T ) is related to the
absorption (A) on a logarithmic scale (equation 11) [4].

A = log10

I0
I

(11)

The analyte concentration can be calculated by using the Beer-Lambert’s law
(equation 12). The compound absorption (A) depends on its molar absorp-
tion (ϵ), the concentration (c) and the optical path length (d).

A = ϵcd (12)

Different types of UV/Vis detectors are available. Normally a deuterium or
atomic vapour lamp such as zinc, cadmium or mercury is employed as light
source. The light beam is then focused onto the capillary in a detection cell.
The wavelength of the emitted light is selected by using a monochromator
before the signal is recorded by a photodiode or multiplier. Instead of mea-
suring only a single or multiple wavelengths, it is also possible to use a
diode-array detector (DAD) to measure the whole UV/Vis spectrum of the
sample [2]. Each of the photodiodes in the DAD measures a narrow-band
spectrum, which makes it easy to find quickly the optimum wavelength of
all absorbing solutes [3]. Another approach is to use light-emitting diodes
(LEDs) as light sources and photodiodes for detection, which make UV/Vis
detection suitable for battery powered portable CE instruments due to small
sizes, low power consumption and low costs [23]. As an example, a detector
in the deep-UV range at 255 nm and 280 nm was developed, which is impor-
tant for the analysis of various organic compounds absorbing in this region
[24]. This was demonstrated by detecting 4-nitrobenzoic, 4-hydroxybenzoic
and 4-aminobenzoic acid [24]. Detection limits (LOD) for UV/Vis absorption
are usually in the micromolar range [21].

For analytes, which are non UV absorbing, detection can be done indirectly
by adding a chromophore with a high absorption to the background elec-
trolyte. The signals of the analytes are then observed as negative peaks [4].
However, indirect methods have a lower sensitivity than direct detection.

1.4.2.2 Fluorescence Detection

Fluorescence detection is very sensitive with possible detection limits in the
picomolar range. Due to the rarity of fluorescent molecules, this detection
method is also very selective [21, 25]. For analytes not naturally fluorescent
a derivatization step can be included or indirect fluorescence detection meth-
ods be used.

The instrumental set-up of a fluorescence detector consists of an excitation
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1.4 detection methods 15

light source such as a xenon lamp. By implementation of lenses, the light
is coupled to a monochromator before being focused on the capillary in the
detection window. The fluorescence emission is collected in a right angle to
the excitation light. An optical filter removes scattering of the excitation light
before the fluorescence light is reaching the photomuliplier tube (PMT) [4].
Instead of using conventional light sources, also lasers can be used as exci-
tation sources. Laser induced fluorescence (LIF) for capillary electrophoresis
gives the lowest detection limits available in the field of separation technolo-
gies [3]. It is even possible to do analysis on a single cell level to detect for
example tumor cells [26]. Laser diodes can readily be used as light source
and have many advantages compared to conventional lasers concerning the
smaller dimensions, lower costs and higher stability of the output [27].

1.4.3 Electrochemical Detection

Electrochemical detection methods include amperometry, potentiometry and
conductivity [1]. Amperometric and potentiometric detection is based on the
measurement of one property of the solutes while conductivity detection is
a bulk detection method. Electrochemical detection techniques are especially
useful for compounds which are lacking a UV or fluorescent active moiety.
Such analytes can otherwise only be determined by derivatization or indi-
rect methods, which are not very sensitive and have a limited linear range [1].
Electrochemical detection methods on the other hand have good detection
limits and can more easily be miniaturized, because the optical dimensions
are not an issue.

Amperometry and potentiometry are based on reactions of the analytes at
the solution or electrode surface [1]. In potentiometric detection, a poten-
tial difference is created between the internal filling solution of an electrode
and the sample solution [1]. This is achieved by selectively transferring ions
through a membrane [1]. For miniaturization of potentiometry necessary for
the coupling to capillary electrophoresis, ion-selective microelectrodes can
be used [28].

Amperometric detection on the other hand is based on Faraday reactions of
the analyte at a solid electrode surface upon an applied DC voltage. The re-
sulting current is directly related to the solute concentration. Amperometry
is more sensitive than conductivity detection but is limited to electroactive
substances [1]. The standard amperometric detection cells rely on a three-
electrode arrangement with a reference electrode, a counter electrode and
a working electrode where the electrode reactions take place. With the cou-
pling to capillary electrophoresis, even four electrodes become necessary at
the detection end due to the additional required separation voltage. How-
ever, it has been demonstrated by Kappes and Hauser [29] that it is also

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



16 capillary electrophoresis

possible to perform CE separations with amperometric detection by em-
ploying only two electrodes. This was possible by using the electrophoretic
ground electrode at the same time also as pseudo-reference and amperomet-
ric counter electrode [29, 30].

1.4.3.1 Conductivity Detection

In conductivity detection, an alternating potential is applied across two elec-
trodes [1]. The resulting electric current coming from the ion movement in
the solution corresponds to the conductivity of the sample [1]. The electrical
conductance of the cell (G) in Siemens (S) depends on the specific conductiv-
ity of the solution (κ) in Sm−1, the surface area (A) and the distance between
the electrodes (l) as shown in equation 13. The cell constant is the factor l/A
[31].

G = κ
A

l
(13)

From a historical view, conductivity detectors were developed out of isota-
chophoresis systems, which were also operated in a constant current mode
[4, 32]. The first conductivity detectors consisted of two electrodes being in
direct contact with the buffer solution [1]. Because it was difficult to con-
struct cells with the right dimension fitting the internal diameter of the sep-
aration tube, conductivity detection was not very popular in CE [33].

A

B

C

D

E

Figure 4: Schematic drawing of the C4D detector in axial arrangement

Luckily, a contactless conductivity detector was developed in the early 1980s
by Gǎs et al. [34]. A high-frequency signal was capacitively coupled into the
electrolyte solution by mounting wires around the separation tube [33]. The
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1.4 detection methods 17

contactless arrangement of the conductivity detector solved dimensional is-
sues as well as corrosion and fouling of the electrodes. Later in the evolution
of the capacitively coupled contactless conductivity detection (C4D), an ax-
ial cell arrangement was introduced by Zemann et al. [35] and da Silva and
do Lago [36] almost at the same time. A schematic overview on the C4D is
given in Figure 4.

Two tubular electrodes are mounted on the separation column. A high-
frequency alternating excitation voltage coming from a function generator
(A) is coupled to the actuator electrode (B). At the pick-up electrode (D),
the resulting AC current is measured and further processed by the detection
electronics (E) [33]. A Faraday shield (C), prevents any stray capacitance be-
tween the two electrodes.

R

C0

C C

Figure 5: Equivalent electronic circuitry of a C4D detector

An equivalent electronic circuitry helping to understand the basic behaviour
is shown in Figure 5. Therefore, the detector consists of a capacitor (C), re-
sistor (R) and a second capacitor (C) [31]. The two capacitors arise due to
the electrodes while the solution between them forms a resistance [33]. The
capacitive coupling between the two electrodes (C0) is prevented by the Fara-
day shield [31, 33].

The detection electronics of a C4D consists of the following stages as shown
in Figure 6. The AC current received at the pick-up electrode (A) is trans-
formed back into a voltage using an operational amplifier with a feedback
resistor (B). Afterwards the signal is rectified (C) and the background signal
subtracted with an offset (D). Finally the signal is amplified (E) and can be
read out by a suitable data acquisition system.

+

-

+

-

Pick-up 

Electrode

A B C D E

Figure 6: Detection circuitry of a C4D detector
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Instead of a DC voltage as in amperometry, alternating sinusoidal signals are
applied in conductivity detection. In contact conductivity detection, the us-
age of alternating current prevents electrolysis reactions at the electrode sur-
faces while in C4D accumulation of ions near the electrodes is avoided [33].
In addition, interferences from the detection electronics as well as polariza-
tion of the electrodes is prevented [33]. High frequencies between 1 kHz and
1 MHz have to be used to overcome the insulation layer, which is present in
the contactless approach [33]. Usually, a frequency of approximately 250 kHz
is applied. Best signal-to-noise ratios were observed for C4D when using ex-
citation voltages of several hundred volts. For example were detection limits
of 0.1 to 0.2 µM for inorganic ions obtained by using an excitation voltage of
250 V [37, 38]. The gap between the two electrodes is of major importance
for the resolution since it defines the detection volume and therefore the cell
constant [33]. Usually it is 1 mm in size [37, 38]. The cross-sectional area
is primary defined by the internal diameter of the capillary and not by the
dimensions of the electrodes [31].

Compared to other detection methods such as UV/Vis detection or fluores-
cence, conductivity detection is universal and non-destructive for measuring
charged analytes. That means that C4D can also be combined with other de-
tection methods such as UV/Vis to receive more information on the sample
[33]. C4D is especially useful to detect several types of inorganic ions such
as alkaline, alkaline earth or heavy metals. An example is the determina-
tion of four toxic heavy metals (Cr3+, Pb2+, Hg2+, Ni2+) in different water
samples with CZE-C4D by employing a histidine/tartaric acid buffer [39].
Conductivity is also useful to measure different organic ions not containing
a chromophore or fluorophore. For example mono- and disaccharides such
as glucose, sucrose and fructose were analysed as anionic species in differ-
ent beverages [40]. Due to its low power consumption compared to UV/Vis,
C4D is useful for the implementation in portable CE instrumentation. An ap-
plication example is the analysis of pharmaceutical pollutants [41]. Different
charged components such as ibuprofen, diclofenac, bezafibrate, ketoprofen
and mefenamic acid, diphenhydramine, metoprolol and atenolol were de-
termined quantitatively in waste water in Vietnam [41]. Further application
areas of the C4D include biochemistry, where DNA, amino acids, peptides
and proteins can be determined [33].

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



2
M A S S S P E C T R O M E T RY

With mass spectrometric detection, ions in the gas phase are separated by
their mass to charge ratio (m/z) and detected qualitatively and quantita-
tively [42, 43]. Compared to other detection methods, a large amount of
information such as the molecular weight of the analyte and structural in-
formation can be received from small sample amounts [42]. Different avail-
able methods enable the ionization of the analyte prior to mass detection
for example by reaction with electrons, photons and neutral atoms [42]. As
a consequence various charged species are formed such as ionized atoms,
molecules, fragments, or clusters [44]. A mass spectrometer works under
high vacuum and consists of an ion source, a mass analyzer and a detector
[42].

2.1 basic principles

2.1.1 Mass Spectrum

In a mass spectrum, the signal intensity representing the abundance of an
analyte is plotted against the mass-to-charge ratio [21]. The physical detec-
tion unit of a mass spectrometer would be mass per electric charge (kg/C)
[43]. This unit is not very convenient for handling of mass spectra because
the permanent conversion of units would be necessary for interpretation.
Therefore a dimensionless defined unit m/z, which is the mass-to-charge
ratio was introduced [42].

Usually, a mass spectrum is normalized to its most intense peak, which is
called base peak [42]. This way, comparison between different mass spectra
is possible [42]. With soft ionization methods, the intact ionized molecule
M+• gives the peak with the highest intensity and is called molecular ion
peak [42]. Since elements have naturally occurring isotopes, a mass spec-
trum of an analyte contains various isotope peaks next to the ion peak with
lower intensities [45]. Depending on the ionization method, fragmentation
or cluster ion peaks of the compound are obtained [42].

2.1.1.1 Ion Chromatograms / Ion Electropherograms

When components are separated with analytical methods, the result is ob-
tained in form of chromatograms respectively electropherograms. The mea-
sured signal is plotted against the retention/migration time of the analytes.

19

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



20 mass spectrometry

Therefore, by using mass spectrometric detection for separation methods
the signals are obtained in form of ion chromatograms/electropherograms,
which represent the ionic abundances as a function of retention/migration
time [42]. This is done by measuring the total ion current (TIC), which is
obtained from a collection of consecutively acquired mass spectra over time.
Therefore for each point in the chromatogram/electropherogram, a mass
spectrum is obtained, which gives more information about the compounds
[42].

2.2 mass spectrometer

2.2.1 Ion sources

In a first step of mass spectrometric analysis, the analytes have to be con-
verted from the solid or liquid phase into ions in the gas phase because the
mass analysers can only detect charged species [42, 46]. Many techniques ex-
ist to achieve this and all have their advantages and ideal application range
[46]. The right choice of the ionization method has a huge impact on the qual-
itative and quantitative data obtained by MS [46]. Therefore, the ionization
process is of great importance.

2.2.1.1 Standard Ionization Techniques

Ionization in mass spectrometry normally takes place inside the vacuum
of the mass spectrometer [43]. The process occurs in two steps. First, the
sample is volatilized from the liquid or solid phase and in a second step
it gets ionized [43]. The different available techniques can be distinguished
by their hardness or softness, required polarity and mass range of target
analytes [42]. Hard ionization techniques lead to stronger fragmentation of
the compounds, while soft ionization techniques provide predominantly the
molecular ion peak. Fragment ions can be useful for structure elucidation,
but make the interpretation of spectra more complicated when analysing
complex mixtures or big molecules [47].

Classical ionization techniques for mass spectrometry working under high
vacuum are electron impact (EI), chemical ionization (CI) and fast atom bom-
bardment (FAB) [48]. Electron impact or electron ionization (EI) was the first
ionization technique applied to mass spectrometry [47]. In a first step of the
ionization process, the compounds are transferred to the gas phase by evap-
oration. Subsequently, the neutrals are hit by electrons with a high kinetic
energy and receive a part of their energy leading to their ionization [42].
During the process molecular ions, multiply charged ions, fragment ions,
rearrangement ions and ion pairs are generated [42, 49]. Multiple charging
of analytes enables to analyse high molecular weight molecules by mass
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2.2 mass spectrometer 21

spectrometers with a limited m/z range [43]. On the other hand, EI spec-
tra are getting easily complicated for interpretation [47]. Compared to EI,
chemical ionization (CI) is a soft ionization technique. Ions are generated by
collision of the analyte with the ions of a reagent gas [42]. As reagent gas
usually methane, ammonia or isobutane is used [42]. The gas plasma, where
the ion-molecule reactions take place, consists of protons, free electrons and
different ionic and radical species [42]. The method called fast atom bom-
bardment (FAB) is based on firing particles with high kinetic energies on a
surface. Ions are ejected as secondary ions from the analyte surface by the
impingement with the primary ions [42]. An alternative ionization method
to the previously mentioned is photoionzation (PI), where a resonance line
from a lamp is used for the production of ions from the sample [47]. PI is
also a soft ionization method, where fragmentation of ions is suppressed and
the parent ion dominates the mass spectrum [47]. Matrix-assisted laser des-
orption ionization (MALDI) is a commonly used soft ionization technique
for mass spectrometry [47]. The analyte is co-crystallised with a photosensi-
tizer material, which is absorbing at the wavelength of interest. The matrix
surface is irradiated with a pulsed laser beam, which leads to the release of
ions [43, 50]. Normally, MALDI is performed under high vacuum where the
probe consisting of sample and matrix is inserted prior to analysis [50]. In
this case, the formed ions are directed towards the mass analyser in high
vacuum. On the other hand can MALDI also be performed at atmospheric
pressure and the formed ions transferred into the vacuum system afterwards
[51]. This ionization method offers high sensitivity up to the sub-femtomole
range [43].

2.2.1.2 Ambient Ionization Techniques

Ambient pressure ionization (API) techniques enable ionization outside the
high vacuum system of the mass spectrometer [46, 52]. As first ambient ion-
ization method, desorption electrospray ionization (DESI) was introduced
in 2004 by Takáts et al. [53]. The advantage of API techniques is that only
little to no sample preparation is necessary. More than 80 different ambi-
ent ionization techniques were developed since its inception, which can be
roughly classified into spray, plasma and laser ionization methods [54]. The
challenge with API sources is the pressure reduction along the ion pathway
between the ion source and the mass analyser, which is usually solved by a
multiply-staged vacuum system [48].

Electrospray (ESI) is a very soft ambient ionization method, which is based
on the electrostatic spraying of the sample solution leading to a charged
aerosol [43, 46, 48]. The process can be supported by a gas flow with nitro-
gen or a sheath-flow liquid [43]. ESI can be applied to a wide range of com-
pounds with varying molecular weight having moderate to high polarity in
the fields of forensic and environmental analysis, bioanalytics and pharma-
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22 mass spectrometry

ceuticals [46, 55].
As shown in Figure 7, electrospray used as ionization method for mass spec-
trometry normally operates in the cone-jet mode [56]. For the formation
of a stable spray, a buffer solution is flowing through the spray capillary
at flow rates of 0.1 - 10 µL min-1 [57]. An electric field with voltages be-
tween 2 - 5 kV is applied to the spray capillary. This leads to the separation
of charges within the liquid. Positively charged ions are accumulating at
the meniscus while negatively charged ions are repelled away [22]. As soon
as the critical electric field strength is reached, the initial meniscus at the
capillary outlet starts to deform into a cone, which is termed Taylor cone
[22, 42, 58, 59]. A jet is formed out of the cone, carrying a large excess of
cations. The jet is not stable for a long time [59]. Small positively charged
droplets start to take shape and overcome the cohesive forces of the liq-
uid due to the Coulomb repulsion. They separate from the jet and move
towards the counter electrode located at the mass spectrometer entrance [22,
48]. This leads to the formation of a fine spray [48, 59]. The diameter of the
droplets depends on the solvent and the solutes, but are usually micrometer
range. The droplets shrink on their way to the cathode because of the sol-
vent evaporation due to the heat of the surrounding atmosphere. This leads
to an increase of charges in a smaller volume within the droplets leading to
Coulomb explosions at the Rayleigh limit [21]. Smaller subunits are formed
out of the parent droplets [22]. After many repetitions of this process, the
free ions are liberated into the gas phase [22, 42].
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Figure 7: Schematic drawing of the ESI with the Taylor cone formation

For the ionization process, a volatile solvent is required enabling a stable
electrospray. The droplet formation is hampered when solvents having a
higher surface tension such as pure water are applied [48]. Electrospray is
normally conducted in positive mode with applying a positive voltage to
the spray capillary. Anyway, the electric field can also be reversed to gener-
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2.2 mass spectrometer 23

ate negatively charged droplets [48].
Electrospray can be used to couple liquid separation techniques such as
HPLC and CE to mass spectrometry [43]. Disadvantages of ESI are its sus-
ceptibility to ion suppression effects, which hinders the ion formation of the
analyte [43, 46]. Therefore the choice of buffers for CE is limited and some
samples need to be desalted prior to analysis [43]. In addition, electrospray
cannot be used to ionize unpolar compounds as it relies on the liberation of
already existing charged compounds [46].

In atmospheric pressure chemical ionization (APCI), the ionization process
occurs due to ion/molecule reactions similar to chemical ionization but at
atmospheric pressure [43]. As primary ionization source, a corona discharge
from a fine needle is used to form the reactant ions. Reagent molecules are
N2, O2, H2O and solvent molecules present around the needle. These ions
react then with the vaporized analyte and create positively and negatively
charged ions [43, 48]. APCI is a complementary method to electrospray. Sim-
ilar to ESI, APCI can easily be coupled to liquid separation techniques and
achieves good sensitivity even at high flow rates [43]. Advantages of APCI
is that the ionization technique is less prone to interferences from salts and
buffers [46]. In addition, weakly polar analytes not present as ions in so-
lution can easily be ionized [43]. On the other hand, labile compounds get
thermally decomposed in the heated nebulization and the high sensitivity of
APCI requires very pure solvents [43]. APCI can be applied to compounds
having a moderate molecular weight and low or medium polarity [46].

ionic

polar

unpolar

low medium high

Molecular mass

Polarity

APCI

ESI

APPI

Figure 8: Application ranges of different API methods
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Atmospheric pressure photo ionization (APPI) is a special case of an APCI
source, where the corona discharge electrode is replaced by a photon-emitting
lamp [46]. The analyte molecules in the gas phase interact with the emitted
photons of a discharge lamp and form ions. APPI allows to selectively ion-
ize the analyte by applying photons with an energy, which is higher than
the ionization energy of the analyte and lower than that of the air or used
solvents [46]. APPI can be applied to nonpolar compounds, which can not
be ionized by ESI or APCI and is less susceptible to salt buffer effects and
ion suppression than ESI and APCI [60, 61]. APPI was used for example for
determine polycyclic aromatic hydrocarbons with high sensitivity by LC-MS
coupling [62]. The different application fields of ESI, APCI and APPI are il-
lustrated in Figure 8.

Desorption electrospray ionization and direct analysis in real time (DART)
belong to the class of ambient desorption techniques [46]. DESI is a hybrid
between desorption ionization methods and ESI [46]. Charged droplets are
generated and sprayed onto the sample surface leading to a release of the
analyte ions into the gas phase by chemical sputtering [42, 46]. Direct anal-
ysis in real time (DART) is related to APCI and is a dry ionization tech-
nique based on a solvent-free gas stream. Excited atoms of a noble gas are
formed in a plasma discharge, which react with the atmosphere. The gen-
erated reagent ions hit the sample surface and cause the desorption and
ionization of the analyte [42, 52].

2.2.2 Mass analyser

The separation of the generated ions in the gas phase occurs within the mass
analyser based on their m/z ratio [63]. The following four mass analysers are
most commonly used. A Time-of-Flight (ToF) spectrometer separates ions in
a long drift tube on the basis of their velocity. ToF is quite commonly used
in combination with MALDI and has a theoretically unlimited upper mass
limit [43]. In addition, ToF is a high resolution and mass accuracy analyser
[21]. The quadrupole mass analyser (Q) contains four parallel rods. To two
rods a DC potential and to the other two an alternating frequency potential
is applied [63]. This arrangement leads to an ion motion perpendicular to
the dynamic electric field created in two dimensions, which is directly de-
pendent on the m/z of the analytes [43, 63]. The quadrupole ion trap (QIT)
is closely related to the quadrupole instrument with both having a similar
resolution, mass accuracy and m/z range of around 4000. The resolution
however is rather low for these two mass analyser types [21]. The difference
of the ion trap is that it has electric fields in all three dimensions where the
ions are trapped. For this reason, The QIT has an increased sensitivity in
higher mass ranges compared to the linear quadrupole instrument and is
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quite inexpensive wherefore it is very popular [43]. In the Fourier-transform
ion cyclotron resonance (FT-ICR) instrument, magnetic field are applied to
determine the m/z of an ion [43]. An FT-ICR instrument gives very high
mass resolution and accuracies, but is quite expensive and has long duty
cycles [21, 43].

2.2.3 Hyphenated Methods

For analysing complex sample mixtures a separation becomes necessary
prior to the mass detection [64, 65]. The first combination of a separation
method and a mass spectrometer was the hyphenation with gas chromatog-
raphy (GC-MS). GC-MS is nowadays used as standard analytical technique
in many fields. For example it is used for the detection of organic pollutants
in the environment such as different herbicides and pesticides or for the anal-
ysis of chemical warfare agents [66]. GC-MS is also the analytical standard
method of the American Society of Testing Materials (ASTM) to analyse fire
debris in criminal forensic sciences [66].

Later, liquid chromatography - mass spectrometry (LC-MS) was introduced,
which is a hyphenated method for the analysis of highly polar nonvolatile
compounds. For LC-MS, the development of API methods such as ESI, APCI
or APPI became necessary to enable sample ionization [42, 67, 68]. The sep-
aration in chromatographic methods is based on a differential partitioning
of the analytes between a mobile and a stationary phase. The compound
mixture is dissolved in a mobile phase, which is passed through a stationary
phase. The analytes have different affinities to the stationary phase leading
to their adsorption for varying time lengths and therefore to different re-
tention times. In gas chromatography, the mobile phase is a gas and the
stationary phase is a thin film bound to the separation column [42]. In liquid
chromatography (LC), the mobile phase is a liquid and the stationary phase
is consisting of solid particles [42]. In high performance liquid chromatogra-
phy (HPLC), very high pressures in the range of 100-200 bar are applied to
the separation column filled with very small packing particles to force the
liquid through [42]. LC-MS is an essential tool in pharmaceutical analysis in
all four stages of the development of a new drug. For example in the drug
discovery step, it is the standard method for screening of new substances
and in the preclinical development needed for evaluation of the drug with
regard to possible impurities and identification of metabolites [69].

2.2.3.1 Electrophoresis

The hyphenation of CE and MS was first demonstrated in 1987 by Olivares et
al. [70] who used electrospray as interface to detect quaternary ammonium
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compounds. Capillary electrophoresis hyphenated to mass spectrometry re-
quires less solvent and sample compared to chromatographic techniques and
has a very high resolving power [4]. As ionization method for CE-MS, elec-
trospray in the sheath-flow configuration is most commonly used although
other methods such as MALDI or APCI are also possible [22].

Compared to a normal CE set-up, fundamental differences have to be consid-
ered when using mass spectrometry as detection method. Instead of connect-
ing a high voltage power supply to two buffer reservoirs with the separation
capillary dipped in, an open end of the capillary as interface to the mass
spectrometer is required. The most important challenges in CE-MS coupling
are the combination of the electric fields from the separation and electro-
spray voltages, the assurance of a stable electrospray due to limitations in
flow rates of CE and restrictions in the electrolyte choice [21]. From an elec-
tronic view, CE-MS coupling is a three-electrode system where the ESI-MS
and CE parts are two separate circuits sharing one electrode [22, 71]. The
current from the capillary electrophoresis system will dominate the one of
the electrospray part in terms of magnitude and therefore influence the elec-
trochemical reactions taking place at the electrodes [22].

In CE-MS the buffer needs to fulfil the requirements of both CE and ESI part.
Volatile BGE solutions are favourable with acetic acid, formic acid or ammo-
nia being frequently used for this purpose [72]. Buffer additives on the other
hand should be avoided. Although they can support the selectivity of the
CE separation, ion suppression within the ESI part can occur resulting in a
lower signal intensity. For positive-mode ESI it is better to use a low pH elec-
trolyte, which supports the formation of the spray while for negative-mode
ESI a high pH electrolyte is favourable [73]. Addition of organic solvents to
the buffer can improve the quality of the electrospray but may deteriorate
the separation.

There are two basic types of CE-MS instruments having either a sheath-flow
or sheathless ESI interface [21]. One approach is to integrate a sheath liquid
in the ESI interface, which supports the ionization process. In this configura-
tion the separation capillary is surrounded by a larger diameter tube through
which the sheath liquid flows [21]. The liquid usually consists of a solvent
mixture such as acetonitrile, methanol, acetone or isopropanol and has a ten
to hundredfold higher flow rate than the electrolyte [4]. The sheath liquid is
mixed to the buffer at the ESI tip. This way, the problem of low flow rates in
CE compared to LC can be circumvented and the quality of the spray is im-
proved. The application of sheath liquid enables therefore the use of more
typical electrolytes for the CE part [55]. In addition, the set-up enables an
electrical contact to the exiting liquid. Therefore, the grounding of the CE
circuit is simplified and the electrospray voltage can easily be applied [4, 74].
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The problem with the sheath-flow approach is that the sample is diluted,
which reduces the sensitivity of the measurement [4]. The other approach
to CE-MS coupling is the sheathless configuration, which has a much sim-
pler set-up and lower detection limits. The challenge is to provide an electric
contact at the electrospray tip [22]. There exist different approaches to solve
this problem. As an example a porous tip was designed by Moini [75] where
the end of the separation capillary is etched with hydrofluoric acid enabling
movement of ions and electrons to provide the electrical contact. A stainless
steel tube, which is filled with BGE surrounds the separation capillary and
is connected to the ESI voltage [75]. This configuration of CE-MS is now
also commercially available [76]. Other sheathless CE-MS configurations are
based on the insertion of a wire at the capillary tip or on a metal coating [21].

CE-MS can be applied to the fields of forensic sciences, pharmaceutical
analysis and bioanalysis. It is especially useful for protein characterization
in the field of biopharmaceuticals due to the highly efficient separations
[21]. Other application fields include food analysis essential for maintain-
ing safety and quality of products and control the authenticity. Of extreme
importance in food and environmental analysis is the determination of pes-
ticide residues [21]. An example is the separation of neonicotinoid insecti-
cides by sheath-liquid ESI interface based CE-MS [77]. It was also possible
to determine the broadband herbicide glyphosate and its major degrada-
tion product aminomethylphosphonic acid (AMPA) in beer [78]. Glyphosate
is rather difficult to analyse with standard methods and normally requires
derivatization to meet the requirements of sensitive GC or LC analysis [78].
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3
P U R P O S E - M A D E C A P I L L A RY E L E C T R O P H O R E S I S
S Y S T E M S

3.1 introduction

The development and commercialisation of automated CE instruments was
essential for improving reproducibility and robustness of the separation tech-
nique [1, 79, 80]. CE became attractive and reliable for industrial applications
where the technique was successfully implemented for diverse routine appli-
cations. On the other hand commercial CE instruments are not suitable for
field, process analysis or scientific research because they are too bulky and
lack in flexibility. In research, changes between method, detector and capil-
laries often have to be fast or completely new set-ups need to be improvised
in a short amount of time [81]. As another important drawback, commer-
cial CE instruments are very expensive leading to complications for research
groups with limited funding regarding the purchase and maintenance of
the equipment. Therefore over the years, many research groups built their
own purpose-made CE instruments with various improvements and differ-
entiation for specific applications. Because CE requires only minimal hard-
ware, it is particularly suited for building self-constructed, miniaturised and
portable devices [82].

One way to miniaturize electrophoresis system was enabled when a new
concept of the so-called micro-total analysis system (µ-TAS) was introduced
by Manz et al. [83] in 1989. The concept is also known as lab-on-a-chip (LOC)
and is based on the idea that all necessary reactions for the analysis are per-
formed on the same microfabricated system [84]. This includes all operations
such as sample injection, interface flushing, reagent mixing for derivatiza-
tion reactions, separation and detection [83, 84]. Microchip electrophoresis
(MCE) was developed first in the scope of the µ-TAS project because CE is
easy to miniaturize [84]. In microchip electrophoresis, the separations are
performed in micro channels engraved on small plates made out of glass
or a polymer such as polymethylmethacrylate (PMMA) [84]. The small sam-
ple and reagent volumes needed and reduced separation time due to the
short separation channels lower the overall analysis costs. Other features
are improvements in heat transfer allowing to apply higher voltages and
better mass transfer making on-line derivatization reactions favourable [84].
An application example is the two-dimensional separation of a complex pro-
tein mixture on a PMMA microfluidic chip. This was done by combining
sodium dodecyl sulfate micro capillary gel electrophoresis (SDS µ-CGE) in

29
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the first dimension with microemulsion chromatography (µ-MEEKC) in the
second dimension [85]. MCE has therefore many advantages over commer-
cial bench-top instrumentation and a potential for portability [86]. However,
the approach has some practical drawbacks since the chip fabrication proce-
dure is cumbersome and the chips show easily siphoning effects when not
straight aligned. Also detection is challenging due to geometrical constraints
and flexibility is limited regarding the length of the separation channel [87].
It has also to be taken into consideration that even though the chip itself is
small, also electronics and a detection system are needed.

The other approach is to work with miniaturized injection system but use
standard separation capillaries. Similar separation times to MCE can be ob-
tained when employing short conventional capillaries as shown by Rainelli
and Hauser [88]. Such CE instruments have therefore the advantages of be-
ing small, flexible and low-cost. All standard detectors can be used and the
instruments can also easily be built portable. For automation of the instru-
ments, the standard injection techniques such as hydrodynamic or electroki-
netic injection is less suitable. The evolution of flow injection analysis (FIA)
by Růžička and Hansen [89] simplified automation of sample handling in
analytics. All steps necessary for the analysis such as reagent mixing, sam-
ple pretreatment and injection are automatically carried out in a flow sys-
tem [90]. FIA based manifolds can easily be combined with capillary elec-
trophoresis and the automation of the injection procedure very simple. Since
in CE only tiny sample amounts need to be injected into the separation cap-
illary, which can not be measured directly, schemes from the sequential in-
jection analysis (SIA) are usually employed for the injection [91]. A sample
loop with a defined volume is therefore filled in a first step and the resulting
sample plug afterwards moved to a split injection device [91]. Only a frac-
tion of the initial sample amount is injected into the separation capillary by
applying a controlled pressure for a fixed time length [91]. The microfluidic
breadboard approach is a new concept for building miniaturised and flexi-
ble CE systems by combining different miniature off-the-shelf components
on a microfluidic breadboard [87].

Due to its relatively simple experimental set-up, CE instruments can easily
be built as portable version. With on-field measurements issues arising with
sample transport and storage can be avoided and the lab infrastructure is
not needed. This is interesting in environmental analysis, where monitoring
of water quality, soil contamination and air pollution needs to be performed
on-site. Analysis time is reduced and necessary decisions can be made di-
rectly on the sampling site. The first portable instrument developed enabled
both potentiometric and amperometric detection in a single unit for analysis
of alkali and alkaline earth metal cations [92, 93]. Since portable instruments
require low power consumption, C4D is well suited as detection method [94,
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95]. One of these portable CE-C4D systems was used for fast screening of
nerve agents originating from chemical warfare agents (CWA) [96].

One important trend in the development of CE instruments goes towards
fully automated and remote controlled CE systems [97]. The CE system can
be mounted on a battery powered robotic platform. The robot drives to the
given location, collects the sample, performs the analysis and sends the re-
sults to a remote station [97, 98]. Such lab-on-a-robot (LOAR) systems where
introduced in 2008 [97]. For hazardous or hardly reachable places it is clearly
an advantage if the analyst is not needed [97]. Under the first prototypes is
an instrument based on MCE, which analysed organic acids in air samples
[98]. Another application is the search of extraterrestrial life on other plan-
ets such as Mars [99]. Amino acids as the fundamental building blocks of
life could be a biosignature if occurring in one predominant chiral form and
are easily analysed by CE-LIF [99]. Another example is the lab-on-a-drone,
which is able fly to hazardous places, collect and analyse samples in air [100].
The performance of the instrument was shown for the analysis of volatile
amines and organic acids, non-volatile inorganic cations and proteins in the
aerosol state in the air [100].

3.2 design of purpose-made microfluidic ce instruments

The design of the CE instruments built in the scope of this PhD thesis was
based on the concept of the microfluidic breadboard approach [87]. Differ-
ent commercially available miniature parts such as small valves, vials and
tubing were combined on a breadboard to build up flow based injection sys-
tems.

Pressure and flow rates in the system have to be adjusted to execute the
different steps necessary for the injection procedure. Before starting build-
ing the instrument, first theoretical calculations have been performed .

The law of Hagen-Poiseuille (equation 14) allows to calculate the pressure
drop over a tube, where a Newtonian and incompressible fluid is flowing
through in a laminar manner. The volumetric flow rate (Q) depends on the
radius of the tube (r), the pressure difference between inlet and outlet (∆P)
and inversely on the viscosity of the liquid (η) and the tube length (l). The
flow rate is therefore largely determined by the inner diameter of the tubing
with small changes having already a huge impact.

Q =
dQ

dt
=

πr4∆P

8ηl
(14)
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Further the hydraulic-electric circuit analogy can be used for the calculations,
which links the Ohm’s law (equation 15) to hydrodynamic properties (equa-
tion 16) [101]. The pressure difference in a fluid system (∆P) corresponds to
the voltage (U) applied to an electric circuit. The flow resistance (RFL) is the
analogue to the electric resistance (R) and the current (I) can be translated
into the volumetric flow rate (Q).

U = RI (15)

∆P = RFLQ (16)

By combining the law of Hagen-Poiseuille (equation 14) and the hydraulic-
electric circuit analogy (equation 16), an expression for the flow resistance
(equation 17) is found. The flow resistance (RFL) is proportional to the vis-
cosity of the liquid (η) and the length (L) and inversely proportional to the
radius (r) of the tube.

RFL =
8ηL

πr4
(17)

Different interconnected tubes can be seen as resistors switched in series.
Therefore the volumetric flow rate (Q) can be calculated from the total flow
resistance (RFLT ) of the tubing as shown in equation 18.

RFLT = RFL1 + RFL2 + ... + RFLN (18)

Fluid flow paths can be controlled by using valves, syringe pumps and ap-
plying different diameter tubing. Driving of liquids in tubing can either be
done by implementing different types of pumps, applying pressure or vac-
uum on one end of the tubing. Since pumps have stepwise movements lead-
ing to uneven flow rates, different fixed pressures were included in the de-
sign of microfluidic systems for this PhD thesis. This approach leads to well
controllable homogeneous fluid movements.

Sample injection based on the split injector approach (see Figure 9) requires
different steps. The separation capillary coloured in brown is inserted into
a Tee piece, where two tubes are connected for inflow and outflow of the
liquid. The separation capillary needs to have a straight edge and should be
aligned with the end of the channel within the Tee piece. In the first steps,
the system interface and separation capillary need to be flushed. Then the
sample loop is filled with the analyte of interest before transporting the sam-
ple plug at moderate flow rate towards the separation capillary inlet (A).
When the sample plug is located in front of the separation capillary, the flow
is stopped (B). Because the sample plug is diluted at the edges due to diffu-
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sion processes, the concentrated middle part of the sample plug should be
placed in front of the separation capillary. In the next step (C) a pressure is
applied to the capillary inlet leading to sample injection. For a good repro-
ducibility of the measurements, the applied pressure and injection time have
to be controlled precisely. Afterwards the remaining sample in the Tee piece
is flushed off (D) before powering up the high voltage module.

A B

DC

16.51  

mm

1.59 

mm

0.51 

mm

Figure 9: Schematic drawing of a split injector

As a rule of thumb around 1 - 2 % of the effective length of the separation
capillary should be filled with the sample solution in order to obtain a good
separation of the components. When performing fast separations, smaller
sample plugs should be injected in short separation channels at the expense
of loss in sensitivity [102]. Lower detection limits can be obtained by inject-
ing longer sample plugs [102].

For the choice of the capillary diameter, the following points have to be
considered. Injection and optical detection is normally easier with larger di-
ameter capillaries. On the other hand it is much better to implement the nar-
rowest possible capillaries in order to restrict Joule heating during the sep-
aration process. Higher voltages can be applied leading to shorter analysis
time. Lower diameter capillaries are also favourable because the resolution
of the separation is increased, which can be essential for compounds having
similar migration times. In addition, pressure can also be applied during
separations if needed for certain applications because the pressure profile
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in narrow capillaries is close to a plug flow. The challenge when working
with low internal diameter capillaries is that much higher pressures have to
applied for an efficient flushing, but lower sample amounts have to injected.
Further, it is not possible to use optical detection because the optical path
length is too short, but C4D is well suited [103].
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Part II

R E S U LT S A N D D I S C U S S I O N

Six different projects were carried out in the scope of this doctoral
thesis with the aim to further develop CE systems coupled to
C4D, fluorescence and mass spectrometry. Also two ambient ion-
ization methods for mass spectrometry were explored. Different
CE injection systems were designed and constructed, which were
related to each other. Most work of this thesis was published, re-
sulting in five articles within analytical chemistry journals. For
the last project, which was still ongoing at the end of the PhD, a
manuscript was written.
The single parts of the thesis will be represented with a resume
of each project as well as the reprint of the corresponding article.
In section 4.1 dielectric barrier discharge, which is an ambient
ionization technique for mass spectrometry is described. Section
4.2 is devoted to the short project on a novel injection system for
CE based on flow restrictors. The contribution to a tutorial about
Forth on microcontrollers for operating analytical instruments is
summarised in section 4.3. In section 4.4 the set-up of a fluores-
cence detector as part of a collaboration is described. Section 4.5
is dedicated to the development of an open-source capillary elec-
trophoresis instrument. The last project dealing with the coupling
of a capillary electrophoresis injection system to a mass spectrom-
eter is summarised in section 4.6.
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4
P R O J E C T S

4.1 a low-cost ambient desorption/ionization source for mass-
spectrometry based on a dielectric barrier discharge

The aim of this project was to construct a simple and low-cost ambient ion-
ization source, which can easily be coupled to a mass spectrometer. Ambient
ionization techniques for mass spectrometry have gained a lot of attention
in the recent years since only little sample preparation and no high vacuum
is required [54]. Dielectric barrier discharge (DBD) is rather unknown com-
pared to DESI and DART and was introduced as ionization method for mass
spectrometry in 2007 [104, 105]. Dielectric barrier discharge is based on an
electric discharge between two electrodes, which are separated by an insu-
lating dielectric barrier.

In the scope of this first project, a double-DBD ionization source in an ax-
ial arrangement was constructed based on previous published designs [106,
107]. Two isolated electrodes were axially mounted on a fused silica glass
tube and the cold plasma was generated by flowing helium gas through the
tube. A high voltage alternating signal provided by an electronic circuitry
known as Royer oscillator was then applied to one of the electrodes [108,
109]. The ambient ionization source was characterized in terms of electronic
and spectroscopic properties. The effects of variation of the supply voltage
and the helium gas flow rate were evaluated systematically and the power
consumption measured. Spectroscopic emission measurements were used to
determine the plasma temperatures as well as for determination of the gas
species present in the plasma. Different nitrogen vibrational transitions were
recognised as well as emission lines of helium, hydroxide and oxygen. Ni-
trogen is essential in the cascade leading to the ionization of the analytes
in the plasma source. Since a DBD plasma is not in its local thermal equi-
librium (LTE), electronic, excitation, vibrational and rotational temperatures
have different values [110]. Different methods were applied to determine
the temperatures. The excitation temperature was calculated by using the
Boltzmann plot while rotational and vibrational temperatures were approx-
imated by using a modelling software. The gas temperature was also deter-
mined by using an infrared thermal imaging camera. The performance of
the DBD source was demonstrated in terms of qualitative and quantitative
analysis with a mass spectrometer. Different standard substances as well as
flavouring substances in food samples, active substances in medications and
examples of illegal drugs could be analysed directly with only little sam-

37
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ple preparation. It was also shown that DBD is applicable to quantitative
analysis by building linear calibration curves for the two model substances
caffeine and nicotine.

The idea of this project was based on preliminary work of Ralf Dumler. De-
spite the acknowledged work of Ralf Dumler, all parts of the project includ-
ing the design and construction of the DBD source, coupling to the mass
spectrometer, preparation of the electronic circuitry as well as performance
of all measurements were redesigned and implemented by the author. The
electronic circuitry was designed by Peter C. Hauser. The project was retro-
spectively added to the scope of the dissertation project.
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1
S T P R O J E C T:

A low-cost ambient desorption/ionization source for
mass-spectrometry based on a dielectric barrier discharge

Anal. Methods, 2018, 10, 2701-2711
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A low-cost ambient desorption/ionization source
for mass-spectrometry based on a dielectric barrier
discharge

Jasmine S. Furter and Peter C. Hauser *

An ambient ionization source for mass-spectrometry is described. It is based on a plasma generated in helium

by a dielectric barrier discharge using two external electrodes arranged axially on a fused silica tube. The

plasma is created with a sinusoidal voltage source having an amplitude of 7 kilovolts and a frequency of 27

kilohertz. The plasma cell as well as the excitation circuitry were designed with simplicity in mind and both

can easily be duplicated. The plasma source was characterized in terms of electronic properties and

temperatures by using optical emission spectroscopy. Bands of the nitrogen second positive system at

357 nm were used for determination of the vibrational and rotational temperatures by fitting simulated to

the experimental spectra with the software package Specair. With an excitation voltage of 7 kilovolts and

a flow rate of 50 mL min�1, a vibrational temperature of approximately 5000 K and a rotational

temperature of 300 K were determined. By using the Boltzmann plot method, the excitation temperature

was determined to be around 2800 K. The performance of the ionization source was demonstrated by the

qualitative analysis of various standards as well as of application examples of pharmaceutical, illegal drug

and food samples. Quantitative analysis of solutions is also possible. Linear calibration curves were obtained

for caffeine and nicotine in the range from 1 to 1500 mM and limits of detection of 0.8 mM and 0.4 mM

were determined for the two compounds respectively.

Introduction

In recent years a number of so-called ambient ionization
methods have been introduced to mass-spectrometry. Most of
the devices are intended for direct analysis of the samples in
solid form by exposure of their surface to the ionization device
located openly in front of the inlet of the mass spectrometer.
The term Ambient Desorption/Ionization (ADI) is also used to
specify the process. As the direct analysis does away with the
need for sample dissolution, the technique has gained signi-
cant attention. The most popular have been DESI (Desorption
Electrospray Ionization) and DART (Direct Analysis in Real
Time). DESI was proposed by Cooks and coworkers in 2004 and
employs the impingement of an electrospray created from an
appropriate solvent onto the sample for analyte desorption and
ionization.1 DART was introduced by Cody et al. in 2005 (ref. 2)
and makes use of a high voltage DC (direct current) glow
discharge at the tip of a needle to create metastables in
a process gas and subsequent Penning ionization leading to
charged analytes.3 DESI and DART complement the established
ionization methods for liquid samples of ESI (Electrospray
Ionization) and APCI (Atmospheric Pressure Chemical Ioniza-
tion) respectively. DESI works best for strongly polar analytes

and is suitable for large molecules, whereas DART performs well
for relatively small molecules of lower polarity.3 DESI and DART
have been commercialized and units for retrotting to existing
mass-spectrometers can be bought at a cost of several 10 000V.

A range of further ambient ionization alternatives has been
described in the literature over the subsequent years. A good
general overview can be gained from a monograph published in
2015 (ref. 3) and from review articles by Lebedev4 and by Huang
et al.5 There have been a variety of prominent plasma based ADI
sources. They differ in their construction but tend to give
a performance similar to that of the DART source.3 Hieje and
coworkers in 2008 introduced an atmospheric pressure glow
discharge as an ionization source which is also based on a DC
high voltage.6 Zhang in 2007 introduced a dielectric barrier
discharge (DBD) device consisting of a hollow electrode purged
with He and a copper sheet electrode underneath an insulating
sample bearing glass slide.7,8 The plasma was excited with an AC
(alternating current) voltage between 3500 and 4500 V at 20 kHz.
The LTP (Low Temperature Plasma) probe was introduced by
Cooks and coworkers in 2008 (ref. 9) and was also based on
a DBD created inside a glass tube using an internal grounded
needle electrode and an outer isolated concentric electrode to
which an AC high voltage of typically 3 kV and 2.5 kHz was
applied. Franzke and coworkers in 2009 demonstrated that
a DBD plasma created with two isolated electrodes axially
arranged on the same tube (double-DBD) is also suitable as an
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ambient ionization source (operated at 5 kV pulsed at 35 kHz).10

The construction of such plasma cells is inherently simpler
than that of the concentric arrangements of the LTP and DART
devices. The recent developments of such plasma based ioni-
zation techniques have been summarized in several review
articles.11–16

The construction of these plasma ADI sources is relatively
simple. This recently prompted Mart́ınez-Jarqúın et al.17 and
Upton et al.18 to publish the easily duplicated designs of an LTP
and a DART probe respectively, in order to make the technique
available to users who have no access to the commercial prod-
ucts. Herein a DBD ionization (DBDI) source based on the
simple axial double-DBD arrangement which is powered by
a straightforward electronic circuitry is reported. The
construction details are given so that it can easily be reproduced
by interested readers. Its design is derived from a plasma source
reported by us in 2003 for optical emission spectroscopy.19–22

Experimental
Instrumentation

The plasma jet was produced in a 5 cm long fused silica tube
with a 2 mm OD and 1 mm ID (product no. 0955.1002, WISAG
AG, Fällanden, Switzerland). This tube was placed in an elec-
tronic potting case with dimensions of 15 � 19 � 40 mm (width
� height � length) into which appropriate holes had been
drilled in the centres of the two narrow sides (S38 from Teko
Enclosures, San Lazzaro Di Savena, Italy). The electrodes were
prepared by wrapping the stripped ends of the two connecting
cables around the tube and xing them with silver epoxy
conductive adhesive (product no. 186-3616, RS Components,
Corby, UK). For the high voltage a special insulated cable rated
for 40 kV was employed (HSW-4022-2, hivolt.de, Hamburg,
Germany), whereas for the ground connection a regular insu-
lated stranded wire was used. The assembly was sealed by lling
the box with a thermally conductive, but electrically insulating
epoxy glue (EPO-TEK® T7110) obtained from Epoxy Technology
Inc. (Billerica, MA, USA).

The electronic circuitry consisted of the following compo-
nents: 2� eld effect transistors (FET) 942-IRFP250NPBF
(Mouser Electronics, Manseld, TX, USA, part number 942-
IRFP250NPBF), 2� diodes UF4007 (Mouser, 512-UF4007), 2�
12 V Zener diodes 1N5349BRLG (Mouser, 863-1N5349BRLG), 2�
resistors 470 U, 2 W (Mouser, 594-5083NW470R0J), 2� resistors
10 kU, 1/4 W (Mouser, 660-MF1/4DCT52R1002F), 1� foil
capacitor 680 nF, 630 V (Mouser, B32654A6684J000), and 1�
toroid inductor 100 mH (Mouser, 652-2300LL-101-V-RC). The
yback transformer was product no. CHT-1309A from Chirk
Industry (Taoyuan, Taiwan), purchased as product no. HVT-01B
from Images Scientic Instruments Inc. (Staten Island, NY,
USA). The circuitry was powered by a variable voltage DC power
supply (EX4210R from Thurlby Thandar Instruments, Hun-
tingdon, UK). Please note that the high voltage generated is
potentially dangerous and the circuitry was housed in a non-
metallic enclosure to prevent accidental contact.

For the generation of the plasma, helium gas (99.999%
purity, PanGas, Pratteln, Switzerland) was employed. The ow

rate of the helium gas was adjusted by using an analog mass-
ow controller with a maximum ow rate of 100 sccm (stan-
dard cubic centimetres per minute) (1159B-00100SV) obtained
from MKS instruments (Andover, MA, USA). The mass ow
controller was regulated from a personal laptop computer by
using a purpose-made circuitry based on an Arduino Nano
microcontroller board (Arduino Nano 3.0, Gravitech, Minden,
NV, USA) as an interface to the computer. This model of mass
ow controller is no longer for sale, but note that equivalent
products, some of which may be connected directly to
a computer via a serial bus without requiring a dedicated
interface circuitry, are available from a number of manufac-
turers. For setting up the pneumatic part, #10–32 to 1/1600

connectors (CT2-PKG, Clippard, Cincinnati, OH, US), T-pieces
and a urethane hose with a 1/800 OD and 1/1600 ID (from Clip-
pard) were used as well as 1/400 nuts and ferrules (SS-400-NFSET,
Swagelok, Solon, OH, USA).

Mass spectrometric detection was performed on an LCQ
Deca 3D ion trap mass spectrometer (Finnigan MAT, San Jose,
CA, USA) operated in full-scan positive ion mode. Data were
collected using Tune Plus soware vs. 2.0 (Thermo Fisher
Scientic, Waltham, MA, USA). For the alignment of the plasma
source in front of the mass-spectrometer, various parts from
Thorlabs (Newton, NJ, USA) were used. The plasma cell was
installed on an XYZ translation stage (DT12XYZ) by using
a purpose-made holder made from Perspex®. The XYZ stage was
placed on an optical rail (RLA150/M), which was mounted with
two spacers (BA2S6/M) on an optical breadboard (MG1530/M).
This also carried the mass-ow controller and the associated
printed circuit board.

A 1000� high voltage probe (P6015A, Tektronix, Beaverton,
OR, United States) connected to a USB-based oscilloscope
(Picoscope 3204MSO, Pico Technology, Cambridgeshire, UK)
was used to record voltage waveforms. Optical emission spectra
in the region of 200–900 nm were recorded by using a miniature
spectrometer (Flame, Ocean Optics, Dunedin, FL, USA) with
a wavelength range from 200 to 1100 nm and a resolution of
2 nm. Emission spectra of the second positive system of
nitrogen were acquired using an MS 260i CCD (charge-coupled
device) spectrograph from Oriel (Stratford, CT, USA, spectral
resolution 0.10 nm). An optical bre (M114L01, Thorlabs) was
used to couple the light to the spectrometers. Specair (http://
www.specair-radiation.net/) was used for the simulation of the
emission spectra to determine the rotational and vibrational
temperatures. The slit function was determined using Specair
by measuring the mercury emission line at 334.15 nm of
a mercury argon calibration source (HG-1, Ocean Optics, Dun-
edin, FL, USA). For temperature measurements an infrared
thermal imaging camera (Ti95) from Fluke (Everett, WA, USA)
was also used.

Chemicals

Acetonitrile was purchased from Sigma-Aldrich (Buchs, Swit-
zerland). HPLC-grade methanol was obtained from Fisher
Scientic (Reinach, Switzerland). Deionized ultrapure water was
produced using a Milli-Q system from Millipore (Bedford, MA,
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USA). The drug substances, scopolamine, amphetamine, THJ-
2201, ethylphenidate, UR-144, 3-uorophenmetrazine and
Funky Buddha, were acquired via mail order from sources
found on the internet. Caffeine, nicotine, vanillin and mefe-
namic acid were purchased from Sigma-Aldrich. Cocaine
hydrochloride and opiate mixture 3 containing morphine
monohydrate, codeine monohydrate and 6-acetylmorphine
hydrochloride were obtained from Lipomed (Arlesheim, Swit-
zerland). Panadol® tablets and Buderhin® nasal spray were
acquired from GlaxoSmithKline AG (Münchenbuchsee, Swit-
zerland). Claritin® tablets were obtained from Essex Chemie AG
(Lucerne, Switzerland). Coffee powder, vanilla beans, cinnamon
powder, pepper powder and garlic cloves were purchased from
Migros (Zurich, Switzerland). Standard solutions for the quali-
tative analysis of scopolamine, amphetamine, mefenamic acid,
methoxyphenidine, THJ-2201, UR-144, ethylphenidate, 3-uo-
rophenmetrazine and nicotine were prepared at 1 mg mL�1

concentration. Methoxyphenidine, scopolamine, nicotine, eth-
ylphenidate, amphetamine, and 3-uorophenmetrazine were
dissolved in methanol/water (1 : 1). Mefenamic acid, UR-144
and THJ-2201 were dissolved in acetonitrile. Cocaine hydro-
chloride was prepared at 0.1 mg mL�1 concentration in
methanol/water (1 : 1). The analysis was carried out on the
moist substances; the composition at the time of analysis
depended on the volatility of the solvent and the time elapsed.
Standard solutions of caffeine and nicotine for the quantitative
measurements were prepared at 1500, 1000, 500, 100, 10 and 1
mM concentrations in methanol/water (1 : 1). Food samples and
pills of pharmaceuticals were measured directly without disso-
lution. Powders were moisturized with methanol to immobilize
the substances and thus prevent a potential clogging of the inlet
of the mass spectrometer.

Results and discussion
Construction

A true-to-scale schematic drawing of the plasma cell is shown in
Fig. 1A. It is based on two isolated ring shaped electrodes placed
axially outside a fused silica tube and thus this may be termed
a double-DBD or full-DBD arrangement.23 Most reported DBD
(and LTP) cells only employ one insulated tubular electrode
while the second one consists of an exposed needle electrode
placed at the centre of the tube.15 The need for the centrical
alignment of an inner electrode and the resulting requirement
of a sideways gas feed are not present in the double-DBD cell
used here,19,23–25 which therefore has the advantage of being
easier to construct. The AC excitation voltage was applied to the
electrode closer to the end of the tube, while the other was
connected to the ground. This arrangement was also used by
other groups25–28 and facilitates the ignition of the plasma. In
order to preclude a direct discharge between the electrodes on
the outside, the fused silica tubing with the electrodes was
placed in a small potting case for electronic components and
embedded in an electronic grade insulating epoxy resin. This
set-up has the additional advantage of preventing accidental
contact with the high voltage and of providing mechanical
stability. A similar plasma cell embedded in epoxy, which,

however, was somewhat more complex as it was based on 3D-
printed parts and two concentric fused silica tubes, was previ-
ously reported by our research group.29

The plasma jet was placed in front of the MS instrument
according to the illustration in Fig. 1B. A purpose-made sample
holder was attached directly to the instrument and features
a small platform positioned slightly below the MS inlet. The
plasma torch was positioned so that its tip touches the sample
from the top at an approximate angle of 45�. To facilitate this
alignment a small optical breadboard was mounted in front of
the MS instrument. The plasma cell was attached to an XYZ
translation stage, which is moved to the inlet of the MS along an
optical rail mounted on top of the breadboard. The three
micromanipulators of the translation stage allow a precise
alignment of the plasma tip. In Fig. 1C, a picture of the plasma
is given. For demonstration purposes, the beam was aligned on
a pill placed on the sample holder.

Fig. 1 (A) Schematic drawing of the DBDI plasma cell (dimensions in
mm), (B) schematic drawing of the arrangement, and (C) photograph
of the plasma torch.

This journal is © The Royal Society of Chemistry 2018 Anal. Methods, 2018, 10, 2701–2711 | 2703
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The plasma was driven by a high voltage AC waveform
created with an oscillator and a high voltage transformer as
shown in Fig. 2. The oscillator circuitry is known as a resonant
Royer oscillator.30,31 The circuitry is freely oscillating at the
resonance frequency determined largely by the inductance of
the primary coils of the transformer and the capacitance of the
parallel capacitor, and the transistors switch at zero volts. This
arrangement makes it efficient with little power loss and the
circuitry is otherwise used for applications such as driving
electroluminescent lamps (which were common for back-
lighting LCD displays before white LEDs were introduced) and
for wireless power transfer and charging of batteries, including
inductive heating and cooking. Details of the principles of the
circuitry are given in Williams30 and in Dionigi et al.31 It is
frequently employed for high voltage generation and many
examples of this can be found on the internet by searching for
“ZVS” (for “zero volt switching”, but note that there are also
other circuitries with this feature). The circuitry can be built
from standard parts, which are readily available from distribu-
tors of electronic components. The transformer used is a so-
called yback transformer designed for creating high voltages
and has a turns ratio of 1 : 260. It is rated for a power of 50 W.
Similar transformers will be equally suitable. The entire
circuitry was driven by a laboratory DC power supply with an
adjustable voltage. Details of the high voltage AC generator have
not always been given in previous publications on DBD or LTP
sources for ambient ionization, but to our knowledge this is the
rst report on the use of the resonant Royer circuitry for this
application. The cost of the mechanical parts amounted to
approximately V800, the power supply to drive the oscillator
costs about V450 and a suitable mass-ow controller about
V1250, and so the total cost is approximately V2500. These
costs should be comparable to those of purpose-built LTP and
DART probes reported previously.17,18

Characterization

The geometry of the plasma cell given in Fig. 1A, i.e. using
a fused silica tube with an ID of 1 mm and an OD of 2 mm and
a gap of 10 mm between the electrodes, was arrived at aer

some experimentation. In principle, the narrower the internal
diameter of the fused silica tube and the smaller the gap
between the electrodes, the lower is the power needed. A low
excitation voltage is also desirable considering safety issues.
However a compromise has to be made for mechanical stability
of the fused silica tube and narrower capillaries tended to break
during handling. A shorter gap of 5 mm led to excessive heating
of the plasma torch, while for a larger gap of 15 mm a higher
excitation voltage was required. For the 10mm gap an excitation
voltage of 7 kV was sufficient to create a stable plasma. Note that
the plasma is ignited by briey holding a grounded cable to the
orice of the fused silica tube.

The effects of supply voltage and ow rate of the helium gas
were subsequently evaluated. The high voltage AC waveform
generated by the oscillating circuitry with the plasma cell
attached is shown in Fig. 3A. As can be seen, the waveform is
a clean sine wave oscillating at 27 kHz. However, this required
an optimization of the value of the parallel capacitor in the
circuitry. For a capacitance of 470 nF, instead of the 680 nF
employed, a distorted waveform was observed as shown in
Fig. 3B. This indicates that the plasma constitutes a reactive
load to the driving circuitry. Franzke and coworkers, who
studied the high voltage waveforms of a DBD as well, albeit with
a pulsed supply, also presented data which show that the
plasma load can lead to a distortion.24 For supply voltages of 10,
15 and 20 V, peak-to-peak amplitudes of the output voltage of 7,
10 and 14 kV were obtained respectively. The supply current
consumption was 0.25, 0.38 and 0.51 A, implying a power

Fig. 2 Circuit diagram of the oscillator circuitry.
Fig. 3 Waveforms for the oscillator with the attached plasma cell
obtained with a capacitor of (A) 680 nF and (B) 470 nF.
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consumption of 2.5, 5.7 and 10 W respectively. The effective
power coupled to the plasma, i.e. the efficiency of the set-up, is
not known. The ow rate of helium (for the range from 10 to 100
mL min�1) was found not to have any effect on the oscillation
behavior or the power consumption.

Spectroscopic emission measurements were performed to
specify the species generated in the plasma and for the deter-
mination of plasma temperatures. Spectra were recorded at the
front of the plasma jet in an axial position due to a higher
measured intensity compared to radial measurements as
already reported by Guchardi.19 In Fig. 4A and B, the emission
spectrum of the plasma is shown in the range of 200 to 900 nm.
The most intense bands appear due to vibrational transitions of
the second positive band system of nitrogen, N2 (C

3Pu � B3Pg),
at 316, 337, 357 and 380 nm.32,33 Less intense emissions were
observed from N2

+
rst negative system bands (B2S+

u �
X2S+

g) between 391 nm and 427 nm.34 Emission lines of helium
(He I) were recorded at 492, 501, 587, 667, 706 and 728 nm. A
strong emission of OH at 309 nm was observed and weak
emission lines of Ha at 656 nm, Hb at 486 nm and O at 777 nm
could be identied. Atomic emission lines were compared to
data from the NIST spectral database.35

Our results match the observations of Müller et al.,24 who
found maximum intensities of nitrogen emission lines outside
the fused silica tube, while helium emission intensities
decreased compared to the point of origin of the plasma. With
an increasing helium ow rate (from 10 to 100 mL min�1),
slightly higher intensities of helium emission lines could be
observed in relation to nitrogen lines. Nitrogen plays a key part
in the ionization process within the plasma formed and is
present as an impurity in the helium gas.25,26,36,37 Helium
metastable states generate N2

+ ions by Penning ionization or
charge transfer.38,39 Ionized nitrogen molecules are thought to
be the point of origin in a chain of reactions leading to
protonated water clusters responsible for the ionization of the
analytes by proton transfer, as suggested for LTP and DBD
discharges by Chan et al.40 and Reininger et al.:41

N2
+ + 2N2 / N4

+ + N2 (1)

N4
+ + H2O / H2O

+ + 2N2 (2)

H2O
+ + (n)H2O / (H2O)nH

+ + OH (3)

(H2O)nH
+ + M / nH2O + MH+ (4)

The temperature of a plasma is important for its character-
ization and can be determined by using optical emission
spectroscopy. Since DBD plasmas are not in local thermal
equilibrium (LTE),42 the electronic (Te), excitation (Texc), vibra-
tional (Tv) and rotational (Tr) temperatures are different and
have to be determined separately.43 A general rule for temper-
atures in non-LTE plasmas is the following: Te > Tv > Tr ¼ Tg (Tg
¼ gas temperature).37 Therefore it was assumed that the rota-
tional temperature equals approximately the gas temperature.
The electronic temperature (Te) of non-equilibrium plasmas is
generally higher than the excitation temperature (Texc).44

Fig. 4 Optical properties of the DBDI source. (A) Emission spectrumof
the plasma source from 200 to 450 nm, (B) emission spectrum of the
plasma source from 450 to 900 nm (note that different integration
times were employed), and (C) experimental spectrum of the nitrogen
second positive system (Dn ¼ 1) rotovibrational band between 345 and
360 nm (top) and best-fitting simulated spectrum using Specair soft-
ware (bottom), giving a vibrational temperature of 5000 K and a rota-
tional temperature of 300 K. Infrared images of the DBD source for (D)
10 V, (E) 15 V and (F) 20 V supply voltage at a flow rate of 50 mL min�1.

This journal is © The Royal Society of Chemistry 2018 Anal. Methods, 2018, 10, 2701–2711 | 2705
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However, by using the Boltzmann plot method only the excita-
tion temperature can be determined.44

The spectral modeling soware package Specair was
employed for the determination of the rotational and vibra-
tional temperatures by tting simulations to experimental
spectra of the second positive system of nitrogen.37,45,46 This
approach is commonly used for the determination of temper-
atures in plasmas since this molecular system appears readily
and is intense in different plasmas.43,47,48 For the temperature
determination, we used the N2 rotovibrational bands (Dn ¼ 1)
between 340 and 360 nm.49–52 This system was chosen since the
intensity is generally much higher than that of the 380 nm
system.52 The vibrational temperature depends on the intensity
ratio of the three bands between 350 and 357 nm while the
rotational temperature was determined by means of the width
of the emission band at 353 nm.49 In Fig. 4C, the experimental
(top) and simulated (bottom) spectra of the N2 system are
shown, acquired at a ow rate of 50 mLmin�1 and an excitation
voltage of 7 kV. Values of approximately 5000 K and 300 K were
determined for the vibrational temperature and rotational
temperature respectively. This means that the gas temperature
of the plasma is close to room temperature, which has also been
reported by other groups,9,24,53 while the vibrational temperature
is much higher. As a second approach, the gas temperature of
the plasma was determined with an infrared thermal imaging
camera. As shown in Fig. 4D, the measured gas temperature for
an excitation voltage of 7 kV is around 297 K. By application of
higher supply voltages, an increase in the gas temperature was
measured. For a supply voltage of 15 V, a temperature of 311 K
(Fig. 4E) and for 20 V, 320 K (Fig. 4F) was measured. The values
are in good agreement with rotational temperatures obtained
from the best-t method, which are plotted in Fig. 5A. The
rotational temperature increased from 300 K to 350 K following
a linear behavior. When the ow rate of the helium gas was
varied between 10 and 100 mL min�1, no difference in the gas
temperature could be observed neither by infrared measure-
ments nor by spectroscopy.

Vibrational temperatures were determined for three
different supply voltages as plotted in Fig. 5A and three different
ow rates as shown in Fig. 5B. With increasing supply voltage
from 10 to 20 V at a xed helium ow rate of 50 mL min�1, an
increase in the vibrational temperature was measured from
5000 to 7700 K following a linear behavior. Also by increasing
the helium ow rate at a xed supply voltage of 10 V, higher
vibrational temperatures were obtained varying from 4700 to
5350 K for 10 to 100 mL min�1.

The excitation temperature (Texc) of the plasma was obtained
from a Boltzmann plot for helium emission lines (492, 501, 587,
667, 706, and 728 nm) by plotting ln(Iullul/gulAul) versus the
energy Eu.54,55 Iul is the relative intensity of the transition, lul is
the transition wavelength in nm, gul the statistical weight, Aul
the probability emission coefficient in cm�1 and Eu the energy
difference of the level u in eV.56 The slope of the plot corre-
sponds to the excitation temperature of the plasma, which was
estimated to be around 2800 K for an excitation voltage of 7 kV
and a helium ow rate of 50 mL min�1 with a correlation
coefficient of 0.75. The excitation temperature did not change in

the investigated ow rate range between 10 and 100 mL min�1

and excitation voltage range between 7 and 14 kV. For full
characterization, it would be useful to also know the degree of
ionization and the electron temperature (Te); however, the
determination of these parameters was not possible with the
available means.

DBD is a so ambient ionization method, which means that
a few fragments of the analytes are observed.14 Minor frag-
mentation is useful to get some structural information about
compounds. However high fragmentation patterns lead to
a complication in the mass spectra of mixtures. We studied the
application of different plasma voltages and helium ow rates
to determine whether they have an effect on the fragmentation.
However, it was found that the fragment intensity appears to
dependmore on the position of the plasma jet relative to the MS
orice and less on the applied settings.

A ow rate of 50 mL min�1 was chosen for the subsequent
work since this was the minimum ow rate required to obtain
stable MS signals. When using a lower ow rate of 10 mLmin�1,
the absolute intensity of the signal was found to uctuate
signicantly with time. Compared to other studies,27,28 where
ow rates in the range of 150 to 400 mL min�1 were used, the
ow rate of 50 mL min�1 is rather low. Since no loss in
performance of the DBD source was observed using this low

Fig. 5 Dependence of the rotational and vibrational temperatures on
the (A) supply voltage between 10 and 20 V and the (B) helium flow rate
between 10 and 100 mL min�1.
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Fig. 6 DBDI-MS spectra of selected standard compounds: scopolamine (A), amphetamine (B), mefenamic acid (C), methoxyphenidine (D),
cocaine (benzoylmethylecgonine) (E), THJ-2201 (1-[(5-fluoropentyl)-1H-indazol-3-yl](naphthalen-1-yl)methanone) (F), UR-144 (1-pentylindol-
3-yl)-(2,2,3,3-tetramethylcyclopropyl)methanone (G), ethylphenidate (H), 3-fluorophenmetrazine (I), and nicotine (J).

This journal is © The Royal Society of Chemistry 2018 Anal. Methods, 2018, 10, 2701–2711 | 2707
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Fig. 7 DBDI-MS spectra of samples: (A) coffeine in coffee powder, (B) vanillin detected in vanilla beans, (C) cinnamaldehyde detected in
cinnamon powder, (D) allicin detected in garlic cloves, (E) piperine detected in pepper powder, (F) active ingredient loratidine in Claritin® tablets,
(G) active ingredient paracetamol (acetaminophen) in Panadol® tablets, (H) active ingredient budesonide in Buderhin® nasal spray, (I) opiate
mixture containing 6-acetylmorphine, codeine and morphine, and (J) 5F-AKB48 (5F-APINACA) detected in Funky Buddha.
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ow rate, this setting is preferable in order to keep the
consumption of helium low. The lowest possible excitation
voltage of 7 kV was adopted in order to keep the heating of the
cell low and minimize the possibility of any electrical arcing.

Performance

In Fig. 6, the mass spectra of a range of standard substances
representing pharmaceuticals, illegal drugs, and food avoring
are given. A qualitative analysis of the moist substances was
carried out aer placing a small amount of the solution onto
a microscope glass slide.57 As reported by Meyer et al.11 we
observed that the protonated molecular ion [M + H]+ was always
the most abundant peak in the DBD-MS spectra with little or no
fragmentation. Doubly charged ions were not detected. Exam-
ples of pharmaceutical compounds analysed are scopolamine,
amphetamine and mefenamic acid. The molecular ion peak of
scopolamine (Fig. 6A) was detected at 304.1 m/z with two frag-
ment ions at 156.1 and 138.1 m/z. In Fig. 6B, amphetamine was
observed as protonated molecular ion [M + H]+ (m/z 135.9) with
one fragment ion peak at 118.8 m/z. In Fig. 6C, the spectrum of
mefenamic acid is displayed. The molecular ion peak [M + H]+

was observed at 241.9 with two fragments at 224.3 and 209.2 m/
z. Examples from the analysis of illegal drugs follow. In Fig. 6D,
methoxyphenidine, which is a designer drug, was detected as
protonated molecular ion [M + H]+ at 296.0 m/z. One fragment
was observed at 210.6 m/z. The molecular ion peak of cocaine
(Fig. 6E) was observed at 304.1 m/z. The signal at 182.7 m/z may
originate from fragmentation. THJ-2201 and UR-144 are
synthetic cannabinoids, which have psychoactive effects and
represent the so-called “legal highs”. In Fig. 6F, THJ-2201 was
detected as protonated molecular ion [M + H]+ (m/z 361.0) with
one fragment at 251.1 m/z. Ur-144 (Fig. 6G) was observed at
312.2 with one fragment at 214.2 m/z. Ethylphenidate and 3-
uorophenmetrazine are also psychostimulant compounds.
Ethylphenidate (Fig. 6H) was detected at 248.1 m/z without
fragmentation. In Fig. 6I, the spectrum of 3-uorophenme-
trazine is shown. The peak of the [M + H]+ ion was observed at
196.1 m/z. Nicotine (Fig. 6J) was analyzed as an example of
a parasympathomimetic drug, detected as protonated molec-
ular ion [M + H]+ (m/z 163.0). No fragmentation was observed.

Even though ambient ionization is not primarily intended
for quantitative analysis this aspect was investigated for two
model substances. Calibration curves for caffeine and nicotine
for 6 concentrations in the range between 1 and 1500 mM were
acquired by placing 20 mL of the standard solutions onto
a microscope slide followed by immediate measurement. For
each concentration, the measurements were repeated three
times by averaging each time the signal height over 1 minute
recording time. Linear responses over this range were found for
both caffeine (R2 ¼ 0.9973) and nicotine (R2 ¼ 0.9922). The
limits of detection (for peak heights corresponding to 3� the
baseline noise) were determined to be 16 pmol/3.1 ng (0.8 mM)
for caffeine and 8 pmol/1.3 ng (0.4 mM) for nicotine. These
results are comparable to the LOD of 15 ng for TATP (triacetone
triperoxide) reported by Hagenhoff et al.57 for a similar set-up.
Relative standard deviations (RSD) were found to be between

3 and 32%. The reason for the relatively high RSD values is
thought to lie in the reproducibility of the positioning of the
sample and different degrees of solvent evaporation as our
system was not optimized for quantitative analysis.

In Fig. 7A–E, examples of food samples are given. Spectra were
obtained by direct analysis of the respective materials without
any sample preparation. Powders were moisturized using
methanol. Caffeine (m/z 195.1) was detected in coffee powder
(Fig. 7A) and vanillin (m/z 153.0) in vanilla beans (Fig. 7B). In
Fig. 7C, the [M + H]+ molecular ion peak of cinnamaldehyde in
cinnamon powder is observed at 132.9 m/z. Peaks at 147.0 and
162.9 m/z may originate from coumarin and eugenol, which are
further components of cinnamon. In Fig. 7D, allicin is detected
as a protonated molecular ion (m/z 162.7) in fresh garlic cloves
and in Fig. 7E piperine at 286.1 m/z in powdered pepper.
Different pharmaceuticals were analyzed in Fig. 7F–H. Loratidine
as an active component in Claritin® (Fig. 7F) was observed at
383.1m/z, acetaminophen in Panadol® (Fig. 7G) at 152.0m/z and
budesonide in Buderhin® nasal spray (Fig. 7H) at 431.0m/z. Two
examples of illegal drugs are given. Morphine (m/z 286.2),
codeine (m/z 300.2) and 6-monoacetylmorphine (m/z 328.1) could
be identied in an opiate mixture (Fig. 7I). 5F-APINACA (m/z
384.1) was identied in Funky Buddha leaves, which are leaves of
the marshmallow plant impregnated with the substance.
5F-APINACA is a synthetic cannabinoid. The peaks not identied
in the mass spectra originate from unknown components of the
sample matrix.

Conclusions

The ambient desorption/ionization source assembled in our
laboratory was found to allow qualitative analysis of a variety of
samples and is therefore a viable alternative to much more
costly commercial aermarket products for tting to mass-
spectrometers. The construction of the plasma cell is simple
and the alignment in front of the instrument is based on
commercially available micromanipulators. The construction of
the high voltage oscillator circuitry is not challenging, as no
surface mounted devices are needed. It is also possible to buy
the entire circuitry, including the transformer, as a preassem-
bled module for about 20V from vendors found on the internet
(eBay, AliExpress, etc.). Besides the qualitative analysis of solu-
tions and solid samples, it was also found to be possible to carry
out a quantitative analysis of solutions over a wide dynamic
range with limits of detection of about 1 mM for two model
compounds in samples with a low volume of 20 mL. The preci-
sion of this technique can possibly be improved by automation
of the sampling technique.
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4.2 flow restrictor based injection system for ce 51

4.2 injection system for fast capillary electrophoresis based

on pressure regulation with flow restrictors

In capillary electrophoresis, the injection of the sample into the separation
capillary is a crucial step, responsible for the quality and reproducibility of
the measurement. The challenge lies in the automatic and reproducible in-
jection of tiny amounts in the nano- or even picoliter range. Flow injection
helps automating the injection process and split injection is a well-known
approach for proper sample injection from initial larger amounts [89–91].

In this project, a novel injection system was developed based on the sequen-
tial injection manifold. Sample amounts in the picoliter range were injected
into a short separation capillary with a small internal diameter of 10 µm.
The injection process did not rely on mechanical movements of vials or sy-
ringe pumps. Rather, the injection system was based on pneumatic flow rate
regulation. With one fixed pressure being applied to the buffer and sample
container, only the timing of valve operations needed to be controlled. This
approach made the set-up of the injection system inherently simple and re-
duced power consumption, which would make the system favourable for
implementation in portable instrumentation.

Flow rates within the system were regulated by flow resistors, which were in-
serted at well-defined positions. Calculations based on the Hagen-Poiseuille
law were performed in order to determine the dimensions and location of
the restricting tubes. Three valves allowed to choose the flow paths as well
as to fill the sample loop. One resistor reduced the initial high pressure of
6 bar to a moderate flow rate for interface flushing and sample transport
steps. An additional function of this restrictor was to bring the pressure at
the capillary inlet close to zero, which prevented accidental sample injection
during transport. On the other hand, the full pressure was needed for an
efficient flushing of the separation capillary. Although the first flow restric-
tor was switched in series with the capillary, the full pressure was obtained
at the capillary inlet. The reason is that the ratio between the two resistor
values was large. For sample injection a moderate pressure at the capillary
entrance was created by switching a second resistor in parallel to the first
one. With precise time control, a tiny sample amount of 0.3 pL was injected.
Nine different inorganic cations could be separated in 25 s. Good repeatabil-
ity within 3 % and detection limits around 5.5 µM were obtained. Mineral
water was analysed quantitatively by building calibration curves for five dif-
ferent inorganic ions (NH4

+, K+, Na+, Ca2+, Mg2+).
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Short Communication

Injection system for fast capillary
electrophoresis based on pressure
regulation with flow restrictors

A fast automated system for rapid electrophoretic separations in short conventional capil-
laries employing contactless conductivity detection is presented. The instrument is based
on pneumatic pressurization and does not require a conventional pump. The required
pressures and flow rates for the different steps of the injection and flushing processes are
produced with the help of two flow restrictors. The device is implemented on a microflu-
idic breadboard with dimensions of ca. 13 × 20 cm and employs miniature valves. Nine
inorganic cations, namely NH4

+
, K+, Na+, Ca2+, Mg2+, Mn2+, Sr2+, Li+, and Ba2+, could

be separated in a capillary of 10 �m inner diameter and 6 cm effective length within 25 s.
Following a reduction of the effective length to 4 cm, still five inorganic cations could be
separated in a time span of 12 s. The repeatability of peak areas was better than 3.1 % and
limits of detection between 3.5 and 5.5 �M were achieved.

Keywords:

Capillary electrophoresis / Fast separations / Fluid-handling System /
Microfluidics DOI 10.1002/elps.201800250

In capillary electrophoresis, control over the injected amount
of sample is essential for obtaining good reproducibility and
the best compromise between resolution, sensitivity, and
analysis time. Because of diffusion effects the timing is also
important. Electrokinetic injection is the simplest approach,
but not suitable for quantitative analysis due to an injec-
tion bias for samples with varying background conductivities.
Therefore hydrodynamic injection is preferred, but is not triv-
ial because of the small volumes in the low nL to pL range
involved. Conventional commercial capillary electrophoresis
instruments rely on direct injection from a sample vial into
the capillary by application of pressure or vacuum. This re-
quires mechanical movements of vials on a sampling tray
and/or of the capillary and the provision of an airtight seal
while the capillary is located inside the sample vial. These
movements require time and have complications with a cer-
tain tendency to failure. The conventional approach is also not
suitable for automated sampling from flowing streams [1],
when the separation is to be optimized by employing narrow
capillaries down to 10 �m ID requiring high pressures for
flushing, or when fast separations are to be carried out in
short capillaries of a few centimetres in length [2–6].

For well controlled automated injection, schemes derived
from the sequential injection analysis approach have been
found useful. As the amount of sample which needs to be

Correspondence: Peter C. Hauser, Department of Chemistry,
University of Basel, Klingelbergstrasse 80, 4056 Basel,
Switzerland.
E-mail: peter.hauser@unibas.ch

loaded into the capillary is too small to be metered directly
or with a syringe pump, a larger volume is first placed into
a sample loop. Subsequently, the sample is moved into a
split injection device. When the sample plug is located in
front of the capillary inlet, the injection of a proper sample
amount is achieved by controlled pressurization for a defined
length of time. Following flushing of the interface the elec-
trophoretic separation is commenced. Finally, the capillary
may also need to be flushed before the next separation. The
movement of the sample plug to the capillary inlet and the
flushing of the injection interface can be carried out with a
displacement device such as a syringe pump, but the actual
injection and flushing of the capillary must be implemented
through pressurization. For simplicity all steps may then be
performed by pneumatic pressurization of containers with
background electrolyte solutions [7–10], which requires dif-
ferent pressure levels and blocking valves. The set-up reported
herein has been optimized in several ways. Miniature valves
with adequate holding pressure for use with capillaries of
10 �m ID (allowing a high separation efficiency) were em-
ployed and a miniature overall manifold was obtained. Only
a single gas pressure level was required and all flows were
set with two precisely determined fixed flow restrictors and
switching valves. Furthermore, in contrast to earlier reports,
the transport of sample to the split injector is carried out with-
out pressure on the capillary inlet, which prevents spurious
injection.

A schematic diagram of the instrument is shown in
Fig. 1A. A constant pressure of 6 bar provided by a stan-
dard gas cylinder of nitrogen (PanGas, Pratteln, Switzer-
land) was applied to an airtight reservoir (LS-T116-BBRES,

C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 1. A) BR1-3: background electrolyte reservoirs; V1: rotary
injection valve; V2-V4 blocking valves; R1 and R2: flow restrictors;
T1-T3: T-pieces; P: pressure sensor; capacitively coupled con-
tactless conductivity detector: contactless conductivity detector.
B) Pressure sequence for one operation cycle. The numbers indi-
cate the steps detailed in Table 1.

LabSmith, Livermore, CA, USA) containing BGE (BR). A six-
way valve (V1) (LabSmith, LS-AV203-C360) was fitted with a
sample loop with 360 �m OD, 150 �m ID, and 35 cm length
(CAP360-150P, LabSmith). Samples can be loaded with a sy-
ringe, but, if desired, sample aspiration into the loop may
also be automated. Valves V2, V3, and V4 (LS-AV201, Lab-
Smith) serve to direct the flows. The two flow restrictors (R1
and R2) consisted of PEEK tubing with dimensions of 1/16"
OD (1.59 mm), 0.0025" ID (63.5 �m)(1560, IDEX, Lake For-
est, Illinois, USA) and 7 cm length (R1) and 1/16" OD (1.59
mm), 0.007" ID (178 �m)(IDEX, 1536) and 4 cm length (R2).
A fused silica capillary with 360 �m OD, 10 �m ID and 17 cm
total length (TSP-010375, Polymicro, Phoenix, AZ, USA) was
employed for separation. Its high voltage end was located
in a safety cage and placed in a container separate from
the electrode. The voltage of –20 kilovolts was provided by
a high voltage module (UM20N4/S, Spellman, Pulborough,
UK). The electrophoretic ground consisted of a stainless steel
tube (1/16" OD and 0.01" ID, 2.5 cm length, IDEX, U-111)
as part of the manifold. Note, that due to the narrow sepa-
ration capillary the electrophoretic current was a low 3 �A.
Furthermore, the tubular electrode is located downstream

from the injection point and regularly flushed, so that pH
changes of the background electrolyte due to electrolysis or
bubble formation do not affect the electrophoresis process.
The miniature valves and high voltage module were linked
to a notebook computer by using an Arduino microcontroller
board (Arduino Nano 3.0, Gravitech, Minden, NV, USA) and
a purpose made printed circuit board providing the necessary
interface electronics. All devices in the system and the tim-
ing sequences were controlled with a program written in the
computer language Forth running on the ATmega328 micro-
controller of the Arduino board. Open source AmForth, devel-
oped for the Atmel AVR8 Atmega microcontroller family, was
employed (http://amforth.sourceforge.net). User interaction
with the program was achieved via a terminal emulator appli-
cation (CoolTerm, http://freeware.the-meiers.org/) running
on the notebook computer. For detection, a lab-made capaci-
tively coupled contactless conductivity detector was used [11].
The pressure could be monitored with a sensor (LabSmith,
uPS0800-T116) mounted in a T-piece (T3) just downstream
from the injection point. Data acquisition for the detector and
pressure sensor (the latter connected via an instrumentation
amplifier, INA111, Texas Instruments, Austin, TX, USA) was
carried out with an e-corder 410 with the Chart software pack-
age (eDAQ, Denistone East, NSW, Australia). All parts, except
for the pressure supply, the high voltage cage and the data
acquisition system, were assembled on a microfluidic bread-
board with dimensions of ca. 13 × 20 cm (LabSmith) using
appropriate tubings, fittings and T-pieces.

The dimensioning of the flow restrictors was carried out
by considering the hydraulic-electric circuit analogy (see [12]
for example) and employing the Hagen-Poiseuille law on the
behavior of liquids in tubes:

Q = �r 4� P

8�L
(1)

where Q is the volumetric flow rate of the liquid, r the radius
of the tube, � P the pressure difference between the ends of
the tube, � the viscosity of the liquid and L the length of the
tube. On rearrangement an expression, which is equivalent
to Ohm’s law, is obtained:

� P = 8�L

�r 4
Q ≈ V = R · I (2)

where V is the voltage corresponding to �P, R the resistance
and I the current corresponding to Q.

It is thus possible to relate pressure, flow rates, and flow
restrictors consisting of lengths of narrow tubing. A flow re-
strictor with a desired flow resistance can be fashioned from
available tubing. Furthermore, as for Ohm’s law, serial and
parallel arrangements of flow restrictors have the correspond-
ing effects. Volume flow rates can be transformed into flow
velocities if the cross-section of the conduit is known and the
requisite timing can also be deduced.

The flow restrictors were needed for two purposes. First,
a reduction of the flow rate during the sample transport and
interface flushing steps was achieved by implementing a rel-
atively high flow resistance (R1) in front of the six-way valve
(V1). This way, the pressure almost completely drops across
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Table 1. Operation Sequence

Step Operation Duration Valve Setting Flow Rate Buffer Consumption
(s) V1 V2 V3 V4 HVa (�L/s) (�L)

1 Interface flushing 4 Inject Open Open Closed Off 3.4 13.6
2 Capillary flushing 25 Load Open Closed Closed Off 0.0009 0.02
3 Sample transport 1.3 Inject Open Open Closed Off 3.4 4.4
4 Pressure release 0.5 Inject Closed Open Closed Off 0 0
5 Sample injection 0.5 Inject Open Closed Open Off 325 163
6 Pressure release 0.5 Inject Closed Open Closed Off 0 0
7 Interface flushing 5 Inject Open Open Closed Off 3.4 17
8 Separation 28 Inject Closed Open Closed On 0 0

aHV; high voltage

this flow resistor while the liquid is still transported with a
moderate flow rate of 3.4 �L/s. A backpressure through any
flow restrictor at the outlet, as employed previously, is avoided
in this new arrangement in order to prevent partial premature
injection during the sample transfer. On the other hand, for
speed, the flushing of the capillary should be carried out at
maximum pressure, but due to the low flow rate imposed by
the narrowness of the separation capillary the pressure drop
across R1 during this step is not expected to be significant.
Secondly, a reduced pressure at the capillary inlet must be ob-
tained for controlled injection of a proper amount of sample.
This was achieved by switching R2 parallel to the separation
capillary through opening V4.

The typical protocol for the operation of the instrument
is displayed in Table 1, showing the valve settings and the
durations of the different steps as well as the resulting volu-
metric flow rates in the parts of the manifold concerned and
the buffer volume consumed. The resulting pressure profile
is given in Fig. 1B. In the first step (1), the system interface is
flushed with a pressure close to zero (0.045 bar). In the sec-
ond step (2) the capillary is flushed for 24 s with a pressure
of 6 bar, which is not diminished by R1. During this step the
sample is loaded manually into the loop of V1 by the operator.
The required sample volume is around 6 �L. Subsequently,
the sample plug is transported from the sample loop to the
T-piece holding the separation capillary (step 3). Since the
distance between sample loop and T-piece is short (3.5 cm),
the transport step takes only 1.3 s. Then a defined pressure
of 4.1 bar is applied to the inlet of the separation capillary for
0.5 s (step 5). Note, that it is not possible to trade a higher
pressure (e.g. the full 6 bar) for a shorter injection time as
the valves employed have a finite switching time which can-
not be reduced. The calculated amount of sample injected is
0.3 pL (corresponding to a plug length of 4 mm). The system
is again flushed for 5 s (step 7) to remove all sample residuals,
followed by the turning-on of the high voltage −20 kilovolts
for 28 s (step 8). Note also, the two steps (4 and 6) for releasing
residual pressure. The total time for one operation sequence
was 65 s.

As investigated by Tůma and co-workers [13], smaller in-
ternal diameter capillaries used in capillary electrophoresis
together with capacitively coupled contactless conductivity

detector require higher buffer concentrations for best sen-
sitivity. Since 10 �m ID capillaries were used for the sepa-
ration, a BGE containing 60 mM L-His, 5 mM 18-Crown-6
and 0.2 mM acetic acid providing a pH of 4 was employed for
the separation of inorganic cations. In Fig. 2A the separation
of nine inorganic cations (NH4

+
, K+, Na+, Ca2+, Mg2+, Mn2+,

Sr2+, Li+, Ba2+) at 100 �M concentration is shown. Note, that
under the conditions employed transient stacking is taking
place leading to a sharpening of the peaks. A capillary with
an effective length of 6 cm was employed and the separation
was completed within 25 s. To demonstrate even faster sep-
arations for the most prominent cations, the effective length
of the capillary was shortened to 4 cm and the system per-
formance was evaluated using quantitative data. In Fig. 2B,
the separation of NH4

+, K+, Na+, Ca2+, and Mg2+ in only
12 sis shown. For this separation, calibration curves based
on peak areas were acquired for the range from 5 to 200 �M
and correlation coefficients between 0.997 and 0.998 were ob-
tained for the 5 cations. The reproducibilites for the peak areas
(RSD values for n = 8) for the concentrations between 50 and
200 �M were found to be between 1.0 and 3.1%. The LODs
were determined as 4.9 �M for NH4

+, 4.8 �M for K+, 5.5 �M
for Na+, 3.5 �M for Ca2+, and 3.8 �M for Mg2+ (from the in-
jection of solutions containing concentrations of 5 �M of the
ions). Note, that one might consider the LOQ (approximately
15 �M) as the lower ends of the useful calibration ranges.
Note also, that as illustrated for example by Mai et al. [10], the
performance parameters, LOD, width of the linear range, and
separation times, are interdependent. Lower LODs and wider
linear ranges may be obtained by injection of larger amounts
into longer capillaries, thus sacrificing analysis time. The
instrument was tested for the analysis of a mineral water
sample of Cristalp

R©
, which was diluted 1:20. The resulting

electropherogram is shown in Fig. 2C. Concentrations of
2.6 mg/L (68 �M) for K+, 19.2 mg/L (834 �M) for Na+,
120 mg/L (2985 �M) for Ca2+ and 40.0 mg/L (1647 �M) for
Mg2+ were determined, which match very well published data
of 20.0 mg/L for Na+, 115.0 mg/L for Ca2+, and 40.0 mg/L
for Mg2+ (data for K+ is not available) [14].

In conclusion, a compact system for CE has been
developed. It has been optimized for fast analysis, which
was demonstrated by the separation of nine inorganic cations
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Figure 2. Analysis of inorganic cations. BGE: 60 mM L-His, 5 mM
18-Crown-6 and 0.2 mM acetic acid (pH 4). Capillary: 10 �m ID,
365 �m OD, 6 (A) and 4 (B, C) cm effective length, 17 cm total
length. Injection: 0.5 s at 4.14 bars. (A) Separation of nine inor-
ganic cations at 100 �M in 25 s, (B) separation of five inorganic
anions at 200 �M in 12 s, (C) determination of cations in Cristalp

R©

mineral water sample, diluted 1:20.

within only 25 s The system was tested successfully
with a mineral water sample. It has a very flexible configura-
tion and can easily be rearranged for other purposes, such as
the determination of organic cations and anions.

The authors thank Yoel Koenka for help with the code to con-
trol the LabSmith valves and Matthias Trute for making AmForth
available.
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4.3 interactive control of purpose built analytical instru-
ments with forth on microcontrollers

In scientific research in the field of instrumental analytics it is important to
quickly automate new set-ups. Different components of such purpose made
instruments, for example valves, syringe pumps and high voltage modules
have to be linked and connected to a personal laptop computer. Nowadays,
this is even mandatory because most devices can only be controlled elec-
tronically. This challenges from the field of automation technology need to
be handled by analytical scientists, who are no experts in electronics or pro-
gramming. One approach to solve this issue is to use the commercial avail-
able software LabVIEW, which can be used for instrument control and data
acquisition. It is a visual programming language package, which allows to
flexibly customize a graphical user interface (GUI). The drawbacks of Lab-
VIEW are that programming skills are needed for setting up the software en-
vironment and that it is quite expensive. With the appearance of inexpensive
microcontroller platforms such as the Arduino, it became easier to control
different parts of an instrumental set-up [111]. Without having many compe-
tences in electronics or programming, parts can be connected and operated
by using the integrated development environment (IDE) of the platform on
the computer. Many libraries are provided and a variety of examples avail-
able in the internet. The standard C-based software for the Arduino needs to
be compiled and uploaded to the microcontroller. Afterwards, it is running
independently, which makes it ideal for standalone operations. However,
during the development of new experimental set-ups in analytics, different
parameters need to changed frequently. Therefore an interactive communi-
cation with the microcontroller is better.

For this application field, the interpreted programming language Forth is
ideal because it allows an interactive execution of commands and is also
more efficient than C [112, 113]. Forth can be complied to various proces-
sors, including the ATmega328 microcontroller of the Arduino. In Forth,
commands are carried out in small subroutines, which are called Words.
These small Words first can be tested interactively and independently from
each other and then easily be combined to larger structures. This way, the
control software is developed by a simple bottom up approach.

My participation to the publication was to demonstrate the experimental set-
up of a capillary electrophoresis instrument and analysis examples, which
was solely controlled with the Forth programming language by using the
AMForth package. By reverse engineering the I2C communication protocol
of commercially available valves was found out and a Forth code written
for controlling them. Another contribution to the publication was the de-
velopment of a graphical user interface (GUI). Although Forth has many
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advantages as programming language, some things are missing when con-
trolling the instrument solely from a command prompt. For example it is
difficult to stop a running process or to follow analogue values. In addition,
it may be useful to store the values in a text file or display them in a real
time chart. If an experimental set-up is used for a longer time, it can also
be desirable to increase the user friendliness for other users working on the
instrument. Java was used as the language to program the GUI and com-
municating with the microcontroller running Forth code. For this work, a
simple GUI was programmed, which gathered the voltage values from an
alcohol sensor where the conductivity was changing with the breath alcohol
content. The measurement could be started and stopped with the GUI and
values saved in a text file. A real time plot allowed to follow the breath al-
cohol over time. Code extracts showing the basic communication between
microcontroller and graphical user interface can be found in the appendix
(see Part v). This initial simple GUI was further developed during the PhD.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The computer language Forth is
available for many popular micro-
controller platforms.

� Forth is an interpreted language and
allows direct interactive control of
instruments.

� It greatly augments the usefulness of
platforms such as the Arduinos in
laboratory applications.
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a b s t r a c t

The use of the computer language Forth for controlling experimental analytical instruments built in
laboratories is described. Forth runs on a microcontroller and as it is an interpreted language the user can
directly communicate with it by employing a terminal emulator program running on a personal com-
puter. Thus the user can test attached hardware, such as pumps, valves, electronic pressure regulators,
detectors and chemical sensors, directly from the keyboard. This overcomes the lack of interactivity, a
significant shortcoming, of the computer languages C and Cþþ, the default on such microcontroller
platforms as the Arduinos, which have become very popular in recent years for laboratory applications.
Common examples of purpose built experimental analytical laboratory instruments are sequential in-
jection analysis systems, microfluidic devices, or automated sample extraction systems. Application
examples from our laboratory are given, namely the regulation of mass-flow controllers for gases, the
sequencing of an experimental capillary electrophoresis instrument and the acquisition of a signal from
an alcohol sensor.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In our research group in analytical chemistry we often have the
need to build experimental systems or small instruments not
available commercially. In the early days of personal computers
(PCs) electronic hardware could often be connected directly to the
computer (e.g. through its parallel port) and controlled with soft-
ware running on the PC. It used to be fairly common for analytical
chemists in research laboratories to assemble such purpose made
systems. However, as PCs have become more powerful they also
have become more complex, as have the available interfaces. The
LabVIEW graphical development platform from National In-
struments (Austin, Texas, US) is an effort to address this situation,
but is relatively costly. While the software is elegant, it also still
requires a significant effort in mastering it. On the other hand the
introduction of electronic open source hardware (OSHW), such as
the Arduino microcontroller platform [1], has made it possible
again for researchers in analytical laboratories, without being ex-
perts in electronic engineering, to build increasingly sophisticated
systems based on programming microcontrollers to access hard-
ware devices and sequence operations. This may include such de-
vices as electronically controlled high voltage power supplies,
different kinds of pneumatic and hydraulic valves, pressure and
flow rate controllers for gases, pumps, function generators, or
physical and chemical sensors. Indeed the Arduino platform has
gained popularity as a tool in research laboratories and enabled
projects otherwise not easily possible, see for instance these ref-
erences [2e13], as well as examples from our laboratory [14e20].
Urban gives a more comprehensive list of applications of the
Arduino and similar platforms specifically by researchers in
analytical chemistry [21] and Dryden et al. have provided a more
general review on the trend to open-source hardware (not just
electronic circuitry) in this discipline [22]. The Arduino platform
owes its success not only to the standardized and inexpensive
hardware, but also to a large extent to its integrated development
environment (IDE) running on a PC for developing the microcon-
troller software. This hides most of the underlying complexity of
the development cycle of the C-based software and renders the
programming of the microcontroller much more accessible to non-
experts. However, while it undoubtedly is a highly useful devel-
opment, we found the Arduino IDE limited for our purposes in that
it was designed for producing devices which operate with a fixed
software program in a stand-alone fashion independent of the
personal computer employed for its development. This does not
address well the common situation in the research laboratory,
where frequent changes to experimental arrangements and pa-
rameters are necessary and an interactive control of the experi-
mental set-up is needed. The programming language Forth is an
alternative to C/Cþþ, which is better suited for such purposes.

2. Forth

Forth was developed by Charles H. Moore in the 1970s (i.e. at
about the same time as C), because of his frustration with the then

prevalent Fortran and Cobol. In the early days Forth was used
mainly for interactive operation of radiotelescopes [23e25]. This
early set-up is illustrated in Fig. 1. To control the instrumentation
the user would type commands in the Forth language on the ter-
minal. The computer would then directly interpret the input strings
and immediately act on them to carry out the different operations
required, such as positioning the telescope, setting up the receiver
as well as collecting and processing its signals for graphical rep-
resentation. Forth gained popularity during the 1980s and also
found uses in analytical laboratories [26e34]. The PC software
package Asyst, once popular in the laboratory for instrument con-
trol and data processing, was based on Forth [35]. Moore is an
advocate of keeping things simple [25], and during the conception
of Forth, microprocessor hardware and memory was expensive,
thus Forth is lean and efficient.While for programmingmodern PCs
it may be desirable to use a computer language with advanced
powerful built-in features, Forth is still of interest for programming
small microcontrollers, such as those used for the Arduino plat-
form. Indeed commercial versions are available for many current
microcontrollers from at least two active vendors, namely Forth Inc
[36]. and MPE [37], and there is a range of open source imple-
mentations. The websites of Forth Inc. and MPE list a number of
commercial applications of Forth. It has, for example, been
employed by NASA for the software on many space probes [38],
including the recently concluded Cassini-Huygens mission to
Saturn [39], as well as by the European Space Agency on the Rosetta
mission to the comet 67P/Churyumov-Gerasimenko [40].

Forth is an interpreted language (such as Basic or Python), so
that commands can be executed interactively. However, it also in-
cludes a compiler, which is entered from the interpreter, and allows
the compilation of subroutines, called Words in the Forth envi-
ronment. The Words are actual extensions of the Forth language
and can then be invoked via the interpreter and also be used in the

Fig. 1. Simplified representation of the original application of Forth for the control of
radiotelescopes. Adapted from Ref. [23].
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compilation of new Words. Forth thus builds on modules, which
can be interactively and independently tested and when satisfied
combined to larger functions. Memory locations in the microcon-
troller as well as peripheral hardware items connected to the ports
of the microcontroller can be examined directly from the keyboard
when developing the software. This process allows for an efficient
bottom up approach for developing control software. Such an
approach is not possible with conventional compiled languages,
such as the C/Cþþ used by the Arduino IDE, where even small
programs have to go through the development cycle consisting of
writing the source code, compilation of the entire program,
uploading to the microcontroller and execution for testing. While
this process is much faster formodernmicrocontrollers than it used
to be, the lack of interactivity of C/Cþþ still does not facilitate the
incremental building of the software that is possible with Forth.
Forth makes use of a stack to pass parameters from one Word to
another, but the use of global variables is also possible. A so-called
postfix approach is employed which corresponds to the algebraic
Reverse Polish Notation (RPN) (as used in some pocket calculators).
Thus the Forth language has a syntax which is close to the way a
microprocessor or microcontroller operates. Forth can be consid-
ered a lower level language than C, being close to assembly, but due
to its extensibility it can also be an abstract high level language.

A brief session with the open source GForth running on a PC is
shown in Fig. 2 for illustration. Following the start up of the pro-
gram in a terminal window the Forth interpreter is available. The
interactive nature of Forth allows its use as a calculator by placing
first 2 and then 3 on the stack followed by themultiplication (*) and
the printing (.) of the result on the screen. When the execution is
completed, the Forth interpreter indicates its readiness for further
user input with the 'ok' prompt. The product of this calculation is
the factorial of 3. The next line shows the definition of a ForthWord
for the calculation of factorials. The colon (:) instructs the inter-
preter to enter the compiler mode. The first statement ('factorial') is
the name of the new Forth Word being defined. After a stack
manipulation a loop is entered in which the loop index is the
multiplier. The compilation mode is exited with the semicolon (;).
The new word can then be tested immediately and used as shown
in the example by the calculation of the factorials of 3 and 4. It is
also directly available for incorporation in the next higher level
definition, in this case for the calculation of superfactorials (prod-
ucts of the factorials).

Experienced programmers tend to find Forth somewhat strange
as some of its concepts are quite different from the more common
computer languages. On the other hand, its syntax is very simple
and for new programmers without a bias the essentials of Forth are
easy to learn. It has also often been stated that programming in

Forth is much more efficient than in C [25], the language currently
used predominantly for microcontroller programming. One of the
reasons for this must be the lack of interactivity of compiled lan-
guages which does not allow the immediate and incremental
testing of subroutines/functions as illustrated in Fig. 2 for Forth.

Although programming has been dominated by compiled lan-
guages, such as C and languages derived from it, the interpreted
language Python has in recent years gained a strong following. Even
for compiled languages the so-called REPL concept has become
popular. REPL stands for “Read Evaluate Print Loop” and refers to
the possibility of interactive testing and execution of program
snippets. Compiled languages now often have a REPL tool. Another
feature that has always been available in Forth is the possibility to
tailor the compiler to create different versions of Words, a form of
object oriented programming [41].

A good introduction to Forth is the book “Starting Forth”, which
is out of print, but available from the internet as pdf-file [42]. Forth
may be explored using a web-based emulator [43,44] and free trial
versions for PCs are available from the two major commercial
vendors of Forth. The open source GForth is available for the three
main versions of operating systems for PCs (i.e.Windows, Linux and
Mac OS) [45]. A modern, fully featured, freeware Forth for the
Macintosh is available under the name of iMops [46].

3. Forth on microcontrollers

Different versions of Forth are available for the major micro-
controller families and are listed in Table 1. The commercial prod-
ucts are advanced versions which are optimized to create efficient
code and come with the usual support while the open source ver-
sions are not quite a polished. The choice of microcontroller de-
pends on different criteria. The devices with the narrower busses
(8, 16 bit) are generally less powerful than the 32 bit devices in
terms of processing speed and available memory, and also tend to
have fewer ports for connecting peripherals. On the other hand, it
requires less effort to learn to use the simpler devices. Prior fa-
miliarity may also play a role. Other criteria may be the operating
voltage (e.g. 5 V or 3.3 V) for compatibility with connected devices,

Fig. 2. A short Forth session in the terminal window on a PC. The user input has been
coloured red. See the text for details. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Table 1
The main available versions of forth for some of the major microcontroller families.

Microcontroller Family Architecture Forth Versions

AVR 8 bit AmFortha

FlashForthb

SwiftXc

Forth 7d

328eForthe

PIC 8/16 bit FlashForthb

MSP430 16 bit AmFortha

Mecrispf

NoForthg

SwiftXc

Forth 7d

430eForthe

4E4thh

ARM 32 bit Mecrisp-Stellarise

SwiftXc

Forth 7d

STM32eForth720e

a http://amforth.sourceforge.net, open source.
b http://flashforth.com, open source.
c https://www.forth.com, commercial.
d http://www.mpeforth.com, commercial.
e https://sites.google.com/offete23.com/eforth/home, commercial.
f http://mecrisp.sourceforge.net, open source.
g http://home.hccnet.nl/anij/nof/noforth.html, open source.
h http://www.4e4th-ide.org, open source.

J.S. Furter, P.C. Hauser / Analytica Chimica Acta 1058 (2019) 18e2820

62 projects

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



the type(s) of interfaces needed, or if the microcontroller is avail-
able in a conventional through-hole package or only as a surface
mount device. The microcontrollers usually also require some pe-
ripheral circuitry such as a quartz oscillator or a power regulator. In
the wake of the success of the Arduino the manufacturers of
microcontrollers have produced a large variety of evaluation kits for
their products which are available at low cost (some for less than V

10) and may be used directly in a research environment so that it is
generally not necessary to produce microcontroller boards in the
lab. The simpler microcontrollers have about the same processing
power andmemory space as the early PCs, so that Forth, which was
developed for resource restrained platforms, is a good match for
these devices. The development of the open source Forth packages
for these popular microcontrollers and inexpensive boards consti-
tutes a small revival of Forth.

The installation of Forth in the flash memory of the microcon-
troller needs to be carried out with the help of a dedicated device
programmer (a piece of hardware attached to a PC) available from
the manufacturers of the controllers or as inexpensive third party
devices. The microcontrollers on the Arduino boards come pre-
loaded with a bootloader programwhichworks hand-in-hand with
the Arduino IDE and allows installation of user programs written in
C/Cþþ via a serial interface to the PC and a device programmer is
not needed. Thus to get started with Forth on a microcontroller
requires a bit more effort than when using the Arduino IDE plat-
form, which may be considered a disadvantage, but this is not a
significant hurdle as the suppliers strive to make the downloading
of programs into their devices as simple as possible. Many recent
development boards include a programmer on the board itself (e.g.
the MSP430 Launchpads from Texas Instruments and the ARM
based Nucleo and Discovery boards from STMicroelectronics). Note,
that an Arduino board can still be used with Forth, but the boot-
loader cannot be employed and is overwritten when Forth is burnt
onto the device.

The PC-linked approach for controlling experiments proposed
here is illustrated in Fig. 3. The devices which are to be controlled or
read during an experiment are connected to themicrocontroller via
its ports, namely GPIO (general purpose input/output, logic signals
for turning devices on and off and testing the status of signals), ADC
(analog-to-digital convertor formeasuring signals), DAC (digital-to-
analog convertor for control signals), SPI, I2C, UART (3 different
serial peripheral interfaces for communication with devices) etc. as
appropriate. Often also interface electronics to provide power and
for voltage level shifting are needed. The microcontroller itself is
attached to a PC via a USB port of the latter. As most micro-
controllers do not have a built-in USB port a bridging device is
needed to translate between USB and serial TTL signals at 5 or 3.3 V
compatible with its UART. Many development boards come fitted
with an appropriate module but it is also possible to use an inex-
pensive USB-to-TTL serial cable with built in convertor IC.

Superficially the connection of an Arduino to a personal computer
running the Arduino IDE looks identical. However, with the Ardu-
ino IDE the program is cross-compiled on the PC before download
for subsequent execution on the microcontroller. With a PC-linked
Forth-microcontroller the approach is significantly different. The
Forth environment runs directly on the microcontroller and con-
stitutes its own basic operating system. The PC acts as a dumb
terminal, running a terminal emulator program. This resembles
very much the approach taken by Moore for interactive control of
radiotelescopes, except that it is now done with modern much
more compact and less expensive computing hardware and in our
case the attached devices are not heavymachinery but small valves,
sensors etc. One of the simplest possible arrangements is shown in
the photo of Fig. 4. A MSP430G2553 microcontroller running
Mecrisp Forth is fitted on a breadboard for demonstration, and
connected to a computer with a USB-TTL bridge cable. The micro-
controller is powered through the USB port of the computer (a
voltage regulator is needed to bring the 5 V of the port to the
required 3.3 V), and is used to control a valve with its own power
supply via an optocoupler. While the switching of a valve alone
does not, of course, require a microcontroller this is needed for
automated timing. Communicationwith attached devices is carried
out via writing and reading to and from registers on the micro-
controller. Ports generally have to be set up by configuring control
registers. The interactive nature of Forth allows setting and reading
back of these registers from the keyboard, which is an excellent
way of learning to work with microcontrollers and to debug the
software. Attached devices can then be controlled directly and

Fig. 3. Hardware configuration for the interactive control of sensor and actuator devices based on a microcontroller linked to a PC. The interfaces to the hardware make use of the
different I/O-ports of the controller.

Fig. 4. Photo of a minimal arrangement with a MSP430 microcontroller and an
optocoupler on a breadboard to switch a solenoid valve. The power supply is only
needed to drive the valve, the microcontroller is powered through the USB port of the
PC via the USB-TTL-bridge cable.

J.S. Furter, P.C. Hauser / Analytica Chimica Acta 1058 (2019) 18e28 21

4.3 forth for controlling analytical instruments 63

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



tested by issuing short commands from the keyboard. For the
switching of the valve via the MSP430G2553 microcontroller first
the pin to which the valve is connected has to be configured as a
logical signal output with the following command sequence:

“1” stands for a so-called mask indicating that it is bit 0 (portpin
1.0) which needs to be configured. This value is put on the stack
first. “p1dir” is a constant which holds the address of the register
which configures port 1. When the constant is executed the address
is also placed on the stack. “cbis!” sets the bit designated by the
mask in the register to a logic high, i.e. in this case configures the
pin as an output. The valve can then be turned on and off similarly
by writing to the output register (whose address is held by the
constant “p1out”), and a timing sequence, e.g. for flushing a
manifold for 1 s by opening the valve, may be programmed as fol-
lows:

“cbis!” in this case sets the bit in the output register, so that a
logic high, or 3.3 V, appears on the pin, which turns on the opto-
coupler driving the valve. “cbic!” clears the bit in the register, i.e.
turns it to a logic low or 0 V, switching the valve off.

For more complex set-ups each operation can be developed and
tested in this fashion until all steps function satisfactorily. ADCs,
DACs, as well as devices connected to the microcontroller via the
SPI, I2C, or UART ports can be operated similarly by reading and
writing to the registers of the microcontrollers. For the more
complex operations involving the serial ports libraries of Forth
Words, with their source code, are available from the suppliers of
the package employed. On consultation of the data book for the
microcontroller the interaction of software and hardware can be
fully understood without too much effort. In contrast, the Arduino
IDE tends to hide underlying details from the user. This makes it
simple to use, but it is also restricting. The programmer using Forth
can reach a deeper understanding and closer control than when
working with the Arduino IDE. For the microcontroller of the basic
Arduino boards we found the book by Williams on AVR program-
ming to be very helpful [47] (The examples in the book are given in
C, but can easily be translated into Forth. Incidentally, while the
author clearly is fluent in C, he is also a proponent of Forth [48].) In
the development of Forth software, hardware specific details,
concerning the microcontroller used or the attached devices,
should be contained and abstracted in low level Words. This allows
their easy reuse for new applications, or if some hardware com-
ponents are changed in an experimental system only the relevant
basic “driver” Words need to be rewritten.

For running complete experiments or measurement protocols
different options are possible. The user may enter commands
sequentially to carry out the desired operations. If a higher degree
of automation is desired, all individual commandsmay be compiled
into a single final Forth Word. A further possibility is to write a
menu based program on the microcontroller. This consists of a
Forth routine which sends a prompt to the user who then issues a
keyboard command according to the desired operation. It is also
possible to write a script, i.e. the sequence of Forth Words to be
carried out is contained in a text file which is downloaded to the
microcontroller using the terminal emulator. The Forth interpreter
on the microcontroller acts on this as if the commands were

entered directly on the keyboard.
This flexible and interactive approach is not directly possible

with a microcontroller progammed in C/Cþþ and not intended
with the Arduino IDE as this has been designed for programming
embedded devices. However, several approaches to tie Arduinos to
PCs for control of attached electronic hardware have been reported.
Koenka [49], Desai [50], Pratt [51] and Steinsberger [14] have
described the use of the open source language Python running on a
PC to interact with Arduinos. In each of these cases a dedicated
slave program written in C/Cþþ was installed on the microcon-
troller using the Arduino IDE. This firmware on the Arduino waits
for commands sent from the PC, carries out the command and then
returns to the listening status. The commercial software packages
LabVIEW [52] and MATLAB [53] similarly can be extended to tie in
Arduinos and other microcontroller platforms by making use of
special communication firmware on the microcontrollers. These
approaches may be the shortest paths to working systems if the
user is already fluent in the language employed on the PC and in
dependance on its nature, this software might allow a degree of

Fig. 5. A) Simplified circuit diagram for the connection of analog mass-flow controllers
for gases (only one out of 4 possible channels is shown). B) Photograph of the set-up
with a single mass-flow controller.
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interactivity. However, in comparison to the direct use of Forth on
the microcontroller this is a rather convoluted approach and there
are limitations. A slave program in C/Cþþ running on a micro-
controller can only carry out operations which have been pre-
defined. In particular, we found the Firmata package [54] employed
by Desai [50], and, to our knowledge, for tying the Arduinos to
MATLAB [53], to be limited. In Forth, the interpreter automatically
listens to incoming commands and the entire vocabulary of Forth
Words is always available by default. If the C/Cþþ firmware pro-
vided is not adequate for a task at hand then this has to be first
extended by the user. In this case two separate software environ-
ments (Python, LabVIEW or MATLAB, as well as C/Cþþ) have to be
mastered. Furthermore, the development of the C/Cþþ routine
would be more complicated than writing Forth on the microcon-
troller as interactive testing of the code is then not possible.

4. Analog mass flow controllers

A common application in our laboratory is the setting of mass-
flow controllers for adjustment of flow rates of gases. These
mass-flow controllers require an analog control voltage and the
traditional approach is to use for each gas stream a separate
potentiometer with amultiturn dial tomanually set the voltage and
a panel meter tomonitor the actual flow rate. Note, that other types
of mass-flow controllers are also available which are interfaced
digitally. The circuitry employed for up to four analog mass-flow
controllers is shown in a simplified version in Fig. 5 as well as the
printed circuit board in its case. The Arduino Nano board employed
as microcontroller platform can be plugged onto the main printed
circuit board, which was produced in our laboratory. As the mi-
crocontroller on the Arduino Nano does not have any built-in dig-
ital-to-analog convertors (DAC), external integrated circuits
(MAX517), which are connected to the Arduino via an I2C serial bus,
are used to generate the necessary analog control voltages between
0 and 5 V. The Forth Word to send the numerical value to be con-
verted to the MAX517 is very simple (any text following a backslash
is a comment):

The i2c routines (i2c.start, i2c.tx and i2c.stop) are part of the
AmForth package for the Arduino. The multiplication of the I2C
device address by two (in the 3rd line) is required by the I2C
standard. The user can than simply put the number representing
the voltage to be passed to the mass-flow controller on the stack
and type “Max517” followed by a carriage return in order to set the
gas flow rate. Note, that the code is very similar to the

corresponding native C/Cþþ Arduino code [55], but the latter
cannot be used interactively in the manner described.

Instead of working with raw voltages to set the mass-flow
controllers, the code can be expanded to account for the range of
the mass-flow controller and calibration for different types of gases
so that the flow rate can be set directly. It is therefore possible to
build up a flexible and automated system quite easily. The monitor
output of the mass-flow controllers, indicating the actual flow-rate
(also a voltage between 0 and 5 V), can be measured directly with
the analog-to-digital convertors (ADC) contained in the micro-
controller. Compared to the traditional control set-up with poten-
tiometers and panel meters this arrangement not only is much
more powerful and versatile, but is also significantly less expensive
(unless, of course, a computer needs to be purchased solely for this
application).

5. Purpose built capillary-electrophoresis instrument

A more complex set up, an experimental capillary electropho-
resis instrument is schematically shown in Fig. 6A. It runs on a
pressurized buffer container and is intended for fast analysis, which
requires rapid and well reproducible hydrodynamic operations and
hence computer control. It incorporates a high voltage module and
several valves for controlling different injection and flushing op-
erations. The valves are miniature rotary valves from LabSmith
(www.labsmith.com), which have the additional advantages of
high holding pressure, low internal volume and of needing to be
powered only during the switching operation. These were designed
as part of an ecosystem for microfluidic devices and are normally
operated with a dedicated software from the company which is
running on a PC via two special interfaces from LabSmith. The first
one of these (EIB200 uProcess Interface) translates the USB signals
from the PC to I2C signals and the second one (4VM01 Valve
Manifold) the I2C signals to dedicated control signals for the valves.
In order to incorporate the valves into the system of Fig. 6 these
were linked to the Arduino via the I2C port and the so-called Valve
Manifold. In Fig. 6B the electronic arrangement employing an

Arduino Nano running AMForth for precise timing of the different
required fluid transfer operations is shown (flushing, sample
transfer to the capillary inlet, partial injection of the sample plug). A
fast electropherogram acquired with the system is illustrated in
Fig. 6C. Note that the Forth systemwas only used for control of the
hardware, the signal was measured with a commercial data
acquisition system. The annotated Forth code developed for this
instrument is available in the supporting information.
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6. Embedded assembly code

Many versions of Forth also include an assembler, i.e. it is
possible to write individual Words written in the assembly

language rather than in Forth. This may have a significant effect on
the execution speed of the code as illustrated in the oscilloscope
trace given in Fig. 7. Using AmForth an output pin of an Arduino
Unowas first toggled high oncewith aWordwritten in Forth as fast

Fig. 6. A) Schematic diagram of the experimental electrophoresis system for fast separations in short capillaries. V1: rotary valve; V2-4: on/off valves, R1 and R2: flow restrictors; P:
pressure sensor; C4D contactless conductivity detector; HV: high voltage. B) Block diagram of the electronic control, not showing the power supplies. The pressure sensor (uPS,
LabSmith) is connected via an instrumentation amplifier (INA111) and a 12 bit ADC (LTC1285). The analog control voltage for the high voltage supply is produced with an external
DAC as not available with the microcontroller of the Arduino Nano. C) Fast separations of a standard mixture of cations.
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as it allows and then 5 times using a routinewitten in assembly. The
code is given below. Note that “ddrb”, “portb” and “portb-io"are
constants which hold the hardware addresses of the registers
associated with port b of the microcontroller on the Arduino Uno
(ATmega328). “$20” and "$00” are the numbers in the hexadecimal
format to be placed into the registers by executing “c!".

As can be seen, the assembly code executed significantly faster.
The Forth routine required approximately 7 ms to execute while the
assembler routine only required about 160 ns. Thus for highly
speed sensitive operations the inclusion of assembly routines may
be useful. Please note however, that some versions of Forth include
special methods for optimizing compilation so that the difference

may not always be as pronounced as in this example.

7. Graphical user interface and data storage

In the laboratory it is often required to follow a measurement
over time and have a graphical represention of the data. Further-
more data might need to be stored for future use. Commercial data
logging systems based on hardware connected to a PC are available
for this purpose and, as in the capillary electrophoresis set-up
described above, the combination of such a ready made package
with a Forth based microcontroller for running an experimental
system is often the easiest solution. However, in order to obtain a
lean arrangement one might want to utilize the microcontroller
attached to the PC also for data acquisition. If a set-up is to be used
for an extended time it may also be desirable to control it via a
graphical user interface (GUI) on the PC, e.g. to facilitate its

Fig. 7. Oscilloscope trace for toggling an output pin of an Arduino without delay
programmed in Forth (the first pulse) and assembler (5 pulses).
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availability to other users. These features can be obtained by
employing a language on the PC which allows the programming of
a GUI and communicates with the attached microcontroller as
discussed above. The programming effort is then considerably
larger but may be warranted by the benefits. However, the use of a
Forth based microcontroller as proposed here, instead of one pro-
grammed in C/Cþþ, has the advantage of not having to write
special routines for communication to run on the controller, and
therefore requires less effort. The Forth interpreter is already
designed to constantly listen to incoming commands and to
execute them. It is possible to develop the routines in Forth in the
usual way, and then design the software running on the PC to send
instructions identical to commands that would be typed directly
into the serial terminal emulator program or downloaded to the
microcontroller as text file. The implementation of button presses
or setting of parameters via a GUI is relatively straightforward.
Slightly more challenging is the handling of strings sent back by the
Forth interpreter as this might not just contain numbers repre-
senting measurements but also the usual prompt (in the minimum
an “OK”), codes for linefeeds etc. and the program on the PC has to
handle this correctly.

An example of such aGUI application is shown in Figs. 8 and 9. An
alcohol sensor is connected to an Arduino Nano which is running
AmForth (Fig. 8). The sensor (“Alcohol click” fromMikroElektronika,
purchased from Mouser, Mansfield, TX, USA, as product No. 932-
MIKROE-1586) is a tin oxide based device which changes its con-
ductivitywhen exposed to alcohol vapour. The signal is converted to
a variable voltage by connecting the sensor to a voltage source in
series with a resistor. The GUI windows on the attached PC con-
taining the controls to run the experiment as well as a display of a
graph of the reading are shown in Fig. 9A and B. In this example a
peak due to exhalation of breath alcohol is shown. The program to
accomplish the interaction was written in Java, and also allows
savingof the acquireddata in afilewhosenamecanbe chosenby the
user. The code running on the PC essentially has to carry out the
following operations: 1) setting up the graphical windows on the
computer display, 2) establishing the communication to theArduino
viaUSB, 3) sendingdown the Forth code to initiate readings from the
sensor via the ADC built into the microcontroller (e. g. “A0 ana-
logeread."), 4) parsing the string returned (to remove the “OK”), 5)
converting the remaining character to a number, and 6) saving the
readings in a file and displaying the values. To our knowledge, the
tethering of amicrocontroller running Forth to amaster programon
a PC in such a way has not been reported previously.

The user is free to choose the programming language for the PC
according to preference; a currently popular language is Python
which is also well suited and it is, of course, also possible to use
Forth on the computer as well. Note, that systems which are based
on a master program running on a PC may also include hardware
not tied to the microcontroller. Many electronic instruments are
provided with drivers for different programming languages
running on PCs, so that these devices may then be connected to the
computer (via USB) and controlled directly by the master program
rather than via the Forth running on the microcontroller. A mixed
approach may be the best option for more complex tasks.

8. Conclusions

Forth deserves more attention as an enabling tool for building
Fig. 8. An alcohol sensor placed on a printed circuit board together with an Arduino
Nano for acquiring the signal to a PC.

Fig. 9. A) Screenshot of the graphical user interface (GUI) with the alcohol signal
displayed in mg/L, the Connect/Disconnect button to start communication with the
Arduino via the USB interface, the START/STOP button for reading out values from
analog port A0 of the Arduino and the SAVE/STOP button for saving data to an external.
txt file using the name from the text field (data1). The Chart button opens a new
window displaying the signal in a real-time chart. The Initialize button is used to send
initializing Words to the Arduino establishing the analog input communication. B)
Real-time chart with a breath alcohol signal measured 10min after an intake of 10mL
of whisky (40 vol %, Cardhu, single malt Scotch whisky). Data points were collected at a
time interval of 1 s (1 point/second).
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microcontroller based (analytical) instrumentation. Open source
initiatives on electronic hardware have made big strides to put the
power of microcontrollers in the hands of researchers, and we
believe Forth is a further important empowering tool. Besides the
Arduinos, similar low cost microcontroller boards are available
frommanufacturers in the form of evaluation kits, which may even
be cheaper and are perfectly suited for experimental systems. Forth
further increases the utility of these electronic hardware platforms,
allowing interactive applications not readily possible with the C-
based programming environments that have become the de-facto
standard. While the articles on the use of Forth in the analytical
laboratory cited above date back a few years, the advantages and
features of Forth still hold today and can now be transferred to the
modern microcontroller platforms. The adoption of Forth breaks
down barriers built up over the years through the increasing
complexity of personal computers, not by adding, but removing,
layers of abstraction. In the spirit of KISS (Keep It Simple and
Straightforward) this approach can thus play an important role in
the development of open laboratory hardware.

Some readers may already be familiar with programming lan-
guages such as C, Cþþ or Python and it may be argued that it would
be better to adhere to those languages. Others, who have not pro-
grammed before, may feel that it would be a better investment of
their time if they learnt one of those more popular languages.
However, C and Cþþ as compiled languages cannot run interac-
tively and the interpreter language Python does not generally fit
into the limited memory space of microcontrollers (with the
exception of MicroPython [56], which, however, requires the most
powerful 32 bit controllers). While some of the concepts of Forth
(the stack, the RPN notation) are somewhat unusual and perhaps
some users find them difficult, the basic concepts (loops, decision
constructs, masking, subroutines/functions etc.) are shared with
other languages, so that the extra effort in learning Forth is limited
and notmuch has to thrown overboard if subsequently switching to
the use of an other language. Furthermore, even in the research and
teaching environment productivity can be an important factor. Our
research involves the building of computer controlled instruments
by postgraduate students. Forth is simple and not burdened by
advanced programming concepts which are not needed for our
tasks. It can thus be learnt very quickly and it has been our expe-
rience that it could be easily mastered and employed productively
even during short projects when there was not sufficient time to
learn LabVIEW or Python. Forth thus allows researchers, who are
not experts in programming, to build systems which are otherwise
beyond their reach.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aca.2018.10.071.
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4.4 modular instrumentation for capillary electrophoresis

with laser induced fluorescence detection using plug-
and-play microfluidic , electrophoretic and optic mod-
ules

Commercial CE equipment is often not accessible in academia due to limited
financial means. In-house built CE instruments on the other hand offer an
affordable alternative enabling to develop portable CE versions for on-site
measurements and more flexible set-ups regarding different CE configura-
tions. Laser induced fluorescence (LIF) is a very attractive detection method
as it offers highly sensitive and selective results but its use is hindered by
high purchase costs. Affordable purpose-build fluorescent detectors are now
available but require special equipment such as 3D printers [114–116]. The
wider establishment of such purpose made devices is therefore hindered due
to the implementation of customized parts prepared by workshop facilities
of universities and require in addition mechanical and electronic skills of the
researchers.

Within this project a CE-LIF instrument was developed, which is low-cost
and requires no mechanical or electronic skills of the analyst. Rather, a Lego
toy based concept offers a simple approach for building analytical platforms
with a high degree of standardization. Different optical, electronic and mi-
crofluidic modules containing commercially available parts can easily be
plugged together. My contribution to this project was building a laser in-
duced fluorescence detector. The excitation light at 488 nm was focused on
an optical fibre by using optical lenses. The optical window of the separa-
tion capillary was positioned in a cross. The excitation light was coupled to
the capillary and the fluorescent light picked up in a right angle by using
optical fibres. The light was then passed through an optical band-pass filter
to cut off the remaining excitation light. Subsequently, the light was con-
verted to an electric current by implementing a photomultiplier tube. A tran-
simpedance amplifier enabled the conversion of the current into a voltage
signal, which could then be recorded by using a data acquisition system con-
nected to a computer. The performance of the system was evaluated by sep-
arating gluocose-oligosaccharides labelled with APTS (8-aminopyrene-1,3,6-
trisulfonic acid). Oligosaccharide ladders are important as reference for the
quality control of therapeutic glycoproteins [117, 118]. A new background
electrolyte was developed enabling stacking of the labelled analytes. The
best buffer capacity was obtained by using zwitterionic beta-alanine/MES
electrolyte. Detection limits of the Lego detector were compared to a com-
mercial LIF detector resulting in obtained values of 14 nM compared to
1.2 nM of the commercial one. At the same time the overall costs of the
CE-LIF could be reduced to around 30 % of a commercial set-up with the
fluorescence detector available for around 5000 Euros.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A novel instrumental design inspired
by the Lego-toy concept was
developed.

� A Lego-CE instrument was con-
structed from off-the-shelf micro-
fluidic and electrophoretic
components.

� A Lego-LIF detector was developed
from a USB-powered laser source,
ready-to-use microfluidic and optic
parts.

� A new background electrolyte was
developed for improvement of CE-LIF
performance.

� Different modes of pressure-assisted
electrophoresis was demonstrated
with the Lego-CE-LIF system.
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a b s t r a c t

This study reports on the development of a novel instrument for capillary electrophoresis (CE) coupled
with laser induced fluorescence (LIF) detection that is inspired by the Lego-toy concept. The Lego CE-LIF
design is an evolution of purpose-made CE instrumentation, allowing the users to construct their own
analytical device with a high degree of standardization (i.e. a “standard” setup) without requirement of
mechanical and electronic workshop facilities. To allow instrument reproduction outside the original
fabrication laboratory, which is not trivial for in-house-built CE systems, the new design is based on
unprecedent ‘plugging’ hyphenation of various off-the-shelf parts available for microfluidics, optics and
electrophoresis. To render the operation with Lego CE-LIF optimal, we developed a new background
electrolyte (BGE), using for the first time extremely high concentrations of zwitterionic and large weakly
charged species for much improvement of detection sensitivity. The Lego CE-LIF was demonstrated for
separation and detection of oligosaccharides labelled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS).
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LIF detection
Oligosaccharides

The new gel-free BGE for oligosaccharide analysis also allowed simplification of the conventional CE-LIF
protocol used with commercial instruments while keeping satisfactory separation performances.
Furthermore, the new BGE is fully compatible with a non-thermostatted Lego CE instrument thanks to
low current and therefore low heat generation under application of a high voltage.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

After almost 40 years of development and instrument
commercialization, capillary electrophoresis (CE) is now among
established analytical techniques and becomes the method of
choice for several classes of analytes, notably DNA, glycans, thera-
peutic proteins, chiral molecules, and inorganic ions [1]. The ma-
jority of the works on CE have been carried out using bench-top
commercial instruments. While such systems offer robustness with
a high degree of automation and standardization, their high prices
render them often not accessible to researchers in academia,
especially to laboratories with limited budget and modest infra-
structure. In this context, in-house built CE instrumentation has
appeared as an affordable alternative to satisfy the urgent need for
inexpensive and simple analytical devices for versatile applications.
Indeed, such purpose-made instruments are not only much less
expensive than commercial systems but can also be constructed as
portable versions [2e4] or with flexible configurations adapted to
different needs [5]. Over 10 years, our groups have demonstrated
the use of purpose-made CE devices for various analytical screening
applications, notably quality control of antibiotics [6,7], environ-
mental monitoring [8e10], food control [11,12], forensics [13] and
clinical analyses [14]. With the aim to open further the access to CE
instrumentation, Kuban et al. have recently presented a review
detailing all steps required to construct an open-source CE system
[15]. This is indeed part of the action plan of the European network
promoting portable, affordable and simple analytical platforms
[16]. Nevertheless, a mechanical and electronic workshop, even
modestly equipped, is often required for construction of purpose-
made and open-source CE systems. Exception can be found only
for the simplest CE setup with syphoning injection in which an
operator only needs a ready-to-use high voltage (HV) module, one
capillary and different small vials to carry out electrophoretic
separations. Nevertheless, this mode of injection which is the least
reproducible, together withmanual capillary flushing with a plastic
syringe is not fully appreciated by users due to a high risk of
contamination during operation and from the air [6]. Construction
of more elaborated versions avoiding the syphoning injection
normally require some electronic andmechanical skills that are not
always available in analytical laboratories with routine operations.
This hinders the wider adoption of in-house built CE
instrumentation.

With the goal to drastically improve the CE popularity as a
simple and affordable approach to the population, we present
herein a Lego CE concept to facilitate technology/methodology
transfer between different laboratories and eliminate theworkshop
facility requirement. This design is inspired by the Lego toy concept,
in which the users with no mechanical and electronic competences
can easily assemble a CE system from different commercially
available ready-to-use electrophoretic and microfluidic modules.
This new CE instrument was coupled with a laser induced fluo-
rescence (LIF) detector that was also constructed with the Lego
design, using off-the-shelf optical, electronic andmicrofluidic parts.
The performance of Lego CE-LIF was evaluated in terms of injection
reproducibility and detection sensitivity. A demonstration of the

Lego CE-LIF system was made with separation and detection of
oligosaccharides labelled with 8-aminopyrene-1,3,6-trisulfonic
acid (APTS). Such analyses are commonly carried out on commer-
cial bench-top CE instruments using conventional buffers con-
taining inorganic ions that may not be optimal for CE-LIF. To
significantly improve the CE-LIF detection performance, a new
background electrolyte (BGE) was therefore developed using for
the first time zwitterionic and large weakly charged species at very
high concentrations to allow excellent stacking of fluorescently
labelled oligosaccharides. The new BGE for CE-LIF is inspired from
low-conductivity buffers for CE coupled with capacitively coupled
contactless conductivity detection (C4D) [17,18] and electrolytes
buffered with an isoelectric ampholyte for CE with indirect
photometric detection [19]. Comparison was made with a con-
ventional BGE used for this purpose to highlight the advantageous
features of our new buffer for CE-LIF. This optimization was
inspired by our recent work on reinvestigation of CE-LIF conditions
for proteins and peptides analyses [20]. Finally, different modes of
pressure-assisted electrophoresis was demonstratedwith the Lego-
CE-LIF instrument, using the new BGE for CE-LIF, for the optimized
separations of labelled oligosaccharides.

2. Experimental

2.1. Chemicals and reagents

All chemicals for preparation of buffers were of analytical or
reagent grade and purchased from Sigma-Aldrich (Lyon, France).
Glucose oligosaccharides (dextran ladder) and fluorescent reagents
(APTS and fluorescein isothiocyanate FITC) were bought from Sciex
(Villebon sur Yvette, France). b-Alanine, 2-(N-morpholino)ethane-
sulfonic acid (MES), acetic acid, lithium hydroxide monohydrate,
tris(hydroxymethyl)aminomethane (Tris) and 2-(Cyclohexylamino)
ethanesulfonic acid (CHES) were used for preparation of back-
ground electrolyte (BGE) solutions.

2.2. Apparatus and material

Method development for establishment of new BGEs for CE-LIF
was performed with a Beckman Coulter PA800þ system (Sciex
Separation, Brea, CA) coupled with a LIF detector (lexcitation:
488 nm, lemission: 520 nm). Instrument control was carried out
using Karat 8.0 software (Sciex Separation). A standalone LED
induced fluorescence (LEDIF) detector was purchased from Adelis
(Zetalif, Picometrics, Toulouse, France). Data acquisition (for Zetalif
or Lego LIF detector) was done with a Mini-corder ER181 data
acquisition system (eDAQ Europe, Warszawa, Poland) connected to
the USB-port of a personal computer. Polyimide coated fused silica
capillaries of 50 mm id and 375 mm od (TSP050375, Polymicro, CM
Scientific, Silsden, UK) or UV transparent coated fused silica capil-
laries of 50 mm id and 375 mm od (TSH050375, CM Scientific, Sils-
den, UK) were used for all CE experiments. Deionized water was
purified using a Direct-Q3 UV purification system (Millipore, Mil-
ford, MA, USA). pH values of buffer solutions and samples were
acquired with a SevenCompact pH meter (Mettler Toledo,
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Schwerzenbach, Switzerland). Selection of BGE compositions and
buffer ionic strength (IS) calculations were based on simulations
with the computer program PhoeBus (Analis, Suarl�ee, Belgium).

For Lego CE instrumentation, all fluid connections were made
with 0.02 in. inner diameter (id) and 1/16 in. outer diameter (od)
Teflon tubing from Upchurch Scientific (Oak Harbor, WA, USA). The
electrophoresis module was based on a dual polarity high voltage
power supply with ±30 kV maximum output (HVPS for CZE, Villa
Labeco, Slovakia). The high voltage safety cage is a regular Perspex
box purchased from Amazon. The microfluidic manifold is
composed of different modules purchased from Fluigent (Paris,
France), including an ElectroWell (or FluiWell 4C) setup and a
pressure controller (Flow EZ). Capillary flushing and sample in-
jection were done with a device to generate either vacuum (MZ
2NT, Vacuubrand, Wertheim, Germany) or compressed air (FLPG
Plus, Fluigent).

For modular LIF setup, the current amplifier (DC-100kHz,
AMP120), the fiber patch cables (1000 mm, M35L01 and 600 mm,
M53L01), an optical breadboard (MBH4545/M), spacers (BA2S7/M),
the in-line fiber optic filter mount (FOFMS/M � UV) and cover
(FOFM-CV), the 488 nm notch filter (NF488-15) and the FITC
emission filter (MF530-43) were purchased from ThorLabs (Mai-
sons-Laffitte, France). The photosensor module with PMT tube
(H10721-210), the fiber adapter (E5776-51) was purchased from
Hamamatsu Photonics (Massy, France). A microfluidic manifold
Assy 5 port (P-154, Upchurch) was used for optical cell setup. The
488 nm laser module (488L-14A, Integrated Optics) was purchased
from Acal Bfi (Evry, France).

2.3. Methods

2.3.1. Preparation and storage of fluorescently labelled
oligosaccharides

The preparation of fluorescently labelled glucose oligosaccha-
rides was performed according to the protocol of Reider et al. [21].
Briefly, 2 mg of dextran ladder was added in a 200 mL PCR tube,
followed by addition of 4 mL of 40 mM APTS in 20% acetic acid
(AcOH), 4 mL of 20% AcOH, 2 mL of 1 M sodium cyanoborohydride
(NaBH3CN) in tetrahydrofuran (THF). The mixturewas incubated at
70 �C for 30 min with open vial cap. After the reaction the samples
were diluted in 100 mL deionized water, aliquoted and stored
at �20 �C. Further dilution of this stock solution was carried out
before CE-LIF analysis.

2.3.2. CE-LIF of oligosaccharides
Analyses of APTS-labelled oligosaccharides were carried out

with a BGE composed of either 858 mM b-Alanine and 822 mM
MES (IS ¼ 50 mM, pH 5.04) (BGE 1); 364 mM Beta-Alanine and
538 mMMES (IS ¼ 25 mM, pH ¼ 4.75) (BGE 2); or 25 mM LiOH and
47 mM acetic acid (IS ¼ 25 mM, pH ¼ 4.75) (BGE 3). The optimized
BGE (BGE 1) was adopted for the rest of the study. CE separations
with the Lego-CE-LIF system were implemented using fused-silica
capillaries with ID of 50 mm, the total length of 45 cm and effec-
tive length of 23 cm under a separation voltage of �25 kV. The
fused silica capillaries were preconditioned with 1 M NaOH for
5 min, water for 5 min, 1 M HCl for 5 min, water for 5 min, and the
BGE 1 for 15min prior to use. Between runs the capillary was rinsed
with the BGE for 5 min.

3. Results and discussion

3.1. System design and performance

3.1.1. Lego CE
Our Lego concept is essentially an evolution of in-house-made

compact CE whose first version was introduced by Hauser et al.
in 1998 [22] and open-source CE introduced by Kuban et al. in 2019
[15]. The Lego CE setup is a balance between costly bench-top
commercial CE instruments and low-cost in-house-built devices
that are hardly reproduced from one laboratory to another. The
logic behind the Lego CE concept is demonstrated in Fig. S1 in the
electronic supplementary information (ESI). For construction of in-
house-built and open-source CE instruments, people normally have
to rely on technical drawings that are either provided by the host
laboratories (for the in-house-built ones) or available on-line and
free-of-charge (for the open-source ones) to reproduce the elec-
tronical, mechanical and fluidic modules. To understand and follow
these technical drawings, specific knowledge and skills are nor-
mally required, which are unfortunately not always available in the
majority of analytical laboratories. These challenges could on the
other hand overcomewith our Lego CE designwith a high degree of
standardization, and without recourse to any technical drawings
for construction of plug-and-play modules. The Lego CE design we
developed here is based on unprecedented hyphenation (specif-
ically for CE instrumentation) of various off-the-shelf parts avail-
able for microfluidics and electrophoresis. More concretely, we
used a high-accuracy miniature pressure controller setup, a high
voltage generator for CE, a device for gas compression or vacuum
generation and a fluidic interface dedicated to microfluidic opera-
tion to build the CE system. A simplified schematic drawing of the
Lego CE system is shown in Fig. 1. Compressed air generated from
an air compressor or a gas tank is driven to a stand-alone pressure
controller (i.e. Flow EZ 1000 mbar, Fluigent) to provide precise
pressure for hydrodynamic injection (generally from 30 to
100mbar) and capillary flushing (1000mbar). Alternatively, similar
operations could be carried out from the opposite side of the
capillary, using a vacuum generator and a pressure controller (i.e.
Flow EZ -800 mbar, Fluigent) providing negative pressures for in-
jection (�30 mbar to �100 mbar) and capillary flushing
(�800 mbar). If both negative and positive pressures are desired, a
Flow EZ push-pull module can be used for pressuremanipulation in
the range of �800 mbar toþ1000 mbar. This offers setup flexibility
to users. Note that any pressure in the range from 0 to 1000 mbar
(or from 0 to - 800 mbar) can be set and monitored for injection or
capillary flushing purposes either with physical knob and a digital
screen integrated on the pressure controller or with a computer-
linked control program (see Fig. S2). In addition, pressure assis-
tance during electrophoresis, which is not trivial in in-house-made
CE instruments, can also be applied to accelerate the analysis time
or improve the separation resolution, as pressure can be precisely
controlled and monitored during application of high voltages (see
section below). In in-house made CE instruments [6,9,13,23e27], a
desired pressure value sometimes can not be precisely set and
monitored. Thus, optimization of hydrodynamic injection in these
cases is generally done with injection time variation rather than
pressure adjustment. Both optimization modes (time and pressure)
are now available in our Lego CE version. Solutions to be injected in
the capillary (i.e. sample, BGE or other generating solutions) can be
easily changed by plugging the corresponding vial to the fluiwell or
electrowell interface (Fig. S2A and B in ESI for their setup). In our
case with the electrowell (Fig. S2C), a platinum electrode is already
integrated in this interface so a ground connection can be made
easily without any further module modification. If the fluiwell
interface is used instead on the GND side, a steel tubing commonly
used for HPLC can be employed for ground connection. In this case
the capillary end is centered and extruded from the GND steel
electrode so that they are both in contact with the working solution
(Fig. 1). For high voltage generation, a commercial module con-
taining a ±30 kV Spellman unit with an integrated digital display
was employed, allowing control and monitoring of the voltage and
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current during electrophoresis. The high voltage side was isolated
using a Perspex box for cosmetic or arrangement purposes that can
be purchased online. Alternatively, any cage made from electrically
isolating materials (e.g. poly (methyl methacrylate), mica, polyvinyl
chloride (PVC)) could be used [28]. The total cost for construction of
this Lego CE system from these off-the-shelf components is esti-
mated to be 5000 Euros.

3.1.2. Lego LIF
The detection module is one of the most critical parts of the

whole CE instrument. Among all detection types commonly
employed for CE, fluorescence detection, or laser-induced fluores-
cence (LIF) detection in particular, is often used to improve signif-
icantly the detection sensitivity, especially for determination of
biomolecules such as proteins and peptides. The popularity of
fluorescence detection in CE however is often hindered (at least
partially) by very high purchase costs of commercial LIF or LED-
induced-fluorescence (LEDIF) detectors. Efforts to produce
purpose-made fluorescence detectors adapted to modest budgets
and infrastructure were already communicated [29e31], but nor-
mally require electronic and mechanical skills and workshop, with
3D-printing facilities in some cases [29,31]. For teaching purpose,
Thompson et al. introduced a low-cost CE-LEDIF device for testing
some fluorophore standards [32]. As part of the Lego-CE instru-
ment, we developed a new Lego LIF detector. The Lego-LIF design
exploits off-the-shelf components commonly used in microfluidics
and optics in order to minimize (or eventually eliminate) the need
for workshop and skills that are not always available in laboratories
with routine analyses. The schematic design of Lego LIF detector is
demonstrated in Fig. 2 whereas a photo of the system can be seen in
Fig. S3 in ESI. A miniature LIF module from Integrated Optics,
powered with a USB cable from a personal computer, was used for
the first time in CE-LIF to provide the excitation wavelength of
488 nmwhich is most commonly used for fluorescence detection of
biomolecules. The incident excitation light was set perpendicular to
the optical window of the separation capillary using a black
microfluidic interface. This interface plays the role of an optical cell,
allowing excellent light alignment. The emission light was collected
from an outlet of the interface situated perpendicular to both
incident light and the capillary (Fig. 2). The emission light was then
passed through an optical band-pass filter (or FITC 530 nm emis-
sion filter). A notch filter for 488 nm can be optionally added to

block any residual excitation light. The filtered light was then
diverted to a photomultiplier tube (photo sensor) to convert inci-
dent photons into electric current signals. These were subsequently
converted into voltage signals and amplified using a trans-imped-
ance amplifier, prior to analog-to-digital conversion and data
acquisition into a computer. All these optical, microfluidic and
electronic components are ready-to-use modules and can be
plugged together using the adaptors provided by the suppliers.
Users can choose different laser/LED types for the light source from
various suppliers, depending on the budget available and the target
applications. In our particular case where cost-effectiveness and
miniaturization are the two most important criteria, a miniature
USB-powered high-performing laser module was chosen. The
overall cost for such Lego LIF detector was estimated to be 5000
euros, which is much cheaper (less than 25%) than the purchase
cost of a commercial fluorescence detector for CE.

3.1.3. Performance evaluation
To evaluate the injection function of the new Lego CE, a series of

tests were implemented with injection of a standard FITC solution
at different pressures and injection times conventionally used in
commercial CE systems. The reproducibility data for peak areas
obtained at different injection pressures and times are shown in
Table 1. Good injection reproducibility was achieved at any injec-
tion pressure and time, except for the case of 30 mbar over 5 s. The
poorest reproducibility under this condition could be probably due
to the too short time for pressure manipulation at a relatively low
pressure range. The reproducibility for migration time was excel-
lent (RSD % < 0.5%) under a delivery pressure of 400 mbar, proving
again the added value of this system, exhibiting precise pressuri-
zation. For evaluation of detection signals, the performance of Lego
LIF detector was compared to that of a commercial LEDIF detector,
using the same separation capillary and CE conditions. Electro-
pherograms for analysis of FITC at 110 nM that were obtained with
both detectors are shown in Fig. 3, whereas comparison data are
presented in Table 2. Very good linearity (R2 better than 0.997) was
acquired, whether the calibrations were made with peak areas or
peak heights, proving a very good response of the Lego LIF to the
variation of FITC concentrations. The detection sensitivity was
approximately 10 times better for the commercial LEDIF (see
Table 2). This can be explained by the fact that no focusing lens or
special optical setups were employed for the Lego LIF as otherwise

Fig. 1. Schematic drawing of Lego CE design. GND: Ground electrode.
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required for a costly commercial fluorescence detector. In addition,
the photosensor module with PMT tube used for Lego LIF is a
miniaturized and inexpensive version, which might perform less
efficiently than the one used for the commercial counterpart. In the
former one, no electronic filtering was included in the photo-
multiplier tube or trans-impedance amplifier module, whereas this
feature was already integrated in the latter one. This explains the
more noisy background for the raw signal of Lego LIF (see Fig. 3A),
which was not the case for the commercial detector (no signal
difference between Fig. 3C and D). The lack of electronic filtering in
the Lego LIF was therefore compensated by digital filtering function
offered by the data acquisition module, allowing significant
reduction of background noise and improvement of detection
sensitivity (Fig. 3B). The LOD values presented in Table 2 were
achieved for the filtered signals.

3.2. Separation and detection of fluorescently labelled
oligosaccharides with lego CE-LIF

Glucose-oligosaccharides are often used as the ladder reference
for analyzing N-glycans released from glycoproteins, serving for
quality control of therapeutic glycoproteins and diagnostic pur-
poses [33,34]. For oligosaccharides and glycans labeling, APTS is the
most frequently used fluorescent agent whereas BGEs containing
inorganic ions are often used for CE-LIF separation of labelled oli-
gosaccharides and glycans [35,36]. The electroosmotic flow (EOF) is
normally suppressed so that the negatively charged APTS-tagged
oligosaccharides (and glycans) can migrate against the EOF to

Fig. 2. Schematic drawing of Lego LIF design.

Table 1
Salient performance data for the test on injection reproducibility realized with the Lego CE system. Analyte: FITC 1 mM; delivery pressure: 400 mbar; silica capillary with leff of
35 cm and Ltot of 60 cm.

Injection pressure Injection time Peak area (mV$s) (mean value) RSD % (n ¼ 4) Peak area

30 mbar 5 s 0.66 10.8
10 s 1.06 2.37
20 s 2.03 3.00

50 mbar 05 s 0.97 1.26
10 s 1.68 4.08
20 s 3.10 1.51

100 mbar 5 s 1.70 5.88
10 s 3.33 1.85
20 s 6.13 1.49

Fig. 3. Electropherograms for CE-LIF separation of FITC 1 mM using A) Lego LIF detector
without digital filter; B) Lego LIF detector with digital filter; C) commercial LEDIF
detector without digital filter; and D) commercial LEDIF detector with digital filter. CE
conditions: BGE composed of Tris/CHES (IS of 20 mM, pH 8.4); silica capillary with Leff
of 25 cm and Ltot of 45 cm; high voltage of 25 kV with normal polarity; hydrodynamic
injection at 50 mbar over 10s.
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arrive at the LIF detector for detection. All BGE compositions re-
ported so far for CE-LIF analysis in general, and CE-LIF for such
purpose in particular contain inorganic ions (e.g. phosphate, borate
etc.) and/or use inorganic acid and base (typically NaOH and HCl)
for pH adjustment. These BGEs with low UV absorbing feature,
while being well adapted to UV detection, may not be optimal for
LIF detection. We have recently demonstrated that a much-
improved performance for CE-LIF detection of proteins and pep-
tides could be achieved with our new BGEs for CE-LIF thanks to a
better stacking effect and lower current generation [20]. With a
similar rationality, we optimized the BGE composition for CE-LIF of
labelled oligosaccharides this time. The principle behind this
strategy is illustrated in Fig. 4. By using a very dense zone of
zwitterionic and large weakly charged ions in the BGE to block the
sample zone, the target analytes will be well stacked in the sample-
BGE boundary. While this stacking phenomenon can be observed
using conventional BGE containing inorganic ions, this effect is
expected to be pushed up to the maximum with our new BGE
composition. The use of extremely high BGE concentrations, while
not readily possible with inorganic ions due to high current gen-
eration, is now feasible thanks to the very low electrophoretic
movement of the large and/or zwitterionic molecules constituting
the BGE. Via simulation with the Phoebus program, we compared
the properties of different new BGEs for CE-LIF at pH 4.75 that have
never been used before for such purpose (Table 3). The lithium
acetate buffer at the same pH, frequently employed by different
groups for CE-LIF of oligosaccharides and glycans [35,36], was used
as a reference for these comparisons. Among these new BGEs, beta-
alanine/MES exhibits the best buffer capacity and was expected to
provide the best stacking effect due to the highest components’
concentrations (364 mM beta alanine et 538 mM MES). Another
BGE composed of Naphtyl-1-amine and MES, which is thought to

offer equivalent performance to that of beta-alanine/MES, is not
considered due to the presence of a carcinogenic agent. Separation
performance for CE-LIF of APTS-labelled oligosaccharides was thus
compared between LiOH/Acetic acid and beta-alanine/MES BGEs,
using first a commercial instrument (Fig. 5A and B). At IS of 25 mM,
the signals of oligosaccharides obtained with beta-alanine/MES
were two times higher than those obtained with LiOH/acetic acid
buffer. With equivalent background noises observed, this confirms
a much better LIF sensitivity with the new beta-alanine/MES BGE.
The electroosmotic flow mobility was found a bit higher for beta-
alanine/MES buffers, which explains the longer migration times
of oligosaccharide peaks. To further improve the stacking effect, the
IS of beta-alanine/MES was doubled and the electropherogram for
these conditions is shown in Fig. 5C. Conveniently, with beta-
alanine/MES BGE, an increase in IS from 25 to 50 mM only leads
to a tolerable increase in the generated current (from 13 to 25 mA
under 30 kV). The beta-alanine/MES BGE (IS 50 mM) led to much
higher peak signals (almost 3 times) than the conventional LiOH/
Acetic acid buffer for the first 5 peaks. For slower-migrating ones
(due to the presence of a higher EOFmagnitude with our new BGE),
the peaks were more broadened, leading to a less performance in
detection sensitivity. Compared to previously communicated CE-
LIF conditions for this purpose [35,36], our new BGE offered
higher signals. Noted also that low current generation (leading to
low Joule heating) was achieved and no bubble formation was
observed when working with our non-thermostatted system.

The Lego CE-LIF was then usedwith this buffer for separations of
APTS-labelled oligosaccharides. The CE-LIF electropherogram ob-
tained is shown in Fig. 6A. Excellent peak shapes and separation
resolutions were achieved for glucose units GU1 till GU6. To
compensate for the peak retardation when using beta-alanine/MES
BGE, pressure assistance could be applied during electrophoresis,
which is not a complication when using the Flow EZ pressure
controller. As can be seen in Fig. 6B, the peaks arrived faster to the
detector and more glucose units could be visualized under the
pressure assistance at 30 mbar. The pressure-assisted electropho-
resis can even be finely tuned by using a pressure gradient. By
applying a pressure of 30mbar at 0s and then 20 mbar at 5 min, the
fast arrival of the first four peaks could be maintained, whereas
separation resolution for the slower ones, which could correspond
to the sizes of large N-glycans of glycoproteins, was improved (see
Fig. 6C). Note that the unit displayed for LIF signals in Fig. 5 was RFU
as the electropherograms were obtained with a LIF detector from
Sciex, whereas that in Figs. 3 and 6 was in a mV scale as the signals
were convertedwith an external data acquisitionmodule.With this
demonstration, we expect to open a door for various applications
exploiting both hydrodynamic and electrokinetic principles with
Lego CE-LIF. We also provide here a tool that could be tuned to get it
adapted for any kind of prospective glycan analysis. Indeed by
playing on voltages and pressures we would achieve the best
separation performances whatever the kind of glycans to be
analyzed (i.e. N- or O-glycans, smaller or longer ones or even a
mixture of these types).

Table 2
Data on comparison on LOD and linearity between 2 LIF detectors.

Detector Calibration range (nM) Linearity (R2) with peak area Linearity (R2) with peak height LOD (nM)

Lego LIF 30e1000 0.999 0.997 14
Commercial LIF (ZetaLIF) 3e1000 0.999 0.999 1.2

Analyte: FITC 1 mM. CE conditions: BGE composed of Tris/CHES (IS 20mM, pH 8.4), silica capillary with leff of 25 cm and Ltot of 45 cm; high voltage of 25 kVwith normal polarity;
hydrodynamic injection at 50 mbar over 10s.

Fig. 4. Principle of our new BGE optimization strategy for CE-LIF of labelled
oligosaccharides.
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4. Conclusions

We successfully developed a new Lego CE-LIF instrument that
can be constructed from off-the-shelf modules. Recourse to me-
chanical and electronic workshops can therefore be avoided. A high
degree of standardization with an affordable construction cost can
be achieved with this Lego CE-LIF design. The Lego design would
allow the users to setup their own analytical devices at a cost at
least 70% cheaper than the purchase price of a commercial system
while keeping a high degree of standardization (i.e. a ‘standard’
setup) and facilitation of technology transfer that are not offered by
in-house-made versions. This design was demonstrated for sepa-
ration of fluorescently labelled oligosaccharides that serve as a
reference for glycoprotein-derived glycan analysis. We also suc-
cessfully developed a new BGE based on large weakly charged and
zwitterionic molecules at very high concentrations for such ana-
lyses. This new BGE matches well to the Lego CE-LIF operation in
terms of low current generation (to avoid Joule heating in a non-
thermostatted system), and high stacking effect for improved LIF
detection sensitivity. Various applications of Lego CE-LIF are
envisaged in different domains in order to increase the popularity

of such design as an interesting alternative to in-house-built hardly
standardizable CE instrumentation.
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4.5 low-cost automated capillary electrophoresis instrument

assembled from commercially available parts

In the scope of this project, an automated, flexible and low-cost CE instru-
ment was developed. Commercial CE equipment is now commonly used in
industry for routine applications. However, for research group the instru-
ments are too rigid in the set-up and are quite expensive regarding the
purchase and maintenance. Although many research groups subsequently
published purpose made CE instruments for specific tasks, often customized
parts are contained in the set-up complicating their duplication. The open
source development, which has gained a lot of popularity in the recent years,
could be a contribution for sharing knowledge. It is already known for a long
time that software code is being shared free of charge [119]. More recently,
the principle was applied to physical problems as open source hardware
(OSH) [120]. People are encouraged to rebuild most diverse products such
as machines, instruments or other physical objects. The development has
now also been extended to scientific instrumentation [81, 121, 122]. But as
highlighted by Bonvoisin et al. [120] it is more complex to share hardware
than software, since a lot of details on the construction have to be given. On
the other hand, there are many advantages of OSH as this trend offers peo-
ple to rebuild cheap alternatives to commercial equipment, while allowing
the user to modify parts of the instrument and customize it for a specific
purpose. As a further benefit, people gain a deeper understanding on the
principles of the instrument they are using and on demand parts can easily
be repaired or exchanged. Kubáň et al. [123] have discussed different parts
needed for the construction of CE instruments from an OSH perspective and
summarised relevant publications.

Within this research project, a compact capillary electrophoresis instrument
was built based on the microfluidic breadboard approach [87]. The set-up
of the instrument contained a microfluidic, a pneumatic and an electric part,
which were implemented in three boxed and could easily be stacked. A com-
mercially available C4D detector was included in the set-up. The instrument
was operated from a personal laptop computer by using the graphical user
interface described above. Only commercially available miniature compo-
nents were used, which simplifies the duplication of the system. The com-
plete costs were around 6500 Euro. The instrument performance was tested
by separating alkaline and alkaline earth metals (Cs+, Rb+, K+, Ca2+, Na+,
Mg2+, Sr2+, Li+, Ba2+) as well as different heavy metals (Mn2+, Fe3+, Cd2+,
Pb2+, Zn2+, Co2+, Cu2+, Ni2+). In addition, nine inorganic cations relevant
for honey quality were chosen and quantitatively analysed in four different
honey samples. Relative standard deviations were around 2.5 % with 6.8 %
for iron due to precipitation. Detection limits were between 5 and 20 µM.

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



82 projects

More details on the construction of the instrument can be found in the ap-
pendix (see Part v).
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Low-cost automated capillary electrophoresis instrument
assembled from commercially available parts

Electrophoresis, 2020, 41, 2075-2082
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Low-cost automated capillary
electrophoresis instrument assembled from
commercially available parts

A CE instrument that can be assembled from commercially available components with
minimal construction effort is described. Except for the electronic control circuitry no spe-
cially made parts are required. It is based on a flexible design of microfluidic, electropneu-
matic, and electronic sections and different configurations can easily be implemented. Au-
tomated injection into the capillary is performed hydrodynamically by the application of a
pressure for a controlled length of time. The performance of the device was tested with a
contactless conductivity detector by separating differentmetal ions. In addition, ninemetal
cations related to the quality of honey were separated in 2.3 min and four honey samples
were analysed quantitatively to demonstrate the applicability of the method.
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1 Introduction

CE is a very versatile separation technique addressing differ-
ent analytical tasks ranging from high-molecular-weight pro-
teins to small inorganic analytes [1,2]. Compared to HPLC,
CE is inherently much simpler because high pressures are
not required and the separation is carried out in simple cap-
illaries. It is also more environmentally friendly because only
small amounts of buffer and sample are required [3,4]. How-
ever, commercially available CE instruments are quite costly,
which limits the wider adoption of the technique. Commer-
cial instruments were also mainly developed for routine ap-
plications in the laboratory and are therefore not suited for
field or process analysis and also lack the flexibility often
needed in scientific research.

Since CE requires only relatively little hardware, it is
particularly well suited for in-house building and several re-
search groups have reported purpose made instruments for
different purposes (see, e.g., [5–27]). Portable instruments
feature prominently and the developments up to 2010 were

Correspondence: Professor Dr. Peter Hauser, Department of

Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel,

Switzerland.

E-mail: peter.hauser@unibas.ch

Abbreviations: BR, buffer reservoir; FIA, flow injection anal-
ysis; HV, high voltage; OSH, open source hardware

reviewed by Macka and co-workers [28]. An important aspect
of these devices is the sample injection and flushing of the
capillary. The simplest approach is electrokinetic injection
[7,10], but this allows quantification only if the background
conductivity of sample and standards are matched. Hydrody-
namic injection is therefore preferred. This may be achieved
by manual syphoning (raising the inlet end of the capillary
after placing it into the sample vial)[29]. While very simple
such instruments can be built, manual injection procedures
are highly dependent on the skill of the operator and are
prone to cross-contamination. Different approaches to at least
partly automate this process for purpose built instruments
have therefore been described [15–19,23,24,26]. A further im-
portant aspect of the instruments is the detector, and this is
easily the most complicated part. Due to its relative simplic-
ity, universality in comparison to optical detection, and low
power consumption, contactless conductivity detection (C4D)
has frequently been employed with these instruments.

The sharing of the designs of general electronic hard-
ware and of instruments, which has become knownunder the
designation of Open Source Hardware (OSH; https://www.
oshwa.org/) [30–33], enables users to build inexpensive alter-
natives to commercial equipment, while allowing customiza-
tion for specific purposes. As a further benefit, a deeper un-
derstanding of the working of the instruments is gained and

Color online: See article online to view Figs. 1 and 5 in color.
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also enables repairs, which for commercial analytical instru-
ments is very costly and often requires a qualified service
technician sent by the supplier. Kubáň et al. have discussed
the construction of CE instruments and relevant publications
from an OSH perspective [34]. Many research groups have
indeed invested a significant effort in developing dedicated
CE instruments. However, with the exception of the simple
instrument with fluorescence detection reported by Ander-
son [8], the designs contain customized parts, which were
usually manufactured by internal workshops of universities.
Thus potential users who do not have access to mechanical
construction facilities do not benefit.

The instrument described herein was designed to be as-
sembled from commercially available components and can
thus easily be duplicated. It is based on the microfluidic
breadboard approach with different miniature components
being used for the microfluidic system [35]. The setup was
kept as simple and straight-forward as possible, while featur-
ing automated sample injection and capillary flushing. Note
that, to accomplish this, the construction of a small dedicated
electronic interface circuitry cannot be avoided. However, this
was also made simple by employing a ready made Arduino
microcontroller board and driver modules available for the
hydrodynamic valves. Also, for ease of construction, a com-
mercially available C4D was employed for detection.

2 Materials and methods

2.1 Instrumentation

The three cases (product no. 384.18) to contain the microflu-
idic, pneumatic, and electronic parts were obtained fromTeko
(Bologna, Italy). Themicrofluidic breadboards (LS-LS-BB600)
and the fluid containers (LS-BBRES-1ML and LS-BBRES-
5ML) were purchased from LabSmith (Livermore, CA, USA).
Samples are contained in disposable 1.5 mL Eppendorf®

tubes and amicrofluidic reservoir holder (XS, Elveflow, Paris,
France) is used for injection. The separation capillary with
365 μm OD and 25 μm ID (TSP-025375, Molex-Polymicro,
Phoenix, AZ, USA) is inserted into a T-piece (T116-203, Lab-
Smith) by using a tubing sleeve (U360-SLV, IDEX, Lake For-
est, IL, USA) next to a grounded metal tube (U-101, IDEX).
The separation voltage is provided by a high voltage module
(UM30N4/S, Spellman, Pulborough, UK). The high voltage
part is enclosed in a Perspex case (sold as food container;
02428MDK, Amazon, Seattle, WA, USA) equipped with ami-
croswitch to interrupt the high voltage on opening for safety.
Liquid streams are controlled by using two check valves (CV-
3315, IDEX) and two 2-way, normally open, solenoid valves
(HP225T021, NResearch, West Caldwell, NJ, USA). For most
connections 1/16“ OD and 0.02” ID PEEK tubing (1532L,
IDEX) is used. The sample loop is made out of 1/16“ OD and
0.01” ID PEEK tubing (1531L, IDEX). Optional pressure sen-
sors for the hydraulic section (uPS0800-T116) were obtained
from LabSmith. Signals are detected by using a C4D sys-
tem from eDAQ (Denistone East, NSW, Australia), consisting

of a head stage (ET120-317), a C4D data acquisition system
(ER225), and the associated software (PowerChrom). Electro-
pherograms were acquired at a sampling rate of 10 points per
by second applying the following settings: 100 kHz frequency,
100% peak amplitude, and head stage gain (HG) on.

The pneumatic part is operated with compressed nitro-
gen from a standard gas cylinder. The pressure is first re-
duced with a high-pressure gas regulator followed by a two-
stage piston regulator (PR2-7NX-1NH-3V, Beswick, Green-
land, NH, USA), which delivers a highly stable outlet pres-
sure even on decreasing source pressures. Read-out of de-
livery pressures is enabled with a pressure gauge (K8-16-40,
SMC, Chiyoda, Tokio, Japan), and optionally with electronic
pressure sensors (PSE530-M5-L, SMC). The remaining pneu-
matic parts were purchased from Clippard (Cincinnati, OH,
USA). A second pressure regulator PR2 (DR-2NR-5) allows to
set precisely a pressure between 0.07 and 3.4 bar. Gas pres-
sures are applied with the help of two-way (E2L10C-7W012)
and three-way latching valves (E3L10C-7W012) mounted on
single-station (E10M-01) and two-station manifolds (E10M-
02) and two check valves (MCV-1BB). The pneumatic con-
nections are made using a tubing with 1/8" OD and 1/16"
ID (URH1-0402), hose connectors (CT2-PKG), and T-pieces
(T22-2).

For electronic control, an Arduino microcontroller board
(Arduino Nano 3.0, Gravitech, Minden, NV, USA) is con-
nected to a notebook computer. A purpose-made printed cir-
cuit board (PCB) provides the necessary electronic interface
to the system. The digital-to-analog converter (MAX517) is
a product from Maxim Integrated (San Jose, CA, USA). The
H-bridge drivers (BD6220F-E2) to operate the latching pneu-
matic valves are products of Rohm (Kyoto, Japan). Two valve
drivers (225D1 × 75R, NResearch, West Caldwell, NJ, USA)
are required for control of the hydraulic solenoid valves. The
graphical user interface (GUI) program running on a per-
sonal computer was written in Java by using the Java devel-
opment kit (JDK 8.0.91) and Netbeans 8.1. The software rou-
tines running on the ATmega328 microcontroller of the Ar-
duino were written in Forth with the open sourceAmForth in-
terpreter (http://amforth.sourceforge.net/). The serial termi-
nal emulator used was CoolTerm (http://freeware.the-meiers.
org/).

2.2 Reagents and methods

All chemicals were of analytical grade and deionized ultra-
pure water was used for preparing solutions by using a Milli-
Q system fromMillipore (Bedford, MA, USA). The following
salts were used for preparation of the standard solutions.
Potassium chloride, lithium chloride, rubidium chloride,
strontium chloride, manganese(II) chloride, iron(III) ni-
trate, lead(II) chloride, copper(II) chloride, and nickel(II)
chloride were purchased from Merck (Zug, Switzerland).
Sodium chloride, magnesium chloride, barium chloride, and
cobalt(II) chloride were obtained from Fluka (Buchs, Switzer-
land). Cesium chloride, cadmium(II) chloride, iron(II)
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chloride, and zinc(II) chloride were acquired from Sigma–
Aldrich (Buchs, Switzerland). Calcium chloride was obtained
fromVWR (Dietikon, Switzerland). Stock solutions at 10mM
concentration of each salt were prepared and diluted on pur-
pose to the required concentration. For the preparation of
the BGEs, the following chemicals were used. l-Histidine
(His), 18-crown-6, and α-hydroxyisobutyric acid (HIBA) were
purchased from Sigma–Aldrich. Acetic acid (HAc) glacial
was obtained from VWR and 2-morpholinoethanesulfonic
acid monohydrate (MES) was purchased from Fluka. Stock
solutions of 200 mM of these substances were made, except
for acetic acid, which was diluted to a 1 M stock solution. The
BGEs were prepared daily from these stock solutions, filtered
through 0.45 μm membrane filters (4654, Pall Corporation,
NY, USA), and degassed. The capillary was conditioned by
flushing for 10 min with 1 M sodium hydroxide solution
prepared from sodium hydroxide pellets (Thermo Fisher,
Waltham, MD, USA), afterward with deionized water for
10 min and finally with the running buffer until the baseline
was stable. Three brands of honey were purchased from a
local supermarket (Coop, Basel, Switzerland), while one sam-
ple was received directly from a beekeeper (Kiel, Germany).
The samples were dissolved in deionized water, filtered, and
analyzed without further pretreatment after calibrating the
CE instrument. All measurements were carried out in a
thermostatted laboratory with a temperature of about 22°C.

3 Results and discussion

3.1 Instrument design

Commercial instruments typically rely on a rotary sample
tray, mechanical motions to move vials and the capillary end
as well as pressurization of vials with air for injection and
capillary flushing. This imparts a high degree of automation,
but such an instrument cannot easily be built in-house. On
the other hand, as discussed in the introduction, fully man-
ual operation is cumbersome. Electrokinetic injection would
simplify the procedure, but hydrodynamic injections should
be employed to avoid a sampling bias. A possible approach
to avoid direct manipulation of the capillary is to place its in-
let end into a commercially available T-piece, as described,
for example, by Furter [36]. The sample is first transported
into this device and then part of the plug is injected hydro-
dynamically into the capillary. The transport of liquids may
be achieved by conventional pumping with syringe- or peri-
staltic pumps, but as the sample volumes to be injected into
the capillary are in the picolitre range direct metering of the
volume is not possible. The actual injection into the capillary
must therefore be achieved by application of pressure, follow-
ing the closure of the exit end of the T-piece. By careful control
of the applied pressure and automated timing high precision
can thus be attained without having to rely on the skill of the
operator. Pressurization is best done with a pneumatic pres-
sure source. This, for simplicity, may then also be employed
for pumping of solutions, including the flushing of the capil-

lary with background electrolyte (BGE). It also improves pre-
cision as stepwise movements of pumps are avoided.

Besides the fluidic part of the manifold surrounding the
separation capillary such a scheme requires a pneumatic
manifold as well as an electronic circuitry for controlling of
valves to sequence the operations. A photograph of the instru-
ment is shown in Fig. 1. The different functions are contained
in separate cases (with dimensions of 203× 160× 69.5 mm),
which were stacked to obtain a compact benchtop CE instru-
ment. The capillary extends to the high voltage section, which
is enclosed in a Perspex cage for safety. The detector cell sits
between the injector and the high voltage compartment.

The hydraulic part of the instrument is based on the mi-
crofluidic breadboard approach [35]. The miniature fluidic
components are fixed onto a commercially available bread-
board. Similar to lab-on-chip devices, compact analytical sys-
tems are obtained, which allow fast separations, but the setup
is much less rigid and in particular the length of the separa-
tion capillary can be easily adjusted for optimisation of the
resolution. A further advantage compared to lab-on-chip de-
vices is the improved detection possible on standard capil-
laries. The particular set-up used is illustrated in Fig. 2, but
other configurationsmay also readily be implemented. Please
note that, for simplicity, no temperature control was imple-
mented. The T-piece that holds the injection end of the capil-
lary is connected to the sample deliverymanifold. The sample
is inserted into the sample loop (R), located between two fur-
ther T-pieces, by pressurization of the sample vial (a 1.5 mL
Eppendorf tube). This is achieved with a special device that
caps the vial. It has two ports, one for the sample entry via
a tube extending into the vial, the other for pneumatic pres-
surization. The BGE is placed in container BR1. Both liquids
are transported by pneumatic pressurization as detailed be-
low. Two check valves (CV1 and CV2) avoid crosswise back-
flow of each liquid into the respective other container. Two
active solenoid valves (V1 and V2) guide liquids to either one
of the two waste containers or to the separation capillary. The
required pressures, tubing diameters and lengths, as well as
the timings for the different steps of the procedures, were
optimized for the system by calculations based on the Hagen-
Poiseuille law and the hydraulic-electric circuit analogy. De-
tails on these procedures can be found in our previous publi-
cation [36]. Verification of the pressure profiles is possible by
placing miniature hydraulic pressure sensors (available from
LabSmith) at different positions in the manifold, but is not
necessary for routine use. The lowest possible pressure that
can be applied to the containers is 0.3 bar as the cracking pres-
sure due to the spring tension of the check valves has to be
overcome. In order to further reduce the pressure to 0.009 bar
at the capillary inlet, the sample loop was implemented as
a flow restrictor R. This serves to minimize partial injection
into the capillary during the transport of the sample plug. For
an efficient flushing of the capillary and injection of the sam-
ple, a higher pressure of around 2 bar is used resulting in
around 4.3 nL/s liquid flow. The separation capillary with an
internal diameter of 25 μm, an effective length of 30 cm, and
a total length of 45 cm was inserted in T-piece T3. Note, that
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the diameter of 25 μm gives better resolution than the larger
diameters employed for optical detection but is well compat-
ible with contactless conductivity detection [37,38]. A stain-
less steel tube (OD: 1/16"; ID: 0.5 mm; length: 3.3 cm) next
to T3 in downstream direction is connected to ground, while
the high voltage is applied to the outlet end of the capillary.
With this arrangement, bubbles formed by electrolysis were
prevented from entering the capillary. The high voltage is ap-
plied at the detector end of the capillary to allow the place-
ment of valves and so on. at the grounded injection end. This
is not a problem with the contactless conductivity detector.
The capillary outlet and the high voltage electrode (Pt-wire)
are contained in two separate reservoirs joined by a short tube
of 2.3 cm length and an ID of 250 μm. This forms a diffusion
barrier and delays the entry of electrolysis products into the
separation capillary [39].

A scheme of the electropneumatic part is shown in Fig. 3.
Pressure originates from a standard compressed nitrogen gas
source and is reduced to 2 bar with pressure regulator PR1
and read out with a pressure gauge (M). By using T-piece T1
the pressure pathway is split, with one tube being connected
to the second pressure regulator (PR2), which further reduces
the pressure to 0.3 bar. The sample container requires pres-
surization at 0.3 bar only, while the buffer reservoir requires
pressurization at both levels depending on the step in the op-
eration, which is achieved by actuation of one of the valves

PR1

PR2

LV1

LV2

LV3

N2

M

T1 CV1

CV2

Sample

T2
BR1

LV5LV4

Figure 3. Electropneumatic part. N2: nitrogen gas cylinder; PR1

and PR2: pressure regulators; M: pressure gauge; CV1 and CV2:

check valves; LV1-LV5: latching valves; T4 and T5: T-pieces.

LV1 to LV3. To prevent backflow of the gas, two check valves
are inserted. Valves LV4 and LV5 enable the release of pres-
sure from the upstream manifold and the buffer container,
respectively. The pneumatic pressures may also optionally be
monitored by attaching electronic pressure sensors.

The electronically controlled components cannot be con-
nected directly to the Arduino microcontroller board. In par-
ticular, the 12 V power to drive the solenoids of the valves
is not available. The construction of an interface circuitry is
therefore necessary. A schematic representation is shown in
Fig. 4. The two hydraulic valves are connected to the Arduino
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tor logic, on/off-control signals.

Figure 5. Screenshot of the graphical user interface (GUI) to oper-

ate the instrument. The CONNECT and DISCONNECT buttons are

used to establish communication with the Arduino via USB inter-

face. Parameters regarding separation and injection time as well

as applied voltage can be chosen in the window. START/STOP

buttons are used for starting or interrupting the operation cycle.

The applied high voltage and the resulting current through the

capillary can be monitored in the window below.

via individual valve driver circuitries provided by the valve
manufacturer. The latching pneumatic valves are operated via
H-bridge switches in integrated circuit form which allow re-
versal of the voltage, which is necessary for the switching be-
tween the two positions. The high voltage module is turned
on and off with a control signal from the Arduino and the
voltage is set via a digital-to-analog (DAC) convertor IC. It is
a negative polarity module with a maximum output voltage
of −30 kV. The particular module was chosen as it is a reg-
ulated supply (giving precise control over the output voltage)
and allows the monitoring of both, the actual voltage and cur-
rent at the high voltage output, via test signals given out by
the module. This is deemed important, in particular current
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Figure 6. (A) Separation of nine alkaline and alkaline earthmetals

in 2.2 min. BGE: 15 mM L-His, 50 mM HAc, 4 mM 18-crown-6.

(B) Separation of eight common heavy metal cations in 2.6 min:

BGE: 5 mM MES/L-His, 3 mM HIBA. (C) Separation of different

metals related to the quality of honey in 2.3 min. BGE: 15 mM L-

His, 50 mM HAc. (D) Analysis of a honey sample with K+ as the

predominant ion, Ca2+, Na+, and Mg2+ in lower quantities, Zn2+

as trace element. Capillary: 25 μM ID, 365 μMOD, 30 cm effective

length, 45 cm total length. Injection: 0.4 s at 2 bar. Measurements

conducted with −30 kV applied to the capillary outlet end.

monitoring will indicate bubbles or blockage in the capillary.
These signals can be acquired via the analog-to-digital con-
vertor built into the microcontroller of the Arduino. If anions
are to be determined a positive HV module at the detector
end can be used.

To allow direct control of the instrument, the origi-
nal Arduino software on the microcontroller was replaced
with a Forth interpreter. This enables interactive software
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development and control of the attached hardware with com-
mands sent to the microcontroller from the attached note-
book computer via a USB (universal serial bus) cable. For
details on this tethered microcontroller arrangement see our
previous publication [40]. In the development of the instru-
ment, a serial terminal program was employed for text based
interaction, but in its application a graphical user interface
(GUI) as shown in Fig. 5 is used. TheGUIwas written in Java,
and communicates with the Forth software running on the
microcontroller. The user can adjust different settings such as
injection time and separation voltage, and then start and also
interrupt the measurement. Data acquisition is carried out
separately with the software provided by the manufacturer of
the detector.

3.2 Procedures

Each analysis starts by flushing of the different sections with
background electrolyte. The sample loop is first flushed with
0.3 bar applied pressure by opening V1 while V2 is closed.
The injection T-piece is then rinsed, again with 0.3 bar ap-
plied pressure, by closing V1 and opening V2. Subsequently,
both valves V1 and V2 are closed for flushing the separation
capillary with 2 bar applied pressure. The sample loop is then
filled with the analyte solution by opening V1 and closing V2
while 0.3 bar is applied to the sample container by opening
LV1. Subsequently the sample plug is transported to the injec-
tion T-piece using the same arrangement as for the flushing
of the interface. The sample is then injected by application
of a pressure pulse of 2 bar for 400 ms by closing V1 and V2,
leading to a sample plug of 1.73 nL (3.52mm length, 1.2% oc-
cupancy) in the capillary. Following another flush to remove
extra sample the separation is carried out by turning on the
high voltage. The content of the buffer container (1.1mL) was
found to be sufficient for about eight measurements and one
complete analysis procedure takes about 80 s. A table with
the operating details and diagrams detailing the pneumatic
and hydraulic flow paths can be found in the Supporting In-
formation. Note, that the capillary was conditioned by flush-
ing with sodium hydroxide solution at the beginning of each
working day followed by a rinse with water. For this the con-
tent of container BR1 was replaced with the appropriate so-
lution, and the capillary end was temporarily removed from
the high voltage container (BR2).

3.3 Performance

In Fig. 6A, the electropherogram for a standard solution con-
taining nine alkaline and alkaline earth metals (Cs+, Rb+,
K+, Ca2+, Na+, Mg2+, Sr2+, Li+, Ba2+) at 200 μM concentra-
tion is shown where the ions were separated within 2.2 min.
The BGE consisted of 15 mM l-His, 50 mMHAc (pH 4), and
4 mM 18-crown-6, which is a commonly used buffer for the
separation of inorganic cations by CE-C4D [9]. The separa-
tion of a standard solution of eight common heavy metal ions

(Mn2+, Fe3+, Cd2+, Pb2+, Zn2+, Co2+, Cu2+, Ni2+) at 150 μM
is shown in Fig. 6B. The BGE was optimized for best sepa-
ration of these ions and consisted of 5 mM MES/l-His and
3 mM HIBA (pH 5) [41].

Subsequently, differentmetal ions relevant for the quality
of honeywere separated. The composition of themineral con-
tent in honey is directly influenced by the geographical envi-
ronment and may therefore serve as an indicator of its origin
[42]. Honey analysis also allows conclusions on environmen-
tal pollution on the basis of the heavy metal content [42–48].
As predominant ion, potassium is present and in lower quan-
tities calcium, sodium, and magnesium as well as many dif-
ferent trace elements [48,49].

Besides the four main mineral cations in honey (K+,
Ca2+, Na+, Mg2+), five additional metals were determined
(Fe2+, Zn2+, Ba2+, Cd2+, Li+). The BGE, consisting of 15 mM
l-His and 50 mM HAc (pH 4), was derived from a similar
buffer described in a previous publication on the analysis of
inorganic ions in honey by CE [47]. In Fig. 6C the electro-
pherogram of the standard solution (K+, Ba2+, Ca2+, Na+,
Mg2+, Fe2+, Zn2+, Cd2+, Li+) at 100 μM concentration is
shown. Calibration curves based on peak areas were acquired
in the range of 100 and 500 μM, except for magnesium and
iron(II), which were only separable between 100 and 250μM.
Good correlation coefficients between 0.9991 and 0.9999were
obtained. Reproducibilities for the peak areas were observed
between 0.3 and 2.5% RSD for five subsequent measure-
ments. Iron has a lower reproducibility (RSD = 6.8%) be-
cause it is slowly precipitating in aqueous solution exposed to
air. For this reason, themeasurements were conducted as fast
as possible once dilutions were prepared. Limits of detection
(LODs) were found to be between 5 and 20 μM, correspond-
ing to 0.63 to 2.6 mg/kg in the honey samples. Note, that if
lower detection limits are required this could be achieved by
increasing the injected amount, but at the cost of lengthened
analysis times [9,35].

After calibrating the system, four different honey sam-
ples were analysed. An example electropherogram is shown
in Fig. 6D. Results from the honey analysis can be found in
Table 1. In agreement to previous published results, potas-
sium was found to be present as the most abundant cation,
varying between 357 (sample 4) and 760 mg/kg (sample 3).
The highest value for calcium was found in sample 1 with
80.7mg/kgwhile the lowest value was found in sample 4 with
43.2 mg/kg. Concentrations for sodiumwere in the range be-
tween 19.3 and 34.9 mg/kg and for magnesium between 15.1
and 23.4 mg/kg. Zinc was found to be present at a low quan-
tity in sample 1 with 56.3 mg/kg. These results are in good
agreement with previous published values [44,48,49].

4 Concluding remarks

The open source instrument assembled from commercially
available parts was found to allow fast separations with good
reproducibility. The design files for the electronic circuitry are
available as Supporting Information to this article, and may
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Table 1. Inorganic cations in honey samples

Sample K+ (mg/kg)
Ca2+

(mg/kg)
Na+

(mg/kg)
Mg2+

(mg/kg) Zn2+ (mg/kg)

1 597 ± 25 80.7 ± 5.7 34.9 ± 1.4 23.4 ± 0.5 56.3 ± 5.6
2 685 ± 26 73.8 ± 3.8 32.7 ± 1.7 22.3 ± 1.5 –
3 760 ± 73 50.0 ± 3.0 28.8 ± 2.6 18.0 ± 1.6 –
4 357 ± 10 43.2 ± 3.9 19.3 ± 3.1 15.1 ± 1.2 –

The errors are confidence intervals at the 95% confidence level (n = 4).

be used to order the board from a PCB manufacturing ser-
vice. It was kept simple, and while some skills in electronic
construction techniques are required, completion of the cir-
cuitry is not overly demanding. On the other hand, the reader
may want to make modifications, for example, to implement
two channels for the concurrent determination of anions and
cations [23,35], or to also more fully automate capillary con-
ditioning with sodium hydroxide solution. A low cost, non-
regulated high voltage module without monitoring outputs
may be employed for cost savings. The instrument is rela-
tively compact, and may be built in a field portable version.
If best stability in baseline, peak areas, and migration times
is important, or the instrument is to be used in an environ-
ment with strongly fluctuating temperatures, thermostatting
may be desired. As described by Koenka et al. [23], this is also
relatively easily implemented. The use of a cylinder of com-
pressed gas may not always be convenient, and a small air
pumpmay be employed instead. The cost of the complete in-
strument is approximately €6500, of which about €3500 is for
the contactless conductivity detector. To save money, such a
detector could also be built in-house (see, e.g., [50–55]), but
this is a bit more demanding than the construction of the
instrument itself. Note that do Lago has made the design
of an open source C4D available on the GitHub repository
(https://github.com/claudimir-lago/openC4D).

We thank Rene Furter for his support with the Java program-
ming and Johannes Abraham for valuable help with the latching
valves.

The authors have declared no conflict of interest.
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4.6 new automated injection system for capillary electrophore-
sis mass spectrometry based on pneumatic control

The powerful combination between capillary electrophoresis and mass spec-
trometry unites the advantages of both analytical techniques. CE requires
small buffer and sample amounts and provides high resolution and very
efficient separations. Mass spectrometry on the other hand enables high sen-
sitivity and selectivity of measurements. In addition, information on molec-
ular masses as well as structures of the compounds can be obtained. Electro-
spray is the most commonly used ionization source for the coupling. Sheath-
less as well as sheath flow interfaces of the electrospray approaches exist. The
advantage of the sheathless ESI interface is that the sample is not diluted
and therefore higher intensities are reached. In addition, the experimental
set-up is less complicated. Týčová and Foret [124] demonstrated in 2015 an
interface-free set-up for the coupling of CE and MS where the electrophoretic
capillary was used at the same time as separation column and electrospray
emitter [125, 126]. The capillary outlet had a conus shape and was covered
with a hydrophobic coating. One high voltage was used at the same time for
driving the separation and the electrospray. No physical electric contact was
required at the capillary outlet end. This "interface-free" sheathless nanoelec-
trospray was adopted in this work for coupling CE and MS.

In the scope of this project, a compact automated capillary electrophore-
sis was developed for coupling to mass spectrometry. Injection systems for
CE are often based on flow injection analysis, which simplifies automation
by controlling flows with small pumps and valves. However, it’s difficult to
couple such injection systems with mass spectrometry [127]. The reason is
that for the coupling, the high voltage has to be applied to the injection end
while the mass spectrometer inlet is grounded. To avoid failure of electronic
devices at the injection end due to the high voltage applied, only air oper-
ated valves and different pressures were used for regulating flow rates and
flow paths within the system. The whole instrument consists of three dif-
ferent modules including a microfluidic, pneumatic and an electronic part.
The fluid handling system is based on the microfluidic breadbard approach
[87]. A conductivity detector was added to the set-up. Regarding the buffer,
a compromise had to made in the buffer composition to satisfy the require-
ments of both electrophoretic separations and electrospray. Since a volatile
buffer is required for the electrospray, the obtained baseline of the C4D was
rather unstable. However, the approach allowed to control the separation
process better. In case of clogging of the capillary or incorrect injection, the
separation could be quickly stopped. The electronic properties of the electro-
spray in terms of voltage and current were determined for different buffer
systems. Current values were found to be between 56 and 1666 nA and volt-
age values between 1.1 and 3.7 kV in the range of 1.5 and 20 kV applied
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voltage. The effect of flow rate in the range of 28 and 57 nL/min and a
voltage between 1.5 and 20 kV on the signal intensity was investigated in or-
der to find the optimal settings for the electrospray. Qualitative separations
of three benzalkonium homologues and quantitative separation of four dif-
ferent pesticides were performed. Good detection limits between 0.4 and
0.8 µM and reproducibilities between 5.2 and 6.6 % could be obtained. In
addition, pesticides in spiked grape juice were extracted by using an SPE
column and analysed.
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Abstract 

A compact automated capillary electrophoresis instrument for coupling with electrospray mass 

spectrometry is described. To avoid malfunction of electronic devices at the injection end due 

to the applied high voltage, no electronic devices were included. Instead, pneumatic valves and 

different pressures were applied for regulating flow rates and controlling flow paths within the 

system. The flexible set-up of the instrument based on the microfluidic breadboard approach 

allows the user to make easy amendments in capillary length, inner diameter, applied pressure 

and voltage values. On demand, a second detector can easily be installed in front of the mass 

spectrometer as demonstrated with a conductivity detector. The coupling to the mass 

spectrometer is based on a sheathless nanoelectrospray in an “interface-free” configuration. The 

separation capillary was therefore used as the electrophoretic column and as electrospray tip. 

The effect of the flow rate and applied voltage on the signal intensity and the electronic 

properties of the electrospray was determined in order to find the best settings. The instrument 

performance was tested by analysing four pesticides quantitatively as well as separating three 

benzalkonium chloride homologues qualitatively by employing volatile acetic acid based 

buffers. 
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1 Introduction 

CE as a versatile separation technique provides fast, efficient and high-resolution separations 

while requiring only small sample and buffer amounts. Mass spectrometry on the other hand is 

characterised by high sensitivity and selectivity and provides information on molecular masses 

as well as on structures of unknown substances [1, 2]. The hyphenation is therefore powerful 

because it unites the advantages of both techniques. CE-MS has become quite popular [3, 4] 

since its inception in 1987 by Olivares et al. [5]. Electrospray is the most commonly used 

ionization source for the hyphenation [5-7]. Atmospheric chemical ionization (APCI) [8, 9] and 

matrix assisted laser desorption ionization (MALDI) [10, 11] are also possible but less often 

utilised. Coupling of CE and MS is not straight forward compared to other hyphenated 

techniques. The conventional CE set-up cannot be maintained since mass spectrometry is an 

off-column detection technique. Therefore, an open end of the capillary is necessary for the 

interface. At the same time a stable electric contact with the buffer solution is required at the 

capillary outlet for the CE as well as for the electrospray process [12]. Another difficulty are 

non-volatile salts usually contained in the buffer for CE not compatible with electrospray 

ionization [13].  

Most ESI interface constructions can be categorized in two types, which are either a sheath-

flow or sheathless interface. In the sheath liquid configuration, the separation capillary is 

surrounded by a tube with larger diameter. The sheath liquid consisting of a conductive volatile 

solvent is flowing through the tube and mixed to the buffer at the capillary outlet while being 

connected to the high voltage power supply [14]. In this set-up, the electrospray quality is 

improved due to the changed buffer composition and stabilised flow rates. On the other hand, 

the sensitivity of the electrospray is lowered due to dilution of the analyte and the experimental 

set-up is more complicated. In addition, a laminar flow is established, which counteracts the 

advantages of a CE separation [15]. 
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When following a sheathless approach, the ionization efficiency and sensitivity are increased, 

but establishment of an electric contact at the capillary end is challenging [10, 16-18]. Moini et 

al. [19, 20] described an interface based on a porous capillary tip etched with hydrofluoric acid 

for enabling ion movements. Other approaches depend on a sub-micrometre fracture in the 

capillary wall for mounting an electric contact [21, 22] or on a conductive coating such as a 

gold [16] or graphite [23]. On the other hand, it has been demonstrated that the physical electric 

contact between capillary outlet and ground-state electrode is not necessarily required for 

driving the electrospray [24-26]. One high voltage module can enable at the same time driving 

of the electrophoretic separation and electrospray. The electric circuitry is closed by buffer ions, 

which cross the gap between capillary outlet and mass spectrometer inlet [25]. These “interface-

free” designs relied on fine electrospray tips, which were pulled in flames. More recently in 

2015, Týčová et al. [27] demonstrated a similar “interface-free” set-up based on a conus shaped 

capillary end covered by a hydrophobic coating for stabilising the electrospray [28, 29]. 

While interfaces requiring minimal instrumental efforts are available, only few automated 

instruments for the coupling of CE and MS have been reported. Some groups make use of the 

autosampler and power supply of a commercially available CE instrument and employ a second 

high voltage power supply for improvising the interface to the mass spectrometer [30, 31]. 

Grundmann and Matysik [15] described a device based on capillary batch injection (CBI), 

which was optimized for dealing with very small sample amounts. For the analysis of 

monoclonal antibodies, an automated off-line CE/MALDI-MS instrument was built by Biacchi 

et al. [32] enabling additional UV detection. In addition, different microfluidic capillary 

electrophoresis platform (MCE) were used to automate the CE-MS operation [33, 34]. In 

microchip electrophoresis, the separation is taking place in small channels engraved on a 

substrate made of glass or polymer providing minimal buffer and sample consumption, small 

dimensions and fast separations. Although MCE enables fast separations, low reagent 

consumption and improved mass transfer [35] the approach has some disadvantages such as the 
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cumbersome fabrication procedure, challenging detection and rigidity in the set-up especially 

for the separation length and diameter. On the other hand, similar operation performance can 

be reached by using miniaturized injection systems with short standard capillaries having a low 

internal diameter [36]. Consumption of buffer and sample is low while the set-up offers much 

more flexibility [37].  

Here we describe an automated CE-MS instrument following the microfluidic breadboard 

approach [37]. Different miniature components were used to build the injection system while 

the interface to the mass spectrometer is based on an interface-free sheathless nanoelectrospray. 

The compact device enables fully automated operation and the whole set-up as well as the 

interface are kept simple allowing an easy installation in front of the mass spectrometer. 

Following a dual detection approach, a capacitively coupled contactless conductivity detector 

(C4D) was added to the set-up. 

 

2 Materials and methods 

2.1 Instrumentation  

The microfluidic part was implemented in a purpose-made Perspex® cage with dimensions of 

28.6 x 25.6 x 14.6 cm equipped with a microswitch for interrupting the high voltage on opening. 

The fluid handling part was built upon a microfluidic breadboard made of Perspex® with 

dimensions of 24.8 x 22.8 x 0.8 cm. Box and microfluidic breadboard were built by the internal 

workshop of the university. A microfluidic reservoir holder (XS, Elveflow, Paris, France) 

enabled pressurization of disposable 1.5 mL Eppendorf® tubes, which contained the sample 

solution. The vials containing the buffer and waste solutions (LS-BBRES-1ML and LS-

BBRES-5ML) were purchased from LabSmith (Livermore, CA, USA). The separation 

capillary with 363 μm OD and 15 μm ID (TSP-015375, Molex-Polymicro, Phoenix, AZ, USA) 

was inserted into a Tee piece (T116-203, LabSmith) by using a tubing sleeve (U360-SLV, 

IDEX, Lake Forest, IL, USA). The separation voltage was provided by a high voltage module 
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(UM20P4/S, Spellman, Pulborough, UK) and applied to the injection end by using a Platinum 

electrode inserted into a Tee piece. Liquid streams were controlled by using two check valves 

(CV-3315, IDEX) and two 2-way, normally closed, air operated valves (PMDP-2R-1/4UG, 

Takasago Electric, Nagoya, Japan). For most connections 1/16" OD and 0.02" ID PEEK tubing 

(211607-10, BGB) was used. The flow resistors were made out of 1/16" OD and 0.005" ID 

PEEK tubing (211604-5, BGB). Pressure sensors for following pressure in the hydraulic section 

(uPS0800-T116) were obtained from LabSmith. The interface to the mass spectrometer was 

mounted on an in-house built optical breadboard with dimensions 29.9 x 7.0 x 1.0 cm. The 

capillary outlet was positioned in front of the mass spectrometer by fixing it on a purpose-made 

Perspex® holder. A XYZ translation stage (DT12XYZ) placed on an optical rail (RLA150/M) 

from Thorlabs (Newton, NJ, USA) allowed precise adjustment of the capillary position by using 

micromanipulators.  

As pressure source for the pneumatic part compressed nitrogen from a standard gas cylinder 

was used. The following pneumatic parts were purchased from Clippard (Cincinnati, OH, 

USA). The pressure was first reduced with a two-stage gas regulator to 5.5 bar followed by a 

precision gas regulator (DR-2NR) allowing to set the pressure between 0.1 and 6.9 bar. A 

second precision pressure regulator (DR-2-5) enables further pressure reduction between 0.07 

and 3.4 bar. Read-out of the pressure values was enabled with a pressure gauge (K8-16-40, 

SMC, Chiyoda, Tokio, Japan) and two electronic pressure sensors (PSE530-M5-L, SMC Gas 

pressures were applied to the microfluidic part by using 2-way (E2L10C-7W012) and 3-way 

latching valves (E3L10C-7W012) mounted on single-station (E10M-01), 2-station manifolds 

(E10M-02) and 4-station manifolds (E10M-04). Two check valves (MCV-1BB) prevented gas 

backflow. For the connection between the pneumatic parts, 1/8" OD and 1/16" ID (URH1-

0402) tubing, hose connectors (CT2-PKG) and T-pieces (T22-2) were used. Stainless steel 

mufflers (15070) attached to the pneumatic manifolds reduced the noise produced by the 

latching valves. 
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For electronic control, a purpose made-printed circuit board (PCB) containing an Arduino 

microcontroller board (Arduino Nano 3.0, Gravitech, Minden, NV, USA) was connected to a 

notebook computer. The board provided the necessary copper tracks for connecting the 

different electronic parts of the instrument. The digital-to-analog converter (MAX517) for 

regulating the high voltage output was a product from Maxim Integrated (San Jose, CA, USA). 

The H-bridge drivers (BD6220F-E2) needed for operating the latching pneumatic valves were 

products of Rohm (Kyoto, Japan). The miniature pressure sensors were connected to 

instrumentation amplifiers (INA111AP, Burr-Brown, Tucson, AZ, USA) used in voltage adder 

configuration each with a resistance of 2.2 kΩ. Pressure values from the sensors were read out 

using the e-corder. The graphical user interface (GUI) program running on a personal computer 

was written in Java by using the Java development kit (JDK 8.0.91) and Netbeans 8.1. The 

software routines running on the ATmega328 microcontroller of the Arduino were written in 

Forth with the open source AmForth interpreter (http://amforth.sourceforge.net/). 

The solution conductivity was detected by using a lab-made capacitively coupled contactless 

conductivity detector connected to an e-corder 410 (eDAQ, Denistone East, NSW, Australia) 

for data acquisition. 

Mass spectrometric detection was performed on a LCQ Deca 3D ion trap mass spectrometer 

2.0 (Finnigan MAT, San Jose, CA, USA). Data was acquired in turbo scan (55000 amu/sec) 

and selective ion monitoring (SIM) mode. Injection time into the mass spectrometer was 200 

ms and 2 microscans were collected. Data was acquired and processed by using the XCalibur 

2.0.7 (Thermo Fisher Scientific, Waltham, MA, US). 

 

2.2 Reagents and methods 

Deionized ultrapure water was used for preparing solutions by using a Milli-Q system from 

Millipore (Bedford, MA, USA). All solvents were of HPLC grade. Dichloromethane (DCM) 

was obtained from Honeywell (Muskegon, MC, USA), methanol and acetonitrile from VWR 
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(Dietikon, Switzerland). The following salts of analytical grade were used for the preparation 

of the standard solutions. Pyrifenox, pyrimethanil, pirimicarb, cyprodinil, 

benzyldimethyldodecylammonium chloride, benzyldimethyltetradecylammonium chloride and 

benzyldimethylhexadecylammonium chloride were obtained from Merck (Darmstadt, 

Germany). 2-amino-1-butanol was obtained from Alfa Aesar (Ward Hill, USA). Stock solution 

of the pesticides and 2-amino-1-butanol were prepared in methanol at 10 mM concentration 

and diluted to the required concentration on demand. Stock solution of the benzalkonium 

chloride homologues were prepared in a concentration of 10 mM in a mixture of water and 

acetonitrile (1:4). Acetic acid glacial and ammonia were obtained from VWR. Formic acid 98% 

was obtained from J. T. Baker (Phillipsburg, NJ, USA). Stock solutions of formic acid and 

ammonia in concentrations of 5 M respectively 1 M were stored in the fridge and used for 

preparing the BGE fresh on demand. The prepared electrolytes were filtered through 0.45 µm 

membrane filters (SF1303-2, BGB) and degassed. The capillary was conditioned by flushing 

for 30 min with 0.1 M sodium hydroxide solution prepared from sodium hydroxide pellets 

(Thermo Fisher, Waltham, MD, USA), afterwards with deionized water for 10 min and finally 

with the running buffer until the baseline was stable. Grape juice was purchased from a local 

supermarket (Coop, Basel, Switzerland). For solid phase extraction C18 cartridges (12102052, 

Agilent, Santa Clara, CA, USA) were used. The cartridges were conditioned with 4 mL 

methanol followed by 4 mL water. Afterwards 2 mL of the analyte solution was passed through. 

The cartridges were dried in a nitrogen stream and the absorbed pesticides eluted by flushing 

with 10 mL dichloromethane. The solvent was evaporated in a nitrogen gas stream and the 

residue redissolved in 1 mL methanol. 

 

2.4 Fabrication of the capillary tip 

For the preparation of the capillary tips, the procedure described by Týčová et al. [29] was 

followed. The capillary was ground in a 5 degree angle with sandpaper in two different grit 
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sizes (600, 2500). For the grinding process, the capillary was inserted on an in-house made 

device enabling rotation of the sandpaper with a Dremel (300, Mt. Prospect, IL). Afterwards 

the tip was dipped in a mixture of polytetrafluoroethylene preparation, 60 wt % dispersion in 

H2O obtained from Sigma Aldrich (St. Louis, MO, USA) and nail polish (Néonail hard top UV 

gel polish, Cosmo group, Poznari, Poland) (4:1). The tip was dried, heated with the heat gun 

for 3 minutes and exposed to a UV lamp for 5 minutes. The quality of the resulting capillary 

tip was controlled by using a USB microscope camera (AD7013MZT, Dino-Lite, Torrance, 

CA, USA). 

 
3 Results and Discussion 
 
3.1 Instrument Design 

3.1.1 CE part 

Miniaturized injection systems for capillary electrophoresis are often based on flow injection 

analysis employing microfluidic channels [38, 39]. Automation is simple because no 

mechanical movements of the capillary are required compared to commercial instrumentation 

and sample and buffer amounts can kept small [40-42].  As highlighted by Grundmann et al. 

[15] it’s difficult to couple FIA systems with MS. The challenge is that the high voltage has to 

be applied to the injection end due to the grounded inlet of the mass spectrometer. 

Consequently, no electronic devices can be used for controlling the injection procedure.  

The injection system described herein was solely operated by timed pressure application. Flow 

rates were adjusted by inserting tubing with suitable internal diameters and employing passive 

check valves and air operated valves for controlling flow pathways. As in the previously 

reported design [43], the described instrument is based on three modules, including a 

microfluidic, pneumatic and an electronic part. In the microfluidic section, the actual sample 

injection into the separation capillary is carried out. High precision is reached by pneumatic 

pressurization of the liquids since stepwise movements of pumps are avoided. The required 
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pressures are provided by pressure regulators and latching valves enclosed in a pneumatic 

section. An electronic part connects the high voltage module as well as the latching valves to a 

microcontroller allowing the automated operation of the pneumatic valves as well as tuning of 

the high voltage. The instrument was installed on a board with dimensions of 53 x 35 x 38 cm, 

which can easily be fixed in front of the mass spectrometer. A technical drawing of the set-up 

is shown in Fig. 1A with a photograph of the instrument in Fig. 1B and the set-up of the capillary 

end coupled to the mass spectrometer in Fig. 1C. 

The fluid handling part of the instrument is based on the microfluidic breadboard approach [37]. 

By combining different miniature commercially available microfluidic components on a 

breadboard, a simple injection system was created. A schematic overview on the entire 

hydraulic part is shown in Fig. 2. The separation capillary with an internal diameter of 15 µm 

and a total length of 80 cm was connected to the injection manifold by insertion in a Tee piece 

(T3) with a tubing sleeve while the other end was left open for the interfacing with the mass 

spectrometer. It’s favorable to use narrow-bore capillaries to drive the separations in CE 

because Joule heating is lowered enabling the application of higher separation voltages and the 

use of higher conductivity electrolytes while lower sample amounts are required [44, 45]. The 

high voltage for driving both separation and electrospray was connected next to the separation 

capillary downstream through another Tee piece (T4) while the MS inlet was grounded. The 

whole module was enclosed in a Perspex cage for safety reasons. The sample loop located 

between T1 and T2 was filled with the analyte solution by pressurizing the sample vial with a 

specifically designed airtight cap. The BGE was filled in the buffer container (BR) required for 

interface and capillary flushing steps. Two check valves (CV1 and CV2) avoided the respective 

cross-over of sample and buffer solution. The only active elements within the injection system 

were two normally closed on/off valves, which were opened on pressure application. These 

valves channeled the fluids either to one of the waste containers or the separation capillary. 
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Similar to previous publications [43, 46], calculations were performed during the design 

process by using the law of Hagen-Poiseuille and the hydraulic-electric circuit analogy [47].  

The electropneumatic part is schematically shown in Fig. 3. The pressure provided by a 

standard nitrogen gas cylinder was reduced by a first pressure regulator PR1 to 3 bar. The 

pressure pathway was split in Tee piece T2. One tube was connected to a second pressure 

regulator PR2, which reduced the pressure further to 0.9 bar. Pressurization of the sample vial 

was achieved by actuating latching valve LV1. Pressures of 0.9 and 3 bar were applied to the 

buffer vial with the valves LV2 and LV3. Because two different pressures were united in one 

tube, two check valves CV1 and CV2 prevented backflow of the gas into respectively other 

direction. The three-way valves LV6 and LV7 enabled pressure release from the system. LV4 

and LV5 were responsible for the actuation of the air-operated on/off valves in the system. 

Please note that a pressure between 3 and 6 bar has to be applied for opening the hydrodynamic 

valves. Monitoring of the pressure was done by attaching two electronic pressure sensors after 

the first and the second pressure regulator through the Tee pieces T1 and T5. 

The set-up of the electronic part is relatively simple as shown in Fig. 4 since no electronic 

valves or syringes were needed. The latching valves and the high voltage module were 

connected to an interface circuitry containing an Arduino microcontroller board. A TTL signal 

from the Arduino allowed switching the high voltage module on and off while the output was 

regulated via the digital-to-analog converter Max517. The maximum output voltage was +20 

kV. Output voltage and current were monitored through analog input pins of the Arduino, which 

were internally connected to an analog-to-digital converter. The latching valves were  actuated 

via H-bridge switches. Basic actions of the injection system were programmed by using Forth 

commands [48] and the previously described GUI enabled a comfortable operation of the 

instrument [43].  As an online detection method, the C4D could easily be added between CE 

and MS part. Data acquisition of the conductivity signal was carried out separately with the 

eDAQ chart software. 
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 3.1.1 Electrospray interface 

For coupling of the compact capillary electrophoresis instrument to the mass spectrometer, a 

sheath less interface-free design described by Týčová et al. [27-29] was employed. Only one 

high voltage power supply was needed for both separation and electrospray. In addition, the 

preparation of the electrospray tip was simple requiring only grinding and coating with a 

hydrophobic Teflon film. As a challenge, the quality of the electrospray relies fully on the shape 

of the capillary end and therefore a careful preparation of the tip was necessary. Once prepared, 

the tip could be used for several measurement days. The tip was positioned in a distance of 2 

mm in front of the MS inlet for achieving a stable electrospray. 

In order to find the optimal settings for the electrospray, the effect of the applied voltage and 

the flow rate were evaluated in terms of electronic properties and signal intensity. 

The electronic properties of the electrospray were determined by applying different voltages at 

the injection end. Since the separation capillary and the gap between capillary end and mass 

inlet are arranged in sequence, they can be seen as two resistors switched in series (equation 1). 

𝑅! = 𝑅"# + 𝑅#$%          1 

𝐼#$% = 𝐼"# %1 −
&!"#
&$%%

(          2 

In consequence, the current is the same for both parts under electrospray conditions. The current 

for the electrophoretic separation can be measured in an additional experiment by dipping the 

capillary end in a vial filled with electrolyte. By knowing all these parameters, the voltage for 

the electrospray can be calculated following equation 2. Since the current depends on the 

conductivity of the solution, the experiments were conducted with three different buffer 

solutions. In Fig. 5A the measured electrospray current is plotted against the applied voltage 

while in Fig. 5B the calculated electrospray voltage is shown in dependence of the applied 

voltage. No variation in the electronic properties could be observed when varying the flow rate 

of the electrospray. The electrospray current increased almost linearly with the applied electric 
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field in the range of 1.5 and 10 kV as well as with conductivity of the solution. When using a 

buffer containing 0.05 M acetic acid adjusted to pH 4 with ammonia, current values between 

56 and 1108 nA were obtained. Currents increased when going to higher conductivity buffer 

solutions. For a buffer system with 0.2 M acetic acid/ammonia at pH 4, currents between 61 

and 1406 nA were measured and for 1 M formic acid values between 59 and 1666 nA. For all 

buffer solutions, a sharp increase was observed in the range of 15 and 20 kV. The resulting 

electrospray voltage increased also in a linear fashion between 1.5 and 7 kV applied voltage 

and reached a plateau after 10 kV following a sigmoid function. Calculated values were 

between 1.1 and 3.1 kV for the lowest conductivity (0.05 M HAc pH 4) and between 1.1 and 

2.7 kV for the highest conductivity (1 M formic acid). In the range of 1.5 kV and 7 kV, the 

electronic properties of the different buffer solutions are in a similar range. On the other hand 

the values drift apart when measuring applying voltages between 10 and 20 kV. 

The electronic properties were compared to the results obtained from the measurements. In 

order to find the optimal conditions for the electrospray, a solution containing pyrimethanil as 

a modeling substance was injected into the separation capillary in a concentration of 50 µM. 

0.2 M acetic acid adjusted to pH 4 was used as electrolyte. The sample plug was pumped 

through the capillary under electrospray conditions and the resulting peak area plotted against 

the applied voltage as shown in Fig. 6A. The maximum signal was obtained when applying 3 

kV to the separation capillary corresponding to 1.7 kV and 120 nA for the electrospray. At 5 

kV applied pressure, the signal already decreased rapidly and after 10 kV no signal could be 

obtained anymore. This observation corresponds to the plateau region in the electrospray 

current measurement. It can therefore be assumed that corona discharges or an electrospray 

multi jet mode start to prevail at these voltages and as a consequence the analyte signal 

decreases rapidly [27]. In order to avoid corona discharges at the capillary tip, the electrospray 

voltage should remain below approximately 2.3 kV [25, 49]. For the further measurements, a 

voltage of 4 kV corresponding to an electrospray voltage of 2.0 kV and 148 nA current was 
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used. Even though 3 kV gives a higher signal, the electrospray is much more stable at 4 kV 

with an acceptable signal intensity. In Fig. 6B signal intensity depending on variation of the 

flow rate is plotted. Due to restricted range of possible pressures for operating the pneumatic 

valves, only flow rates between 28 nL/min (3 bar) and 57 nL/min (6 bar) were tested. The 

observed relation between flow rate and signal intensity was not linear although a decrease in 

signal intensity was seen when going from the 28 to 57 nL/min. This observation corresponds 

to the reported higher ionization degree of the analyte at low flow rates [50, 51]. For the 

following measurements, the lowest possible flow rate of 28 nL/min was applied due higher 

obtained signal intensities and a limited resolution of the mass spectrometer. 

In order to obtain an acceptable resolution of the electropherograms, the electronic conditions 

were changed in the middle of the measurements. First, 20 kV were applied under no flow 

conditions enabling the separation of the analyte in the electric field. The time length of this 

first step was adjusted to the migration time of the analytes by performing test runs. When the 

analytes were close to the capillary outlet in separated zones, the conditions were changed. The 

solution was pumped to the outlet with 3 bar applied pressure and 4 kV for enabling optimal 

electrospray conditions. The whole sequence was programmed and needed no attention of the 

operator.  

The effect of the different steps within the operation sequence on the electrospray properties 

were further investigated and the results displayed in Fig. 7. 2-amino-1-butanol was added in a 

concentration of 100 µM to the buffer serving as electrospray marker. The above described 

protocol was followed with switching the conditions after 14 minutes. As can be seen from the 

electropherogram, no electrospray was obtained during the separation step. Only when reducing 

the voltage and applying pressure, the signal of 2-amino-1-butanol can be seen. This 

observation is consistent with the above described assumption that at a voltage of 20 kV and 

no flow conditions, corona discharges predominate and consequently the analyte is not ionized. 
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3.2 Procedures 

In flow injection analysis, different steps are necessary for proper sample injection following a 

defined operation sequence. Pressure profiles as shown in Fig. 8 were measured by placing 

miniature hydraulic pressure sensors at the buffer container and T3 during instrument set-up. 

Note that the pressure sensors were removed during the measurements due to the high voltage 

applied to this part. The different steps of the operation sequence are detailed in Table 1 with 

the corresponding valve positions, duration and volumetric flow rates. 

The injection process starts by flushing both parts of the interface with the background 

electrolyte (BGE) by opening first V1 and closing V2 and afterwards reversing the valve 

position (1+2). For interface flushing and sample transport a pressure of 0.9 bar was applied to 

the buffer container resulting in a flow rate of 6.8 µL/s. Due to the inserted flow resistor R, the 

pressure at the capillary inlet was reduced to 0.01 bar.  For capillary flushing, sample injection 

and electrospray a pressure of 3 bar was used resulting in a flow rate of 28.3 nL/min. The low 

flow rate is not problematic since a stable electrospray can also be maintained in the nL min-1 

range [52, 53]. At the same time a nano electrospray (nano-ESI) increases ionization efficiency 

as well as tolerance towards ion suppression and solvent composition [50, 51]. Following to the 

flushing of the capillary (3), the sample loop located between T1 and T2 was filled with the 

analyte (4) by opening V1 and closing V2. The sample plug was then transported to the 

separation capillary inlet located in the Tee piece (5) with the same configuration as for the 

interface flushing. The injection occurred by closing V1 and V2 and applying a pressure of 3 

bar to the capillary inlet for 1.2 s (6) leading to a sample plug of 0.57 nL (3.23 µm, 0.4% 

occupancy). Afterwards, the interface was flushed to remove all sample residues (7+8) and the 

high voltage turned on to 20 kV for performing the separation (9). After separating the analytes, 

the configuration was changed for enabling a stable electrospray (10). One filling of the buffer 

container (1.1 mL) was sufficient for performing five measurements while the content of the 
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sample container content (1.0 mL) lasted for around 14 measurements. The injection process 

takes around 180 s. 

 

3.3 Performance   

For conductivity detection, a background electrolyte with a high ionic strength, but low 

conductivity is required to give a good S/N ratio [54]. On the other hand, for electrospray, the 

BGE should be volatile and buffer components such as ammonium acetate/formate, formic or 

acetic acid are best suited [54]. Non-volatile buffers on the other hand cause dirt at the orifice 

of the mass spectrometer. When combining both detection techniques, a compromise in the 

buffer composition has to be made for the benefit of the electrospray quality. The advantage of 

installing the second detector, is that the separation process can be controlled better when 

observing the conductivity. For example clogging of the separation capillary can quickly be 

detected as well as if the sample was injected correctly. Consequently the separation  process 

can be interrupted quickly on demand. On the other hand, the sensitivity of the conductivity 

detection with these buffers is quite low and the baseline is unstable. Therefore the conductivity 

is not useful for quantitative detection. 

In Fig. 9, the obtained electropherograms when separating three different benzalkonium 

chloride (BAC) homologues (benzyldimethyldodecylammonium chloride, 

benzyldimethyltetradecylammonium chloride and benzyldimethylhexadecylammonium 

chloride) at 50 µM concentration are displayed [55]. A volatile buffer containing 0.05 M acetic 

acid adjusted to pH 4 with ammonia was employed. The voltage was switched from 20 kV to 

electrospray conditions after 10.5 min. In Fig. 9A the ion electropherogram obtained with the 

mass spectrometric detection is shown while in Fig. 9B the signals obtained with the 

conductivity detector are displayed. 

Subsequently, four different pesticides in a standard solution at 50 µM concentration were 

separated and the resulting electropherograms displayed in Fig. 10. A buffer containing 0.2 M 
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acetic acid adjusted to pH 4 with ammonia was used [56]. The conditions were switched after 

14 minutes to an electrospray friendly level. The ion electropherogram was collected with the 

mass spectrometer within 15.3 minutes and is shown in Fig. 10A. Conductivity signals were 

measured after 10.8 minutes as shown in Fig. 10B. Grape juice spiked with the pesticides at a 

concentration of 10 µM and extracted with SPE was analysed with the calibrated system and 

the resulting electropherogram shown in Fig. 10C. 

Calibration curves based on peak areas of the analytes were acquired for the four pesticides in 

the range of 10 and 50 µM with the mass spectrometer as shown in Table 2. Correlation 

coefficients between 0.9944 and 0.9970 were obtained. Reproducibilities of the peak areas were 

between 5.2 and 6.6% RSD for four subsequent measurements. RSD values for the migration 

times were between 0.2 and 0.4%. Detection limits (LODs) were found to be between 0.36 and 

0.76 µM. 

4 Concluding Remarks 

A compact automated CE injection system enabling coupling to a mass spectrometer was 

developed. The injection system is solely operated by pressure application and employs an 

interface free sheathless electrospray. The instrument has a flexible set-up enabling easy 

amendments in capillary dimensions and method. In addition, a second detector can easily be 

added as demonstrated with a capacitively coupled contactless conductivity detector. Good 

reproducibilities and detection limits were obtained when analyzing four pesticides 

quantitatively. 
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 Table 1  Operation sequence 

Step Operation Duration Flow Rate Buffer Amount  Sample Amount V1 V2 

  (s) (μL s-1) (μL) (μL)   

1 Interface flushing (P1) 2 6.8 14 - Open Closed 

2 Interface flushing (P2) 3.5 6.8 24 - Closed Open 

3 Capillary flushing 120 4.7E-04 5.7E-02 - Closed Closed 

4 Filling sample loop 10 6.8 - 76 Open Closed 

5 Sample transport 2.5 6.8 16.9 - Closed Open 

6 Sample Injection 1.2 4.7E-04 5.7E-04 - Closed Closed 

7 Interface flushing (P1) 10 6.8 68 - Open Closed 

8 Interface flushing (P2) 12 6.8 81 - Closed Open 

9 High voltage on variable 0 - - Open Closed 

10 Electrospray variable 2.8E-02 variable - Closed Closed 
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Table 2  Validation data for the determination of four pesticides 

Ion Migrati

on time 

Range  

 

Correlation 

coefficient 

LOD  LOQ Precision of migration 

time (n=4) 

Precision of peak 

area (n=4) 

 (s) (μM) r2 (μM) (μM) (% RSD) (% RSD) 

Pyrifenox 15.27 10-50 0.9958 0.44 1.45 0.2 5.2 

Cyprodinil 15.41 10-50 0.9970 0.76 2.54 0.3 3.2 

Pirimicarb 15.55 10-50 0.9944 0.36 1.20 0.3 6.6 

Pyrimethanil 15.78 10-50 0.9952 0.47 1.56 0.4 6.1 
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Figure Captions 

Fig. 1 (A) Schematic overview of the CE-MS set-up with the different modules. Injection 

takes place in the fluid handling part consisting of a microfluidic flow injection 

manifold. Flow rates and flow paths are controlled by pressures provided by a 

pneumatic part. An electronic part including a microcontroller enables automated 

operation of the set-up with a personal computer. The separation capillary is interfaced 

to the mass spectrometer inlet by positioning the ground and coated tip at the XYZ 

translation stage in a distance of 2 mm to the mass spectrometer inlet. (B) Photograph 

of the capillary electrophoresis instrument coupled to the mass spectrometer. (C) 

Photograph of the capillary outlet as electrospray emitter positioned in front of the 

mass spectrometer. 

Fig. 2  Microfluidic part. N2: nitrogen gas; BR: buffer reservoir; CV1 and CV2: check valves; 

R: flow resistance; T1-T4: Tee pieces; V1 and V2: pressure operated two-way valves; 

C4D: capacitively coupled contactless conductivity detector; HV: high voltage; MS: 

mass spectrometer; GND: ground. 

Fig. 3 Electropneumatic part. N2: nitrogen gas cylinder; PR1 and PR2: pressure regulators; 

M1 and M2: electronic pressure sensors; LV1-LV7: latching valves; T1-T7: Tee 

pieces; CV1 and CV2: pneumatic check valves.  

Fig. 4 Electronic part including an Arduino Nano as microcontroller for interface to the 

computer. I2C: inter-integrated circuit, DAC: digital-to-analog converter;  TTL: 

transistor-transistor-logic; HV-Module: high voltage module. 

Fig. 5 Electronic properties of the electrospray for the buffer solutions 1 M formic acid, 0.2 

M acetic acid adjusted to pH 4 with ammonia and 0.05 M acetic acid adjusted to pH 4 

with ammonia. (A) Electrospray current in dependence of the applied voltage. (B) 

Calculated electrospray voltage in dependence of the applied voltage. 

Fig. 6 Variation of voltage and pressure for finding optimal conditions for the electrospray. 

118 projects

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



 25 

Buffer: 0.2 M HAc pH 4 with NH3, Injection: 3 bar for 1.5 s, Capillary: 15 µM, 80 cm 

length, Analyte: 50 µM pyrimethanil. (A) Dependence of the peak area on the applied 

voltage in the range of 1.5 and 10 kV and (B) the applied flow rate in the range of 20 

and 60 nL/min. 

Fig. 7 Electrospray marker 2-amino-1-butanol added to the buffer 0.2 M HAc adjusted to 

pH4 with NH3 in a concentration of 100 µM in red. A blank sample containing only 

the buffer is shown in black. (A) Mass spectrum and (B) ion electropherogram with an 

applied voltage of 20 kV and subsequent switching to electrospray friendly conditions 

with a flow rate of 28 nL/min and a voltage of 4 kV. 

Fig. 8 Pressure profile of one operation cycle measured at the (A) buffer reservoir (BR) and 

(B) at the Tee piece (T3) with the separation capillary inlet. The different steps with 

the numbers are listed in Table 1. 

Fig. 9 Qualitative separation of three benzalkonium chloride homologues at a concentration 

of 50 µM within 11.3 min. BGE: 0.05 M HAc pH 4 adjusted with ammonia with (A) 

mass spectrometric detection (B) C4D detection. (1) 

benzyldimethyldodecylammonium chloride, (2) benzyldimethyltetradecylammonium 

chloride and (3) benzyldimethylhexadecylammonium chloride. 

Fig. 10 Separation of four different pesticides at a concentration of 50 µM within 16 min. 

BGE: 0.2 M HAc adjusted to pH 4 with ammonia with (A) mass spectrometric 

detection (B) C4D detection. (1) pyrifenox, (2) pirimicarb, (3) cyprodinil, (4) 

pyrimethanil. (C) mass spectrometric detection of grape juice spiked with 10 µM 

pesticides extracted with SPE. (1) pyrifenox, (2) pirimicarb, (3) cyprodinil, (4) 

pyrimethanil. 
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Anal. Methods 2020, 12, 4977–4986.

(101) Oh, K. W.; Lee, K.; Ahn, B.; Furlani, E. P. Lab Chip 2012, 12, 515–545.

(102) Mai, T. D.; Pham, T. T. T.; Pham, H. V.; Sáiz, J.; Ruiz, C. G.; Hauser, P. C. Anal. Chem.
2013, 85, 2333–2339.

(103) Mayrhofer, K.; Zemann, A. J.; Schnell, E.; Bonn, G. K. Anal. Chem. 1999, 71, 3828–3833.

(104) Na, N.; Zhang, C.; Zhao, M.; Zhang, S.; Yang, C.; Fang, X.; Zhang, X. J. Mass Spectrom.
2007, 42, 1079–1085.

(105) Na, N.; Zhao, M.; Zhang, S.; Yang, C.; Zhang, X. J Am Soc Mass Spectrom 2007, 18,
1859–1862.

(106) Harper, J. D.; Charipar, N. A.; Mulligan, C. C.; Zhang, X.; Cooks, R. G.; Ouyang, Z.
Anal. Chem. 2008, 80, 9097–9104.

(107) Hayen, H.; Michels, A.; Franzke, J. Anal. Chem. 2009, 81, 10239–10245.

(108) Williams, J., The Art and Science of Analog Circuit Design; Williams, J., Ed.; Butterworth-
Heinemann: Boston, 1998, pp 139–193.

(109) Dionigi, M.; Costanzo, A.; Mastri, F.; Mongiardo, M.; Monti, G., Wireless Power Transfer;
Agbinya, J. I., Ed.; River Publishers: Aalborg, 2016, pp 217–270.

(110) Kogelschatz, U. Plasma Chem. Plasma Process. 2003, 23, 1–46.

(111) Urban, P. L. Analyst 2015, 140, 963–975.

(112) Zollinger, D. P.; Bos, M. Trends Anal. Chem. 1985, 4, 60–61.

(113) Rather, E. D.; Colburn, D. R.; Moore, C. H., History of Programming Languages II; Bergin
T, J., Gibson, R. G., Eds.; ACM Press: New York, 1996, pp 625–670.

(114) Casto, L. D.; Do, K. B.; Baker, C. A. Anal. Chem. 2019, 91, 9451–9457.

(115) Ryvolová, M.; Preisler, J.; Foret, F.; Hauser, P. C.; Krásenský, P.; Paull, B.; Macka, M.
Anal. Chem. 2010, 82, 129–135.

(116) Prikryl, J.; Foret, F. Anal. Chem. 2014, 86, 11951–11956.

(117) Zhang, P. et al. Drug Discov. Today 2016, 21, 740–765.

(118) Hu, M.; Lan, Y.; Lu, A.; Ma, X.; Zhang, L. Prog. Mol. Biol. Transl. Sci. 2019, 162, 1–24.

(119) Bonaccorsi, A.; Rossi, C. Res. Policy 2003, 32, 1243–1258.

(120) Bonvoisin, J.; Mies, R.; Boujut, J.-F.; Stark, R. J. Open Hardw. 2017, 5, 1–18.

(121) Pearce, J. M. Science 2012, 337, 1303–1304.

(122) Da Costa, E. T.; Mora, M. F.; Willis, P. A.; do Lago, C. L.; Jiao, H.; Garcia, C. D.
Electrophoresis 2014, 35, 2370–2377.
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(124) Týčová, A.; Foret, F. J. Chromatogr. A 2015, 1388, 274–279.
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S U P P L E M E N TA RY I N F O R M AT I O N T O T H E

3
R D P R O J E C T

Code extracts from the graphical user interface written in Java
showing the basic communication protocol between the GUI

and the Arduino microcontroller
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Code extract showing how communication with RS232 interface is established 
 
private void butConnectActionPerformed(java.awt.event.ActionEvent evt) {                              
        if (portInStream == null){ 
            Enumeration en = CommPortIdentifier.getPortIdentifiers(); 
            while (en.hasMoreElements()) { 
                CommPortIdentifier cpi = (CommPortIdentifier)en.nextElement(); 
                if (cpi.getPortType() == CommPortIdentifier.PORT_SERIAL) { 
                    if (cpi.getName().equals(selectedPort)) { 
                        try { 
                        com = (SerialPort)cpi.open("RS232Test",1000); 

if (debug) System.out.println 
("CONNECT> "+selectedPort+" found and opened."); 

com.setSerialPortParams (BAUD, DATABITS, STOPBITS, 
PARITY_NONE); 

                        portInStream = new InputStreamReader(com.getInputStream()); 
                        portInBuffReader = new BufferedReader (portInStream); 
                        portOutStream = new PrintStream (com.getOutputStream());  

if (debug) System.out.println ("CONNECT> InputStream is 
now open and I try to read."); 

                        butConnect.setEnabled(false); 
                        butDisconnect.setEnabled(true); 

} catch (PortInUseException | IOException | 
UnsupportedCommOperationException e) { 

                            System.err.println(e.toString()); 
                            System.exit(1); 
                        } 
                    } 
                } 
            } 
        } 
    } 
 
Sources: 

- http://www.kuligowski.pl/java/rs232-in-java-for-windows,1 
- https://blog.henrypoon.com/blog/2011/01/01/serial-communication-in-java-with-example-program/ 
- https://gist.github.com/tkojitu/1924274 

 
 

Code showing how a command is send to the Arduino as string 
 
private int SendCommandToArduino (String cmd, String functionName){ 

try{ 
if (debug){ 

System.out.println (functionName+"> Sending ["+cmd+"]"); 
} 
if (portOutStream != null){ 

portOutStream.println(cmd); 
}else{ 

System.err.println("SendCommandToArduino> ERROR: portOutStream 
not valid") 

} 
} 
catch (Exception e) { 

System.err.println("SendCommandToArduino> ERROR: "+e.toString()); 
return (-1); 

} 
return (0); 
} 

 
Sources: 

- http://forum.arduino.cc/index.php?topic=438956.0 
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Code showing how data is read (part of the main routine) 
 
while (true) { 

try {                  
if (analogread){ 

gui.SendCommandToArduino ("A0 analog_read .", "Endlessloop"); 
Thread.sleep(500); 
gui.jCheckBox2.setText("STOP"); 

} 
else{ 

Thread.sleep(1000); 
gui.jCheckBox2.setText("START"); 

} 
 
line1=portInBuffReader.readLine(); 
line2=portInBuffReader.readLine(); 
line3=portInBuffReader.readLine(); 
line4=portInBuffReader.readLine(); 

 
if (line2!=null){ 
 

String g1 = line2; 
String sub1 = g1.substring(0); 
String [] foo = sub1.split("ok"); 
for (String token : foo){ 

guimain.x = (int) Double.parseDouble(token); 
guimain.val = (( guimain.x * 4 ) / 1023); 
guimain.val2 = Math.round(guimain.val * 100) / 100.0; 
value = String.valueOf(guimain.val2); 
gui.resolution.setText(value + " " + "mg/L"); 

} 
  } 

} 
} 
 
Sources: 

- http://www.drdobbs.com/jvm/control-an-arduino-from-java/240163864 
- https://stackoverflow.com/questions/15996345/java-arduino-read-data-from-the-serial-port 

 
 

Code displayed in console during communication with Arduino 
 
run: 
MAIN> scanning ports.. 
DEBUG> found port COM3 
DEBUG> selected port COM3 
CONNECT> COM3 found and opened. 
CONNECT> InputStream ist now open and I try to read. 
butResetActionPerformed> Sending [-analoginput2] 
butResetActionPerformed> Sending [marker -analoginput2] 
butResetActionPerformed> Sending [PORTC 0 portpin: A0] 
butResetActionPerformed> Sending [adc.init] 
Endlessloop> Sending [A0 analog_read .] 
Endlessloop> Sending [A0 analog_read .] 
Endlessloop> Sending [A0 analog_read .] 
Endlessloop> Sending [A0 analog_read .] 
Endlessloop> Sending [A0 analog_read .] 
BUILD SUCCESSFUL (total time: 20 seconds) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

appendix 145

[ July 3, 2022 at 11:32 – classicthesis version 1.0 ]



146 appendix

S U P P L E M E N TA RY I N F O R M AT I O N T O T H E

5
T H P R O J E C T

Flow paths and the operating sequence of the microfluidic part,
calculation of the overall costs, electronic circuitry and pictures

of each part
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Parts for CE device 
      

       

Name Designation in 
figures 

Supplier Product 
number 

Amou
nt 

Cost in 
Euro 

Total Cost 
in Euro 

Microfluidic Part 
      

One-Piece Fitting 
 

LabSmith LS-100 12 11.63 139.56 

One-Piece Plug 
 

LabSmith LS-101 10 9.61 96.10 

Interconnect Tee T1-3 LabSmith LS-203 3 20.23 60.69 

Breadboard Reservoir 5 mL Waste LabSmith LS-BBRES-
5ML 

2 60.68 121.36 

Breadboard Reservoir 1.1 mL BR1-3 LabSmith LS-BBRES-
1ML 

3 80.91 242.73 

Breadboard 
 

LabSmith LS-LS-BB600 2 46.52 93.04 

uPS Pressure Sensor 
 

LabSmith LS-uPS 2 151.71 303.42 

Solenoid Valves V1-2 NResearch HP225T021 2 79.45 158.91 

Tubing Sleeves, 1/16" OD, 390 µm ID 
 

Idex U360-SLV 1 37.00 37.00 

Check Valve Inlet Assembly 3 psi 1/4-28 .020 CV1-2 Idex CV-3315 2 95.41 190.83 

Flangeless Ferrules 
 

Idex P-200N 10 1.26 12.64 

Flangeless Nut  
 

Idex P-218 10 1.90 18.95 

Y Assembly 
 

Idex P-512 1 30.89 30.89 

PEEK Tubing 1/16" OD x .010" ID 
 

Idex 1531L 1 163.57 163.57 

PEEK Tubing 1/16" OD x .020" ID 
 

Idex 1532L 1 163.57 163.57 

Perspex Box 
 

Amazon 1283MDTEU 1 14.99 14.99 

Case 203x160x69.5mm Aluminium 
 

Teko 384.18 3 23.48 70.44 

Microfluidic Reservoir for 1.5 mL Eppendorf® - XS Sample DARWIN 
microfluidics 

- 1 126.00 126.00 

Bel-Art™ SP Scienceware™ Conical Tube Holder 
 

Bel-Art™  F187960000 1 19.65 19.65 

TSP Standard FS Tubing, 25µm ID, 363µm OD, 10 m 
 

BGB TSP-025375 1 100.69 100.69 

Pneumatic Part 
      

2-Stage Piston Regulator PR1 Beswick 
Engineering 

PR2-7NX-
1NH-3V 

1 149.99 149.99 

Precision Regulator PR2 Clippard DR-2NR-5 1 37.62 37.62 

2-Way Latching Valves LV2, LV3 Clippard E2L10C-
7W012 

2 40.44 80.87 

3-Way Latching Valves LV1, LV4, LV5 Clippard E3L10C-
7W012 

3 38.11 114.32 

Single-Station Manifold 
 

Clippard E10M-01 3 10.68 32.04 

2-Station Manifold 
 

Clippard E10M-02 1 13.38 13.38 

Male to Single Barb Connectors 
 

Clippard CT2-PKG 14 3.78 52.95 

1/16 ID Hose T Fitting 
 

Clippard T22-2-PKG 3 10.10 30.30 

Check Valve CV1-2 Clippard MCV-1BB 2 5.68 11.36 

Angled Push-In Fitting 
 

Clippard PQ-FEO4P-
PKG 

1 19.25 19.25 

Urethane Hose 1/8" 
 

Clippard URH1-0402-
BLT-050 

1 12.68 12.68 

Pressure Switch 
 

SMC PSE530-M5 2 52.18 104.36 

Pressure Gauge M SMC K8-16-40 1 7.97 7.97 

Electronic Part 
      

High Voltage Module HV-Module Spellman UM30N4/S 1 458.00 458.00 

Arduino Nano 3.0 Arduino Nano Arduino A000005 1 16.87 16.87 
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Digital to Analog Converter DAC Maxim MAX517BEPA
+ 

1 4.78 4.78 

H Bridge H-Bridge ROHM 
Semiconduct
or 

BD6220F-E2  5 2.19 10.95 

Valve Driver Valve Driver 1-
2 

NResearch 225D1X75R 2 16.88 33.75 

Circuit Board Epoxy Base 16/10th - 35 microns - 2 sides 
 

C.I.F. AB16 1 8.46 8.46 

Voltage Regulator 
 

Texas 
Instruments 

LM340T5 1 1.39 1.39 

Power Supply 
 

MEAN WELL GST60A12-
P1J 

1 15.30 15.30 

Instrumentation Amplifier 
 

Texas 
Instruments 

INA111AP 2 10.50 21.00 

Pin Header Male 13 
 

Molex 22-27-2131 1 0.56 0.56 

Socket 
 

WURTH 
ELEKTRONIK 

61300411821 1 0.35 0.35 

Crimp Housing 1x13P 
 

Molex 22-01-2135 2 0.47 0.93 

Female Connector 
 

WURTH 
ELEKTRONIK 

61300911821 2 0.34 0.69 

15-PIN Female Header 
 

Gravitech 15Fx1-
254mm 

2 1.06 2.12 

USB Connector 
 

Neutrik NAUSB-W 1 5.35 5.35 

Capacitor 100 nF 
 

Wima MKS2C03100
1A00KSSD 

13 0.34 4.48 

Capacitor 10 µF 
 

AVX TAP106M035
CCS 

1 1.47 1.47 

Resistor 4.7k 
 

MULTICOMP 
PRO 

MF25 4K7 2 0.04 0.08 

Resistor 270 
 

MULTICOMP 
PRO 

MF25 270R 1 0.04 0.04 
       

       

C4D headstage 
 

EDAQ ET120-317 1 428.42 428.42 

C4D data acquisition 
 

EDAQ ER225 1 2985.9
8 

2985.98 
       

       

Total 
     

6833 
       

Note, that some additional small parts are required, such as wires for 
electrical connections etc. 
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-1- 
 

Operating sequence 

Step Operation Duration Flow Rate Buffer Amount  Sample Amount V1 V2 

  (s) (μL s-1) (μL) (μL)   

1 Interface flushing (P1) 0.5 15 7.4 - Open Closed 

2 Interface flushing (P2) 1.0 15 15 - Closed Open 

3 Capillary flushing 60 4.3E-03 0.26 - Closed Closed 

4 Pressure release 0.5 0 - - Open Open 

5 Filling sample loop 8 15 - 118 Open Closed 

6 Pressure release 1.5 0 - - Open Closed 

7 Sample transport 0.6 15 8.9 - Closed Open 

8 Sample Injection 0.4 4.3E-03 1.73 - Closed Closed 

9 Pressure release 1.0 0 - - Open Closed 

10 Interface flushing (P1) 1.5 15 22 - Open Closed 

11 Interface flushing (P2) 5.0 15 74 - Closed Open 

12 Pressure release 0.5 0 - - Open Open 

13 High voltage on variable 0 - - Open Closed 
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VERSATILE CAPILLARY ELECTROPHORESIS INSTRUMENTS
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I. INTRODUCTION

Capillary electrophoresis (CE) as a very versatile sepa-
ration technique is nowadays frequently used in indus-
trial and environmental areas addressing different an-
alytical tasks ranging from high-molecular-weight pro-
teins, peptide analyses, DNA sequencing to small inor-
ganic analytes.[1] Automation was an essential step in
the development of CE instruments leading to an en-
hancement in reproducibility and robustness of the se-

paration technique.[2] Today, commercial CE instru-
ments are often used for one specific application as
benchtop instruments, but lack in flexibility for sci-
entific research or field applications. The microfluidic
breadboard approach [3] to CE instruments is based on
different miniature components as a modular system for
building microfluidic injection systems on breadboards.
Similar to lab-on-chip devices, buffer and sample amou-

nts are reduced, but the setup is much less rigid. Easy
amendments in capillary length, inner diameter, ap-
plied voltage, injected sample amount and detection
method can be made. Injection processes are auto-
mated by using a microcontroller and operated with a
software in the programming language Forth. As exam-
ples the instruments can be used for measuring biogenic
amines in food and inorganic ions in water.

II. SET-UP OF THE INSTRUMENT

Commercially available miniature components, which are suitable for withstanding high pressures while
consuming low power, allow building microfluidic channels on compact breadboards.

Flow
Resistance

Buffer
Container

TubingSyringe Pump2-way Valve3-way Valve T-PieceCheck Valve Pressure Sensor

P

6-way Valve

FD

Fluorescence
Detector

C
4
D

Capacitively 
coupled contactless 
conductivity Detector

Pressure
Regulator

One previously published configuration of a CE instrument is shown, using flow resistors to control flow
rates within the system.[4] The instrument was optimized for fast analysis of inorganic cations.

GND

C4D

P

BGE

Sample

N2

N2

HV
RFl

RFl

Waste Waste

III. DETECTION

For the analysis of inorganic ions, a lab-made
capacitively coupled conductivity detector (C4D) was
used.

Analytes at low concentrations were detected
by laser induced fluorescence (LIF). For this
purpose, a fluorescence detector was built by using
a laser diode with an excitation wavelength at 637 nm.

IV. RESULTS

25201510

 Migration time (s)

Mn
2+

Sr
2+

Li
+ Ba

2+Na
+

Ca
2+

Mg
2+

K
+

NH4

+

Analysis of inorganic ions at 80 µM, BGE: 60 mM L-His, 5 mM 
18-Crown-6 and 0.2 mM acetic acid (pH 4), capillary 10 µm ID, 
365 µm OD, 6 cm effective length, 17 cm total length, Injection: 
0.5 s at 4.14 bars.

20
mV

15105

Migration time (s)

K
+

Na
+

Ca
2+

Mg
2+

Determination of inorganic cations in mineral water (Cristalp
®
) 

(1:20 dil.), BGE: 60 mM L-His, 5 mM 18-Crown-6 and 0.2 mM 
acetic acid (pH 4), capillary 10 µm ID, 365 µm OD, 4 cm effect-
ive length, 17 cm total length, Injection: 0.5 s at 4.14 bars.

40
mV

700600500400300

Migration time (s)

Analysis of biogenic amines at 400 nM, derivatized with Cy5. 
1: Cadaverine, 2: Putrescine, 3: Tryptamine, 4: Tyramine, 
5: Histamine. BGE: 60 mM sodium tetraborate, 10 % 2-propa-
nol (pH 10), capillary 50 µm ID, 365 µm OD, 60 cm effecive 
length, 65 cm total length, Injection: 0.4 s at 1.35 bars. Chemi-
cal structures of the underivatized biogenic amines are shown.

1
2

3
4

5

0.05
mV
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VIII. FURTHER PROJECTS

Portable CE instrument for field applications

IX. CONCLUSIONS

• The microfluidic breadboard approach can be
used as a modular design tool for building CE
instruments.

• The resulting CE instruments have a compact
and flexible set-up. They can easily be rear-
ranged for different applications.

• Possible applications are shown such as the
determination of inorganic ions in water or
biogenic amines by LIF.

V. Pneumatics

A constant pressure delivered by a nitrogen gas cylin-
der is used to drive liquids in the microfluidic chan-
nels. Miniature pressure regulators provide the re-
quired pressures needed for the different steps in the
injection sequence.

Pressure Source

Manometer

Pressure Relief 
Valve

2-Stage Piston 
Regulator

Socket

Sample 
Container

Buffer 
Container

Low Pressure 
Regulator

VI. Hardware

For controlling the hardware devices in the experi-
ment, a small microcontroller platform was used. The
Arduino Nano can easily be programmed and was
plugged onto a purpose build printed circuit board
(PCB) serving as an interface to the experiment.

VII. Software

The interpreted programming language Forth was
used to operate the instrument.[5] The program run-
ning on the microcontroller allows to operate the ex-
periment interactively using so-called Words, which
are small subroutines. Forth can easily be learned by
non-professional programmers and applied for control-
ling complex experimental setups.
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