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The very low sample loadability of a few nanoliters precludes the application of
capillary electrophoresis-mass spectrometry (CE-MS) in environmental trace analysis.
Therefore, analyte enrichment is required to achieve the desired limits of detection.
This can be achieved wusing the inherent preconcentration abilities of

isotachophoresis (ITP), when coupled online to CE-MS.

In this study, a compact 2D setup for column-coupled isotachophoresis capillary
electrophoresis-mass spectrometry (ITP/CE-MS) based on a modified commercial
CE-MS setup for the sensitive analysis of anionic analytes is presented. Beside
instrumental inventions, methodological aspects are a major focus of this thesis. The
selected model compounds, glyphosate and its metabolites, are inherently difficult to
analyze by chromatographic methods due to their high charge and polarity,
necessitating derivatization. In contrast, electrophoretic methods are ideal, because
their separation mechanism requires charged analytes and allow to analyze very

sample volumes

The ITP/CE-MS setup was developed as a hybrid solution based on standard capillaries
and a microfluidic glass chip as interface with integrated conductivity detection. This
intermediate detector enabled to reliably transfer the stack of analytes between the
separation dimensions. Thanks to the hybrid design, it was possible to use a single
commercial CE-MS device with a modified injection system, a third vial holder
(pressurizable, connectable to high voltage) and a high voltage switching box for
ITP/CE-MS measurements. All modifications were flexibly installed in the commercial
CE instrument and did not require any disassembly of the CE instrument. This allowed

fast switching between 2D and 1D applications on the same device.
To optimize the separation conditions for both dimensions, the pKa values and limiting

electrophoretic mobilities for glyphosate and its metabolites were determined between

pH 1.2 and 12.0 by CE coupled to conductivity detection (CE-C*D) at a very high
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resolution using suitable buffer systems and the free AnglerFish software developed
by Maly et al. (Maly et al., Electrophoresis. 2020, 41, 493-501). Thanks to the software-
based correction of ionic strength effects on the analytes’ effective electrophoretic
mobility, the very low pKa values of the analytes were precisely determined for the first

time.

With these data, optimal separation conditions for CE at different pH values were
simulated and confirmed in experiments. CE-MS was successfully applied to real
samples. The results revealed that phosphate is the most critical matrix component. In
parallel, ITP-MS was optimized to ensure preconcentration of analytes as well as an

effective separation from phosphate, not included in the ITP stack.

Finally, ITP-C*D/CE-MS measurements were conducted to analyze glyphosate in

aqueous samples achieving impressive limits of detection in the picomolar range.
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Zusammenfassung Deutsch

Die Nachweisgrenzen in der Kapillarelektrophorese-Massenspektrometrie (CE-MS)
sind aufgrund der sehr geringen Probenbeladbarkeit fiir einige Anwendungen, wie
z. B. die Analyse von Spurenstoffen in der Umwelt, nicht ausreichend. Daher ist eine
Anreicherung des Analyten erforderlich. Zur Verbesserung der Nachweisgrenzen
kann die Isotachophorese, welche Analyte effektive anreichern kann, als zuséatzliche

Trenndimension mit der CE-MS gekoppelt werden.

In dieser Studie wird ein kompakter 2D-Aufbau fiir die sadulengekoppelte
Isotachophorese/Kapillarelektrophorese-Massenspektrometrie (ITP/CE-MS) basierend
auf einem modifizierten kommerziellen CE-MS-Aufbau fiir die nachweisstarke
Analyse von anionischen Analyten vorgestellt. Neben instrumentellen Arbeiten sind
auch methodische Aspekte ein Schwerpunkt dieser Dissertation. Die ausgewahlten
Verbindungen, Glyphosat und seine Metaboliten, sind aufgrund ihrer hohen Ladung
und Polaritdt von Natur aus schwierig durch chromatographische Verfahren zu
analysieren. In der Regel miissen sie vor der Analyse derivatisiert werden. Dagegen
eignen sich elektrophoretische Methoden ideal fiir geladene Analyten, da dies die
Grundlage des Trennmechanismus darstellt und zudem geringe Probenvolumen

analysiert werden konnen.

Der ITP/CE-MS-Aufbau wurde in einem Hybridformat basierend auf
Standardkapillaren und einem mikrofluidischen Glaschip als Schnittstelle mit
integrierter Leitfahigkeitsdetektion entwickelt. Der intermedidre Detektor ermdglichte
einen zuverldssigen Transfer der mittels ITP aufkonzentrierten Analyte zwischen den
Trenndimensionen. Dank des Hybriddesigns war es moglich, ein einziges
kommerzielles CE-MS-Gerdt mit einem modifizierten Injektionssystem, einem dritten
Vial-Halter (mit Druck beaufschlagbar, an Hochspannung anschliefSbar) und einer
Hochspannungs-Schaltbox fiir ITP/CE-MS-Messungen zu verwenden. Alle

Modifikationen konnten flexibel in das CE-Gerdt selbst eingebaut werden und

11
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erforderten keine Demontage des CE-Gerits. Dies ermdglichte ein schnelles Wechseln

zwischen 2D- und 1D-Anwendung auf demselben Gerit.

Um die Trennbedingungen fiir beide Dimensionen zu optimieren, wurden die
pKs-Werte und die elektrophoretischen Grenzmobilitaten fiir Glyphosat und seine
Metabolite zwischen pH 1,2 und 120 durch Kapillarelektrophorese-
Leitfahigkeitsdetektion (CE-C!D) mit sehr hoher Auflosung unter Verwendung
geeigneter Puffersysteme und der kostenlosen AnglerFish-Software von Maly et al.
bestimmt (Maly et al., Electrophoresis. 2020, 41, 493-501). Durch die softwarebasierte
Korrektur der Ionenstarkeeffekte auf die effektive elektrophoretische Mobilitat der
Analyte konnten erstmals die sehr niedrigen pKs-Werte der Analyten prazise bestimmt

werden.

Mit diesen Daten wurden optimale Trennbedingungen fiir die CE bei
unterschiedlichen pH-Werten simuliert und experimentell bestatigt. CE-MS wurde
erfolgreich auf reale Proben angewendet. Die Ergebnisse zeigten, dass Phosphat die
kritischste Matrixkomponente ist. Parallel dazu wurde die ITP-MS Trennung
optimiert, um neben der Anreicherung der Analyte auch die effektive Abtrennung von

Phosphat sicherzustellen, sodass es nicht im ITP-Stack enthalten ist.

Schlieslich wurden ITP-C*D/CE-MS-Messungen durchgefiihrt, um Glyphosat in
wassrigen Proben zu analysieren, wobei hervorragende Nachweisgrenzen im

pikomolaren Bereich erreicht wurden.

12
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1 Motivation

The analysis of a wide range of non-polar to medium polar substances is well
established, while the analysis of very polar and ionic compounds is still challenging.
This analytical gap was mentioned by Reemtsma et al. and discussed as a threat to the
quality of our water resources since these compounds are highly water soluble and can
escape wastewater treatment, are mobile also in subsurface environments and may
potentially contaminate drinking water [4, 5]. To close this gap, several derivatization
approaches were published, and chromatographic and electromigrative separation
methods were developed. Since these separation methods rely on orthogonal
separation mechanisms, it is beneficial to establish both, especially with regard to

possible matrix effects [5].

A drawback of electromigrative separation techniques, like capillary
electrophoresis (CE), are their comparatively poor limits of detection (LOD) which are
not sufficient for trace analysis due to their inherently low sample loadability. To
improve LODs, different off-line and on-line sample preconcentration techniques were
described in literature. Among all on-line preconcentration methods,
isotachophoresis (ITP) proved to be the most robust, powerful, and universal one.
Hence, in this thesis, a new approach was investigated for the sensitive analysis of very
polar ionizable analytes by column-coupled isotachophoresis with intermediate
capacitively coupled contactless conductivity detection/capillary electrophoresis-mass

spectrometry (ITP-C*D/CE-MS).

13
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2 Introduction

2.1 Challenges in analyzing polar analytes

Persistent and mobile water micropollutants stem from diverse chemical classes and
application fields. At the same time, they are problematic in analytics since they are not
well addressed by common and well-established methods, like reversed phase liquid
chromatography interfaced with mass spectrometry (RPLC-MS). This limitation is due
to their polar character and makes it difficult to include them in multi-analyte methods
and thus in routine analysis [6]. The need to monitor these compounds becomes also
evident by the fact, that biotic transformation processes usually produce degradation
products that are more polar and more water-soluble than the parent compounds [7].
Gas chromatography (GC) is not applicable to polar compounds since they have a very
low vapor pressure preventing evaporation. Further, their high polarity strongly
prevents interaction with the stationary phase in RPLC so many of them elute in or
close to the void volume so that quenching effects are likely in the ionization process
of the mass spectrometric detection. Time consuming and laborious derivatization
steps can be implemented in sample preparation to reduce the polarity of analytes and
to increase their volatility, however, at the cost of reduced accuracy and throughput.
In addition, appropriate derivatization methods are not available for all target
analytes [8]. A derivatization free analysis by chromatographic methods is possible
when using hydrophilic interaction liquid chromatography (HILIC) [9], supercritical
fluid chromatography (SFC) [10], mixed-mode liquid chromatography (MMLC) [11] or
ion exchange chromatography (IEC) [12] but none of them is yet established in routine
analysis. Electrophoretic separation methods can be used as an alternative for charged

and ionizable analytes [6].

15
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2.2 State of the art in the analysis of glyphosate and its metabolites

As a challenging model analyte for a mobile water contaminant glyphosate was
selected in this thesis. Its polar character and its three ionizable functional groups make
its separation difficult. In addition, direct detection by spectrophotometric techniques
is hardly possible due to the absence of a chromophore. As glyphosate is the herbicide
most heavily applied worldwide, also its transformation products from its major
microbial degradation pathways are of interest [13-16]. Glyphosate is either
transformed into aminomethylphosphonic acid (AMPA) and glyoxylic acid by
glyphosate oxidoreductase or into sarcosine and phosphate by carbon-phosphorus
lyase. Further, glyphosate can be acetylated to N-acetyl glyphosate by glyphosate
N-acetyltransferase in genetically modified plants which further degrades to
N-acetyl AMPA. Sarcosine further degrades to glycine by sarcosine oxidase, whereas
AMPA further reacts to phosphate and methylamine by C-P lysase [16-22]. Another
metabolite, rarely detected, is hydroxymethyl phosphonic acid (HMPA), which was
observed in surface water [20]. A scheme of the degradation pathways is given in
Figure 1. In order to show all methods” broader applicability, further acidic model
analytes were included like the herbicides glufosinate and 2-methyl-
4-chlorophenoxyacetic acid (MCPA) as well as oxamic acid, formed during ozonation

from the herbicide chloridazon [23], their structural formulas are shown in Figure 1.

The need for glyphosate analysis is comprehensible by its ubiquitous occurrence in the
environment [24-26]. Residues can also be found in food samples like cereals,
vegetables, fruits and nuts, animal-derived products, baby food, alcoholic beverages,
water samples, and urine samples, etc. [15, 27-29]. The LOD required for a glyphosate
determination method can be derived from the maximum contaminant level specified
by directives. The maximum contaminant level for pesticides (includes glyphosate) is
0.1 pg/L according to the council directive 98/83/EC on the quality of water intended
for human consumption in the European Union, whereas according to the United

States National primary drinking water regulations a concentration of 0.7 mg/L in

16
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water is permitted. Maximum residue levels in food range from 0.1 mg/kg up to

30 mg/kg depending on the matrix and the directive [26].

The main metabolite of glyphosate, AMPA, can also originate from degradation of
phosphonates like nitrilotris-methylenephosphonic acid, diethylenetriaminepenta-
methylenephosphonic acid, ethylene diamine-tetra-methylenephosphonic acid,
hexaethylenediamine-tetramethylenephosphonic  acid and  1-hydroxyethane
1,1-diphosphonic acid. They are used as detergents, fire retardants, anticorrosives and

anti-scaling agents etc. [30].

Vs
vy
HO N~ Poon
OH
Glyphosate S Glyphosate
. . transaminase ¥ Carbon-
Aquatic environment, in genetically Glyphosate phosphorus
aerobic conditions modified plants oxidoreductase 1 l (C-P) lyase
| L
0 o ¢ o o 9 o o
! I H,N__P —p- H
HO\/P\ )K/N P. OQ)J\ 2N~ '\OH C-P HO—-P—-OH N\)k
N0 + ! -
OPH HO ey OH OH lyase on ¥ OH
HMPA N-Acetyl glyphosate  Glyoxylic acid AMPA Phosphate Sarcosine
Amino- H,C—NH, sarcosine
transferase Methylamine oxidase
o v
NP i o
1 ~OH Ox P< HoN
\([‘)]/ OH (‘)HOH 2 \)J\OH
N-Acetly AMPA Phosphonformaldehyde Glycine
O (0] (0]
Il 0 O\)]\
3
NH; (0] Cl CH,4
Glufosinate Oxamic acid MCPA

Figure 1. Degradation pathways of glyphosate adapted from [16]. Substances greyed were not
included in this study. The bottom row (blue font) shows the structural formulas of further
acidic model analytes that were part of this study.

A large variety of separation and detection methods were applied to samples
containing glyphosate and its metabolites. Screening the literature from 2016 to early
2022, about 200 papers were published on the topic of glyphosate analysis using a
separation technique. Ranked by the number of reports, the following separation
methods were used: liquid chromatography, ion chromatography, capillary
electrophoresis, and gas chromatography. Most often, mass spectrometry (MS) was

used for detection, followed by UV/Vis spectrophotometry, fluorescence

17
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detection (FLD) and conductivity detection (CD). Several reviews regarding
glyphosate analysis were published [14, 15, 31-37]. An extensive summary on
publications (2016-early 2022) using liquid or ion chromatographic separation methods
of glyphosate and its metabolites can be found in the Appendix I in Table Al including
analyzed matrix and LOD data. A summary of CE methods until 2018 was published

by Gauglitz et al. [38] and a continuation of it was compiled in Appendix I, Table A2.

In the following sections, selected separation methods are discussed in more detail to
demonstrate the advantages and limitations of the electromigrative separation
techniques developed in this thesis. The focus here lies on the separation rather than
LODs, which strongly depend also on sample pretreatment including enrichment

strategies.

2.2.1 Chromatographic separation methods

2.2.1.1 Reversed phase liquid chromatography

Despite the need for derivatization to reduce the analytes’ polarity, reversed phase
liquid chromatography on Cis columns coupled to tandem mass spectrometry (MS/MS)
is currently the first choice for glyphosate analysis. Fluorenylmethyloxycarbonyl
chloride (FMOC-CI) was nearly exclusively used in precolumn derivatization [39-42],
which is also described in the DIN ISO 16308:2017-09 for the determination of
glyphosate and AMPA in water [43]. Since glyphosate tends to form complexes with
metal ions or organic matter, derivatization can be impaired and therefore also reliable
quantification. Acidification [40] and addition of ethylenediaminetetraacetic
acid (EDTA) [44] reduce the problem. The N-acetylated metabolites of glyphosate and
AMPA are difficult to be included in the screening and the derivatization step itself is
time consuming [45]. Reversed phase liquid chromatography was applied to water
samples [40-42, 46], soil samples [39, 47], food samples [48-50] and urine
samples [51], etc. Mostly, MS/MS detection was chosen for analysis of FMOC

derivatives. A broader variety of derivatization strategies was described when using

18



Introduction

fluorescence [52] or UV/Vis detection [53-56]. Depending on the sample preparation
and the sample volume used, the detection limits can vary greatly. For example,
Surapong et al. reported a twentyfold lower LOD after introduction of a solid phase
extraction (SPE) step in the sample preparation [57]. An exceptional low LOD below
1 ng/L for RPLC-MS/MS was reported by Hanke et al. using SPE and evaporation to
enrich the samples by a factor >300 [42].

2.2.1.2 Liquid chromatography using porous graphitic carbon columns

In combination with mass spectrometry, porous graphitic carbon (PGC) columns were
employed to directly separate underivatized glyphosate and AMPA [58], including
also their N-acetylated counterparts [59]. Successful applications in different matrices

included beer [60], food [61], serum [62], and soils [63].

2.2.1.3 Hydrophilic interaction liquid chromatography

Hydrophilic interaction liquid chromatography (HILIC) coupled to tandem mass
spectrometry was used for a derivatization-free separation of glyphosate. Common
HILIC columns applied were the Obelisc N (Sielc) [45, 64-66], the anionic polar
pesticide [49, 67, 68] and Torus DEA (Waters) [69-71]. Advantageously, HILIC-MS is
well suited for the analysis of the N-acetylated forms of AMPA and glyphosate as
shown by Diasetal. [67], Lopez et al. [45, 65] and Manzano-Sanchez et al. [69].
However, Botero-Coy et al. reported that the robustness of HILIC columns suffers from
rapid degradation over time and extreme care and continuous testing of retention times

and peak shapes was required for a reliable analysis [64].

2.2.1.4 lon exchange chromatography

Strong anion exchange (SAX) chromatography coupled to tandem mass spectrometry
was also applied for glyphosate analysis. Alternatively, conductivity detection or
fluorescence  detection enabled by  post-column  derivatizations  with
o-phthalaldehyde [72-74] were used. Applications include analyses of food [75-77],

water [78], human urine [79], and serum [80], etc.
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2.2.2 Gas chromatography

For the separation of glyphosate by gas chromatography a derivatization step is
required to increase volatility. Most often, a reaction to yield the trifluoroacetic acid
derivate was performed, but many other approaches were also described [81-83]. The
major detection method was mass spectrometry with electron impact ionization [81, 82,
84, 85], but also detection by electron capture [86] or flame photometry was
implemented [87]. In case of tandem mass spectrometric detection limits of

quantification (LOQ) in the 10-100 ng/L range were reported [84].

2.2.3 Electrophoretic methods

In about 50 publications, the analysis of glyphosate by electrophoretic methods was
described. For detection, nonspecific methods like capacitively coupled contactless
conductivity detection (C*D) and indirect UV/Vis spectrophotometry were often
chosen. After derivatization of the analytes also laser induced fluorescence or UV/Vis
spectrophotometry were used. The most specific detection was provided by CE-MS. A
wide range of separation conditions were used with the pH of the background
electrolyte (BGE) ranging from 2 to 10. An overview on pesticide/herbicide analysis by

CE in general is covered in [88-92].

2.2.3.1 Capillary electrophoresis-capacitively coupled contactless conductivity detection

Separations of glyphosate, AMPA and glufosinate at a pH of 6.3 and with cetrimonium
bromide as electroosmotic flow (EOF) modifier were reported by See et al. using a
CE-C“D setup. Preconcentration of analytes was achieved by field-amplified sample
injection (FASI), large volume sample stacking (LVSS), dynamic supported liquid
membrane tip extraction, electro membrane extraction (EME) and combinations

thereof providing LODs of glyphosate as low as 0.005 pg/L [93-96].
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2.2.3.2 Capillary electrophoresis-indirect UV/Vis spectrophotometry

An alternative universal detection method to C*D is indirect UV/Vis
spectrophotometry when an absorbing probe ion is part of the BGE and displaced by
the analyte ions during separation. In glyphosate analysis, the most common probe ion
was phthalate using a pH of the BGE between 6.5 and 7.5. The LODs were in the range
of 210800 ug/L and strongly depended on the enrichment techniques used like
FASI [97], supported liquid membrane extraction [98], SPE with cation or anion

exchange resin or molecularly imprinted polymers [99-102].

2.2.3.3 Capillary electrophoresis-UV/Vis spectrophotometry

To enable glyphosate detection by direct UV/Vis spectrophotometry, a derivatization
step was required to introduce a chromophore. Most often, the amine function of
glyphosate and AMPA were addressed for labeling with FMOC or
phenylisothiocyanate. In contrast to derivatization procedures prior to
chromatographic separation, no sample clean-up from derivatization agent residues
was necessary. To yield LODs in the low ug/L range, preconcentration methods like
SPE or LVSS were chosen [103-105]. Also, a FASI sweep-micellar electrokinetic

chromatography was used in combination with UV/Vis detection [106].

2.2.3.4 Capillary electrophoresis-laser induced fluorescence detection

Also, capillary electrophoresis-laser induced fluorescence detection (CE-LIF) requires
a derivatization step of the analytes. A wide range of derivatization reagents was
applied, for example, fluorescein isothiocyanate and derivatives of it [107-112]. Mufioz
et al. used CdTe/CdS quantum dots for derivatization to induce fluorescence [113]. The
separations were not only performed in capillaries but also on chip devices [109]. Both
CE and methods of micellar electrokinetic chromatography were used for
separation [110-112, 114]. A sodium borate buffer at pH 8 to 10 was used in most
applications allowing LODs in the ug/L to sub-pug/L range. Sometimes, organic
modifiers [108, 115] or detergents like Brij-35 [107] were added to improve resolution.

An indirect CE-LIF method was reported using fluorescein as probe ion [116].
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2.2.3.5 Capillary electrophoresis-mass spectrometry

The most specific detection method for CE is mass spectrometry. No derivatization of
glyphosate is required, and the LODs are in the pg/L range. In case of electrospray
ionization (ESI) volatile buffers made of ammonium acetate or formate were used at a
pH between 2.4 and 10 [117-119]. Lowest glyphosate LODs were achieved using
sample-induced (50 mM  phosphate  from extraction media) transient
isotachophoresis (tITP) in soil analysis (LOD: 5 pg/L) [120] or dispersive SPE in
combination with a sheathless ESI interface for baby food analysis
(LOD: 0.5 ug/L) [121]. Inductively coupled plasma mass spectrometry was also applied
to detect glyphosate after separation by CE but showed LODs in the range of
50-760 pg/L due to high ionization potential of phosphorus [122, 123].

2.2.3.6 Isotachophoretic methods

ITP is not only useful as a preconcentration method, but it can also be used to achieve
analyte separation. Regarding glyphosate determination, ITP with conductivity
detection was used by Krivankova et al. for analyzing glyphosate synthesis mixtures.
Chloride was used in the leading electrolyte (LE) (pH 9.25) and beta-alanine in the
terminating electrolyte (TE) (pH 11) [124]. Goodwin et al. also used ITP with
conductivity detection, but used a column-coupled setup to enhance the loadability by
a large inner diameter of the first capillary whereas the detection took place in a small
inner diameter capillary to elongate the zones and therefore lower the detection limit
to 25 ug/L. Glyphosate from an aqueous standard solution was stacked between
chloride (as LE, pH 5.2) and 2-(N-morpholino)ethanesulfonic acid (MES) (as TE) [125].
A more sophisticated setup developed by Koukalova et al. also used ITP coupled to
conductivity detection with an asymmetric neutralization reaction boundary using
electrokinetic injection dosing, reaching an LOD of 6 mg/L which was subsequently
improved to 153 pug/L by carrier ampholyte free isoelectric focusing requiring a three

electrode setup and two different acidic leading electrolytes [126].
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2.3 Enrichment principles for capillary electrophoresis

Based on the fact, that only very low volumes of the sample can be injected into the
capillary, a wide variety of enrichment methods were implemented in CE methods to
optimize LODs. They can be categorized based on their physicochemical principle, into
chromatographic, electrophoretic, and isotachophoretic methods. In addition, also
electric field-driven extraction can be performed. Bi-annual reviews from
Breadmore et al. [127] and Gebauer et al. classified these methods in sample
stacking [128] and isotachophoresis [129]. Further reviews are [5 130-132].

Applications in glyphosate analysis are reviewed below.

2.3.1 Chromatographic enrichment
2.3.1.1 Solid phase extraction

Solid phase extraction is based on the ability of the stationary phase to bind the target
analytes at the conditions given in the (modified) sample solution while elution is
achieved by using suitable conditions. By selecting an appropriate solid phase, ideally,
only target analytes are retained and matrix removal as well as analyte enrichment can
be achieved. A wide variety of chemistries are available for different adsorbents, for
example reversed phase (Cs, Cis), hydrophilic-lipophilic balance (HLB), mixed
mode/cation-exchange, mixed-mode/anion-exchange, weak anion exchange,
multiwalled carbon nanotubes (MWCNTs), and molecularly imprinted
polymers (MIPs) are commonly used for SPE [131, 133-135]. Enrichment is possible
since a large amount of sample containing low concentrated analyte can be processed
and analytes eluted in a much smaller volume [136]. Weaknesses of this approach are
particularly evident when the focus is on very polar analytes, since the use of ion
exchange resins as sorption material requires ionic eluents, which can impair

separation by CE or self-elution is observed for samples of high-ionic strength [92, 136].

Several strategies were published to couple SPE with a direct stream of analytes

to CE (SPE-CE) [134, 137]. When the SPE sorbent is inserted into the CE capillary itself
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in-line SPE-CE is used, which can be performed with a regular CE instrument. The
sorbent in the capillary leads to a high back pressure causing slow sample loading.
Furthermore, it influences the separation process, and a residue-free removal of matrix
components is not ensured, which can also impair the separation. These limitations can
be circumvented by using an on-line SPE-CE approach where the SPE column is not
part of the CE capillary itself. The desorption volume of the SPE is then transferred
directly to the capillary via an interface with flow-switching capabilities. Vials, valves,
and T-pieces are interfaces used most often for on-line SPE-CE [137]. Often, only a
fraction of the desorbed volume is injected limited by the low loadability of

the CE [127, 137].

Regarding the analysis of glyphosate by CE with an offline SPE-CE, different sorbents
were examined. Given the strong acidity of glyphosate and AMPA, anion-exchange
residues were often applied for the analysis of tap and surface water samples with
elution by chloride ions [100, 104]. Sample enrichment by cation-exchange SPE was
carried out for strongly acidified water samples using a mixture of aqueous
hydrochloric acid and methanol for elution [99]. The strong affinity of phosphonic acids
to aluminum and titanium ions, was utilized for SPE strategies: 1) alumina-coated iron
oxide nanoparticles were applied to extract glyphosate from fruit samples. Elution was
accomplished with phosphate as a strong competitor [138]. 2) FesOs nanoparticles with
immobilized Ti* were used to enrich glyphosate and AMPA from river water. The
eluate with trisodium phosphate was subjected to derivatization with FMOC-CI and
final analysis by CE-UV [105]. 3) Dispersive SPE with core-shell mesoporous silica
microspheres coated by titanium dioxide were used to extract and enrich glyphosate
from the supernatant of dissolved baby food followed by elution using 5 % ammonia
in methanol [121]. Molecularly imprinted polymers were also used for SPE of mineral,
ground, and seawaters with elution by hydrochloric acid or ammonia
solutions [101, 102]. A review dedicated to SPE of glyphosate in the analyses of
environmental, plant, and food samples was compiled by Rigobello-Masini et al. [139].

Neither in-line nor on-line SPE-CE was reported in glyphosate analysis.
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2.3.1.2 Liquid-liquid extraction

A water-immiscible organic phase is used in liquid-liquid extraction to transfer
hydrophobic analytes from an aqueous sample to an organic phase. The distribution of
the analyte between the two phases can be adjusted by pH, the addition of a
complexing agent or salts, etc. [133]. Enrichment and compatibility to CE analysis is
achieved by evaporating the organic solvent and reconstitution of the residue in an
aqueous injection solution [92]. The drawbacks of this approach are a less-than-
quantitative recoveries resulting for example from incomplete phase separations, the
use of specialty glassware and the disposal of large quantities of organic solvents [133].
For glyphosate, the transfer to an organic phase is difficult due to its high polarity. Only

after prior derivatization to a less polar compound is this method usefully applicable.
Single-drop micro extraction

A miniaturized liquid-liquid extraction method is single-drop micro extraction, where
a large volume of sample is extracted by a drop of extraction phase which is typically
supported by a microsyringe. For on-line coupling with CE the drop can also be
supported by the tip of the separation capillary [140]. Given glyphosate’s and AMPA’s
high electrophoretic mobility, this extraction method would be interesting for pesticide
analysis.

Supported liquid membrane extraction

In supported liquid membrane (SLM) extraction, a three-phase system is used. Two
aqueous phases are separated by an organic phase immobilized in a porous
hydrophobic membrane. One of the aqueous phases is the donor solution containing
the sample and the other aqueous phase is the acceptor solution [90]. An example
application was a miniaturized SLM setup housed directly in a CE vial allowing direct
injection into a capillary which was mounted in a commercial CE instrument [141].
SLMs were also applied for glyphosate analysis: Dzygiel et al. combined a classic SLM
approach with CE and indirect UV/Vis absorbance detection [98]. See et al. used a
dynamic supported liquid membrane tip extraction with a cationic carrier for offline

enrichment prior to analysis by CE-C*D with LVSS [95].
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2.3.2 Electrophoretic enrichment principles

2.3.2.1 Field-amplified sample stacking

One of the simplest methods to enhance LODs in capillary electrophoresis is the use of
field-amplified sample stacking (FASS). When the conductivity of the injected sample
plug is lower than the one of the BGE, a higher electric field is present in the sample
plug, which enhances the migration velocity of the analyte ions in the sample plug.
This causes a concentration of analyte ions at the boundary between the sample plug
and the BGE [142]. If an electrokinetic sample injection is used instead of a
hydrodynamic one, the method is called field-amplified sample injection (FASI) [127],
which can reach impressive enrichment factors, however, normally strongly matrix-
dependent. In glyphosate analysis, See et al. used FASI in combination with CE-C*D
reaching an impressive LOD of 500 pM in aqueous standard solutions. To enhance
enrichment and reproducibility, a water plug was injected prior to the FASI step. A
tenfold higher LOD for tap water samples was determined due to the sample dilution
necessary to reduce matrix effects from salts [94]. Cikalo et al. applied the same method
(FASI + water plug) to aqueous standard solutions in combination with indirect UV
detection yielding an LOD of 10 nM while experiments with aqueous wheat extracts

failed due to their high sample conductivity [97].

2.3.2.2 Large-volume sample stacking

Large-volume sample stacking (LVSS) also requires samples dissolved in a low-
conductivity solution. After hydrodynamic injection of the sample, the analyte ions are
stacked at the boundary between the sample plug and the BGE when voltage is applied
due to the higher migration velocity of the analyte ions in the sample plug caused by
the higher electric field. The sample solvent is removed at the same time since the
analyte ions and the EOF move in opposite directions. There are two different
operational modes: 1) LVSS with polarity switching is a two-step process. First, the
polarity of the inlet is set identical to the charge of the analytes and the charge of the

capillary surface (for cations, a capillary coating is required) leading to an EOF directed
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to the inlet. This step is stopped when the current equals about 95 % of the current of
the capillary filled only with BGE. Second, the separation step is conducted by applying
reversed voltage [143-145]. 2) For LVSS without polarity switching a voltage with the
same sign as the analytes is applied to the inlet. The removal of the sample solvent is
achieved by a high EOF towards the inlet within the sample plug and a lowered or
reversed EOF in the zone filled with BGE. This spatial EOF difference can be achieved
by using an EOF modifier in the BGE [146] or a lower pH in the BGE than in the sample,
which leads to a lowered EOF [147]. Applications of LVSS in glyphosate analysis were
reported occasionally, for example in combination with detection by MS [120], C*D (tap
water sample) [94], UV/Vis absorbance [103], or flame photometric detection (aqueous

standard sample) [148].

2.3.2.3 pH-mediated stacking

With pH-mediated stacking it is a possible to transform a high-conductive sample plug
into a low-conductivity one. This allows sample stacking like in FASS or LVSS. To
lower the conductivity of a zone, a titration is performed in the capillary, for example,
by an acid migrating into a zone of high pH resulting in a decreased ionic
strength [149, 150]. This method is especially useful in combination with of an

electrokinetic sample injection.

2.3.2.4 Dynamic pH junction

In case of analytes whose mobilities and charges are a function of the pH, the dynamic
pH junction can be applied. A large sample plug is hydrodynamically injected, and its
pH is chosen so that the analyte has no overall charge or, in case of ampholytes as
analytes, is oppositely charged in the sample plug than in the BGE. After applying
voltage, ions from the BGE (especially H* and OH’) of a high or low pH (depending on
the analytes) migrate into the sample plug of a different pH. There, analytes are
mobilized. The zone with uncharged analytes is narrowed and analytes are
concentrated [149]. This method can be used regardless of the conductivity of the

sample solution. An application of this method to glyphosate is not yet described, but
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a possible approach is to use a very acidic sample to protonate glyphosate and therefore
lower its mobility. For separation, a BGE with a higher pH can be used. To meet the
requirements for this method under less harsh conditions, it would be useful to

derivatize glyphosate to a less acidic compound.

2.3.3 Isotachophoretic enrichment

Another online enrichment technique uses isotachophoresis (ITP) with a discontinuous
electrolyte system. A sample plug is injected between a terminating (TE) and a leading
electrolyte (LE). The electrophoretic mobilities of analytes must be lower than the one
of the leading ions but higher than the one of the terminating ions. After application of
voltage, the analytes are concentrated (stacked) between the leading and terminating
zones according to the Kohlrausch regulation function [151]. On the one hand, the use
of ITP allows to concentrate trace substances in the presence of ionic macrocomponents
and on the other to separate matrix compounds from the analytes by selecting
appropriate leading/terminating ions with mobilities slower or faster than the matrix
compounds. Different approaches in combining ITP and CE (ITP/CE) were described
in literature, discussing also theoretical aspect [152-157] and providing illustrative
model applications [127, 129]. In general, it can be distinguished between transient
isotachophoresis (tITP), two-dimensional single capillary ITP/CE and column-coupled
ITP/CE which in turn can be categorized according to the type of transition from ITP
to CE conditions: 1) L-S-L, where the leading electrolyte (L) from the ITP step serves as
the background electrolyte (BGE) during CE (S = sample), 2) T-S-T, where the
terminating electrolyte (T) from the ITP step serves as the BGE during CE,
3) BGE-S-BGE, where L, T and BGE are mutually different, and 4) T-S-BGE, where the
ITP is only partially dissolved for sample ions faster than the coion of the

BGE [154, 157].
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2.3.3.1 Transient isotachophoresis

Transient ITP (tITP) is performed in a single capillary and is accomplished through a
coion that temporarily serves as leading or terminating ion. This coion can originate
from a macrocomponent of the sample (sample-induced tITP), from the addition of a
transient leading ion to the sample or from a zone injected separately. The other coion
originates from the BGE. The tITP stack dissipates to zone electrophoretic separation
over time [127, 158, 159]. A sample-induced tITP of glyphosate caused by an excess of
phosphate ions originating from soil extraction media was observed by Wimmer et al.

in CE-MS [120, 160].

2.3.3.2 Two-dimensional single capillary ITP/CE

In two-dimensional single capillary ITP/CE, ITP and CE are conducted in two steps, by
performing first ITP and subsequently CE in the same capillary. This requires to
remove either LE or TE prior to the CE step [161-163]. Since in most setups counterflow
is used to achieve this, a coupling to mass spectrometric detection is not
straightforward. Two single capillary ITP/CE-MS setups were reported but not yet

applied for glyphosate analysis [160].

2.3.3.3 Column-coupled ITP/CE
This section is mostly taken from my publication [3], see Appendix III, Paper 3.

A higher flexibility, for example, in the choice of different capillary inner diameters and
different electrolytes can be achieved by column-coupling ITP to CE. The first
applications of column-coupled ITP/CE were described by Kaniansky and Marak [164]
using an adapted column-coupled ITP/ITP setup originally developed by Everaerts
et al. [165, 166]. The modular, hydrodynamically closed setup with two capillaries of
different inner diameters, each equipped with one conductivity detector and an
additional UV/Vis detector in the second dimension [165-168], was used in its
commercialized version in about forty publications, the most recent of the major
contributing authors are [169-173]. This setup was mostly used with a T-S-T

system [164, 174]. Column-coupled ITP/CE was also hyphenated to laser induced
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fluorescence detection (LIF) in a setup developed and applied by Mikus et al. for
ultrasensitive detection of fluorescing compounds in multicomponent matrices [175].
In 2010, Foret et al. coupled the commercial ITP/CE setup with MS, hydrodynamically
transferring the analytes to the MS [176]. This setup was applied by PieStansky et al. to

determine pheniramine [177, 178], varenicline [179] and serotonin [180] in urine.

Earlier attempts of combining column-coupled ITP/CE to MS used two high voltage
supplies and a narrow capillary (for CE) inserted into a wider capillary (for ITP). The
electrokinetic transfer between both dimensions required all ITP separation potentials
to be offset by +2kV relative to the MS. After the analyte transfer to the second
dimension column, the ITP capillary was flushed with LE to provide a homogeneous
BGE for the second dimension CE [181, 182]. A similar fluidic setup was used by
Peterson et al., who continuously applied voltage from the TE vial to the MS while the
ITP was flushed back and forth over the splitting point by injecting LE from a side
channel. A UV/Vis detector mounted just before the splitting point timed the

fractions [183].

In several publications, Neusiif$ et al. described column-coupling methods with final
detection by MS. Different valves made from polyether ether ketone and a
polyaryletherketone/polytetrafluoroethylene composite were used for interfacing.
Depending on the separation modes coupled, at least two CE instruments were used
and up to two intermediate detectors (UV/Vis and C*D) were mounted in front of the
valve to calculate the arrival time of analytes in the valve and to transfer them to the
second dimension via valve switching [184, 185]. Several studies used ITP/CE fully
integrated on microfluidic chips with conductivity detection at the end of each
separation dimension [186-188]. This column-coupling ITP-C*D/CE-C*D approach
fully integrated in a microfluidic chip was also used by Hor¢iciak et al. for the analysis
of glyphosate using a BGE-S-BGE electrolyte system [189]. Further column-coupling
strategies applied with other combinations of separation modes are reviewed
elsewhere [168, 190]. An almost complete list of ITP/CE-MS and ITP/CE setups and

their application in presented in the Appendix I, Tables A3 and A4.
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2.3.4 Electric field-driven extraction

The extraction through a membrane may be supported by electric fields to enable
electro membrane extraction (EME). Here, a direct current electric potential is applied
across an SLM. Charged analytes with a sufficient solubility in the immobilized organic
phase are forced by the electric field to migrate from the donor solution through the
SLM into the acceptor phase. Ideally, this results in an efficient elimination of matrix
components, like salt ions or high molecular weight species since they are not able to
pass the SLM, whose selectivity is tuned accordingly. Additionally, analytes can be
enriched since the volume of the acceptor solution can be lower than the one of the
donor solution [191]. Current reviews on this topic are [192-194]. As an alternative to a
SLM, See et al. presented and electric field-driven extraction and preconcentration
method using a cationic carrier-mediated polymer inclusion membrane. The model
analytes glyphosate and AMPA were analyzed online by CE-C*D and a 26 to 95-fold

enrichment was reached [93, 96].
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3 Results and Discussion

All results and most of the discussions in this thesis were published after a peer-review
process under the Creative Commons license (CC BY 4.0), compare List of Research
Papers and references [1-3]. Some sections contain literal quotes from my publications

(see indication at the section header).

With the aim to achieve sensitive analysis of glyphosate and its metabolites, a
two-dimensional column-coupled ITP/CE-MS approach was developed, because ITP is
the most robust, powerful, and universal preconcentration method. It allows matrix
removal, does not require offline sample preparation steps, and provides a clearly
higher loadability compared to CE. Ideally, the setup is user-friendly, automatized,
compact and requires only minor modifications to a commercial CE-MS device. The
methodological and instrumental details of this approach were described in my

publications [1, 3], see Appendix III, Papers 1 and 3.

To optimize the conditions for the analysis, the pK; values and limiting electrophoretic
mobilities for glyphosate and its metabolites were determined, compare my
publication [2], see Appendix III, Paper 2. This allowed to individually optimize the
conditions for the ITP and the CE step by simulations, which were then verified
experimentally. For the ITP step, the focus was set on the simultaneous analyte
enrichment and the removal of phosphate as the most critical matrix component in CE

separations of glyphosate [120, 189].

The development of the ITP-C*D/CE-MS method is divided in an instrumental part and

a methodological part.
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3.1 Instrumental developments

First, the strategy for column-coupling ITP with CE-MS and the required modifications
of a commercial CE-MS instrument are presented. To facilitate the analyte transfer
between the separation dimensions, intermediate C*D was integrated and all necessary
electronics were developed. The results with the new detector were compared for

on-capillary detection to other C*Ds and finally adapted for in-chip application.

3.1.1 Strategy of column-coupled ITP/CE-MS
This section contains text excerpts that were part of my publication [3].

The basis for the new setup was an earlier ITP-C*D/CE-MS setups which was develop
by Kler et al. and who also used an adapted CE-MS instrument [168]. It was applied to
cationic analytes (mostly peptides) using the LE as BGE in the second dimension
CE-MS forming an L-S-L system which is less common in ITP/CE compared to T-S-T
systems [168]. In a further development of Kler et al., a hybrid capillary-chip setup with
a common section between the ITP and CE dimension were presented and included
intermediate C*D detection directly in front of or on the common section enabling
reliable analyte transfer in a non-aqueous ITP-C*D/CE-MS [195]. A commercial CE-MS
instrument was extended by an external multivial holder and a custom-made multiport
high voltage source to allow a free choice of the BGE in the CE dimension (BGE-S-BGE
format) [195]. Both setups had a straight separation path in the chip avoiding bends for
analyte migration inevitably leading to band broadening. Using microfluidic chips
made from glass, a homogeneous surface was present over the whole migration path.

Kler et al. showed also that similar dimensions of the entire separation path are

beneficial [168].

In this thesis, a new user-friendly and compact ITP-C*D/CE-MS setup was developed
to achieve sensitive analyses of anionic analytes. It combines the previous
achievements by Kler et al. with an improved interface technology suggested by Sydes
etal. [168, 195, 196]. A scheme of the new setup is given in Figure 2A. A hybrid capillary

microfluidic glass chip was used on a single adapted commercial CE-MS instrument.
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Figure 2. (A) Scheme of the ITP-C*D/CE-MS setup with four C*Ds (one in-chip) and ESI-MS
detection; gray box: microfluidic chip, amber: capillaries, green: compressed air (P) supplied
by the CE instrument (Pce-n) or the external laboratory pressure system (Pext), black: electric
circuit, the green text indicates adaptions to the commercial CE-MS. (B) Front and (C) back
view photo of the fused silica chip including a double T-shaped microfluidic structure to
transfer analytes between two dimensions (common section) and a C*D geometry around it.
(D) Photo of the open 3D printed CE cassette with the fluidic setup including a) C*D-OUT,
b) in-chip C*D and c) C*D-MS. The capillaries are labeled according to the capillary ends. Figure
and figure caption were taken from [3], see Appendix III, Paper 3.

The core element of the setup was a microfluidic chip produced with selective laser-
induced etching technology, see Figure 2B and C [197]. The chip included a double
T-shaped microfluidic structure (inner diameter: 100 pm) giving rise to a common
section of 4 mm with an inner volume of 31 nL. Since an intermediate in-chip C*D was
placed directly on this common section of the ITP and CE dimension, no calculations
or preliminary evaluation steps to successfully time the transfer of the analytes were
needed in this setup. This is advantageous especially for first dimension separations,
where the migration speed changes over time such as ITP conducted at constant
voltage. Effects on EOF velocities, changes in buffer pH, and so forth, are thus
considered automatically, giving rise to higher robustness of the setup. All components
including the capillary-chip connections were modular and flexibly installed. The CE
cassette was replaced by a 3D printed one to allow a more flexible positioning of the

chip interface in it and ensure an easy installation in the CE instrument, see Figure 2D.
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3.1.2 Modifications of a CE-MS setup towards a 2D ITP/CE-MS setup
This section contains text excerpts that were part of my publication [3].

When modifying the commercial CE-MS instrument for 2D applications, it was desired
to make as few changes as possible to the standard CE-MS setup. Thus, the four
capillaries inserted into the chip interface were installed as follows: 1) The ITP
(It dimension) was performed from the CE’s outlet (OUT) to the auxiliary vial
housing (AUX) which was installed in a recess of the CE’s insulation plate. 2) The
CE-MS separation (24 dimension) was performed from the CE’s inlet position (IN) to
the MS as in standard CE-MS, compare Figure 2A. Therefore, the sample injection must
be accomplished from the CE’s outlet. This was well possible using the autosampler
with a small adaptation of the CE’s pressurization system. The built-in precise
compressed air system of the CE is only connected to the inlet position. To enable
pressurization of the outlet vial, the compressed air supply of the inlet was split, and
two software-controlled solenoid valves connected it either to IN or OUT or both. The
compressed air system was connected to the vials via a prepuncher, which also ensured
the access of the electrodes and capillaries to the vials. Vials were sealed to maintain
the applied pressure when the vial handler was in the top position. In the load position
of the vial handler, a gap between the prepuncher and the electrode was present. By
the CE’s software, the outlet could just be set to the load position. Therefore, an
elongated prepuncher was developed to seal the outlet vial already in the load position.
At the inlet, the vial was lifted some millimeters to close this gap while applying

pressure.

The auxiliary vial housing was an airtight container for a vial, which was equipped
with an electrode and a compressed air connector to apply of high voltage and
compressed air to the housed vial. Sufficient insulation was necessary to prevent

flashovers between its electrode and the CE’s housing.
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3.1.3 Capacitance-to-digital converter-based C’D technology for detection in

capillary electrophoresis

The results of this section are published as part of my publication [1], see Appendix III,

Paper 1. This section contains text excerpts that were part of my publication [1].

To reliably transfer the analytes from the first to the second separation dimension, it
was desired to have a detection on the common section of both dimensions. Since in
ITP, a discontinuous electrolyte system is used, the difference in conductivities
becomes visible by a large conductivity change, when the boundary between the
electrolytes passes the detector. This makes conductivity detection the most suitable
detection method to follow the ITP. Using laser-induced etching, a C*D detection
geometry was integrated in the microfluidic chip which was filled with conductive

silver paint. The detection electronics were developed in this thesis.

In a preliminary step, an on-capillary conductivity detector based on capacitance-to-
digital converter (CDC) technology was developed. The aim was to improve
sensitivity, handling, and price of CDC-based C!D detectors (CDCD) and to reach
LODs similar to classic C*Ds with more sophisticated electric circuits. The results are

published in [1], see Appendix III, Paper 1

To obtain best LODs for an on-capillary CDCD, a systematic study was conducted
regarding electrode length, the use of a differential measurement mode and different
excitation voltages. A scheme of the entire CDCD assembly is shown in Figure 3A with
its components. On the CE side, two detection devices, consisting of the detection head
and the supply unit, were mounted. The data were transmitted wirelessly to the master
device which was connected to a computer. A home-written program with real-time
data plotting was used for data acquisition allowing automated and manual

measurements using the CE’s trigger signal.
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Figure 3. (A) Schematic of the of the CDCD assembly. On the CE side, two detection devices
were mounted. Each consisted of the detection head (Head1, Head2) mounted on the capillary
and a modular supply unit (Supplyl, Supply2). The data were transmitted wirelessly from the
detection device to the master device (Master) connected via USB to a computer. Additionally,
the trigger from the CE can be connected either to one of the detection devices or to the master
device (dotted lines). (B) Schematic diagram of the main circuit parts of the detection head.
Resistors without values are jumpers. Figure and figure caption were taken from [1], see
Appendix III, Paper 1.

A schematic diagram of the main part of the circuit of the detection head is depicted in
Figure 3B. It was adapted from the circuitry published by Drevinskas et al. [198]: only
the main component, the AD7745 (integrated circuit for capacitance to digital
conversion), and its voltage supply were identical to the published circuitry. The
excitation voltage (EXCB) of the AD7745 was set to a 5V amplitude and a 32 kHz
square wave signal. An operational amplifier (LT1360) was added to implement a
higher excitation voltage of 24 V. The electrodes had common C*D electrode geometry.
They were mounted perpendicular to the printed circuit board, and were made from
hypodermic needles [199-201]. In case of differential measurements, a second electrode
pair was mounted. The grounded shielding of the detection head was made from
adhesive copper foil. The supply unit supplied voltages, enabled the configuration of
the detector and wireless data transmission as well as handling of the trigger signals

from the CE instrument.

To judge the performance of the CDCDs, a direct comparison to the OpenC*D from do
Lago [202] and a commercial C*D was carried out using a C*D optimized background

electrolyte (20 mM MES / histidine). For the fully optimized CDCD with two electrodes

38



Results and Discussion

of 10 mm length and a square wave excitation voltage with a frequency of 32 kHz and
an amplitude of 24 V, LODs (signal-to-noise: 3) for the inorganic cations K* and Li* were
approx. 4 uM. A measurement with a concentration just above the LOD is depicted in
Figure 4. Comparable results were obtained for the commercial C*D. The LODs for the
OpenC'D were twice as high. Depending on the measurement conditions, LODs
between 0.1 uM and 3.7 uM (LOQs of 0.3 uM to 12.3 uM) (mostly for K*) were reported
for C*Ds in literature [202-214].
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Figure 4. Baseline-subtracted electropherogram of the separation at 14 kV of 6.25 uM K* (1),
Na* (2) impurity, Li* (3) and the H*-cation of tris(hydroxymethyl)aminomethane (4) in a 20 mM
MES / histidine BGE recorded by a CDCD with an excitation voltage of 24 V and an electrode
length of 2 x 10 mm. The sample was injected for 5 s at 50 mbar in a fused silica capillary (50 cm
x 50 um inner diameter). The effective length was 31.5 cm. Figure and figure caption were taken
from [1], see Appendix III, Paper 1.

A drawback of the CDCDs is their presumably broader detection window compared
to the OpenC*D and the commercial C*D which was visible from the lower plate
numbers of the CDCD. For C*D it is known that the plate number is reduced when
using longer electrodes at low excitation frequencies [200]. The CDCD had the lowest

excitation frequency and the longest electrodes in the comparison.
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The detection head of the CDCD was small and only a simple electric circuit was used
while showing a comparable performance to other C*Ds. The battery-powered CDCD
setups with their wireless data transmission made it possible to use them near a high-
voltage source, since avoiding a potential connection prevented flashovers to the
electronics. Additionally, the CDCD was low-priced, and the simple assembly proved
beneficial in production, handling, and robustness. The exceptionally low weight of the
on-capillary detection head (< 3g) compared to other setups is noteworthy. This makes
it possible, that the capillary itself can carry the detector head making the handling
very flexible. The hardware and self-written software were optimized for real-time

data plotting.

All these properties were beneficial compared to known setups, and therefore, the
detection head of the CDCD setup was used and adapted to fit on the C*D geometry
integrated in the microfluidic chip. The tubular electrodes were replaced by spring
contact pins which connected the electronics to the C*D geometry filled with silver
paint in the chip. Information of the adapted CDC setup can be found in the Supporting
Information of [3] and in the Appendix III, Paper 3. As an alternative to the CDCD a
modified version of the OpenC*D was developed, but not further evaluated in this

thesis. The design can be found in the Appendix II, Part A.
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3.2 Methodological developments

The separability and stacking of compounds in CE and ITP are easily predictable by
simulations. However, this requires the knowledge of the acidity constants pKa and the
limiting electrophoretic mobilities puim of the compounds. In the following sections the
strategy to determine these values is summarized and finally the results are used to

optimize the separations conditions for both ITP-MS and CE-MS.

3.2.1 Determination of acidity constants and limiting electrophoretic

mobilities of ionizable herbicides

The results of this section are published as part of my publication [2], see Appendix III,

Paper 2. This section contains text excerpts that were part of my publication [2].

To determine the negative decadic logarithmic thermodynamic acidity dissociation
constant (pK;) and limiting electrophoretic mobilities (uim) of glyphosate and its
transformation products, the AnglerFish software published by Maly etal. was
used [215]. Besides experimentally determined effective electrophoretic mobilities of
the analytes in BGEs of different pH, it requires the BGEs" composition, and initial
estimates of the pK; and uim. pH values of the BGEs in the range of pH 1.3 to 12 were
selected with an increment of about 0.3 using the software PeakMaster providing all
parameters of the BGEs like ionic strength, pH, and electrolyte concentrations [216].
Entering the composition of the BGE was necessary to correct the electrophoretic
mobilities for ionic strength effects allowing enhanced freedom in the choice of the BGE
composition [215]. The determination of the effective electrophoretic mobilities at
different pH was necessary, since the speciation of glyphosate and its transformation
products is complex due to several acidic and/or basic functional groups. Detection by

C‘D enabled their analyses despite the lack of a chromophoric system.

The pH dependence of the effective electrophoretic mobilities of all analytes including
the fits by Anglerfish software are shown in Figure 5. The error bars of the effective

electrophoretic mobilities determined here were too small to become visible in the
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figure. Despite some challenges during the detection of peaks, excellent electrophoretic
mobility data at a high resolution were acquired proven by R?>0.98 of the fit for all
analytes. This allowed to precisely determine pK; and wim data by the AnglerFish
software. A narrow gradation in pH helped to identify the analyte peaks and reduced
possible influences by outliers and analyte peaks not detectable, for example, due to
system peaks, on the results. In comparison to other pKa. determination methods like
potentiometric titration lower analyte consumption, the applicability to impure
samples and the extended pH range are the major advancements of pKa determination
by CE-CD in combination with software-supported evaluation. Compared to early
studies using the AnglerFish software the pH range was extended to a pH as low as 1.3
and up to pH 12 to accurately determine the very low pK; values of N-acetyl AMPA
and N-acetyl glyphosate [215]. The pim data were determined for all analytes except for

glyoxylic acid, glycine, and phosphate for the first time.
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Figure 5. pH-dependent change in the effective electrophoretic mobilities (points) and fits by
AngerFish (lines) of glyphosate and its transformation products (abbreviations see Table 1) at
an ionic strength of 10 mM (pH > 2). Vertical lines indicate pH values suitable for separations
which were used in this thesis. Analyte abbreviation, see Table 1. Figure and figure caption are
adapted from [2], see Appendix III, Paper 2.
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Table 1. Thermodynamic acidity constants pK; and limiting electrophoretic mobilities
pim (10°m2V-1s1) for different charge numbers of the analytes of +1 to -3. Only the higher
amount of the charge numbers relevant for the specific pK; are indicated. Table and table
caption were taken from [2], see Appendix III, Paper 2.

Substance R? +1 -1 -2 -3

glyphosate and its transformation products

Glyphosate 0.998 ‘uliron - 26.4+0.1 45.5+0.1 60.1+0.3
(GLP) pPK; - 2.25+0.01 5.77+0.02  10.55+0.05
Aminomethylphos- 0.999 ‘un;n - 27.2+0.1 45.0+0.2 -
phonic acid (AMPA) pPK; - 5.51+0.01  10.31+0.03 -
Glyoxylic acid lim - 39.1+0.5 - -
(G{A)y 0979 pi(i - 3.22+0.06 - -
Sarcosine 0.997 wim  36.5+0.5 26.3+0.3 - -
(SAR) pK;  2.02+0.02  10.000.02 - -
Glycine 0.996 wim  37.3+1.0 35.1+0.8 - -
(GLY) pK;  235:0.05  9.81+0.05 - -
N-acetyl glyphosate 0.989 Hlim - 26.1+1.0 48.4+0.6 62.7+0.5
(NGLP) pKs - 1.14+0.13 3.97+0.11 7.80+0.24
N-acetyl AMPA 0.982 ‘un: - 28.7+0.4 49.4+0.4 -
(NAMPA) pPK; - 1.41+0,07 7.40+0.08 -
Hydroxymethyl phos- 0.990 Ltim - 31.4+0.2 52.8+0.4 -
phonic acid (HMPA) pKs - 1.57+0.03 7.77+0.07 -
Phosphoric acid 0.979 ‘un;n - 33.7+1.2 59.7+1.3 n.d.
(Ps) pK; - 1.98+0.16 7.39+0.17 n.d.
model substances
Glufosinate 0.997 pim  21.1+0.9 23.3+0.2 43.3+0.4 -
(GLU or GLUF) pK;  1.88+0.07  2.90+0.07 9.87+0.05 -
[tim - 26.2+0.1 - -

MCPA 0.990 5

pK; - 2.96+0.02 - -
Oxamic acid [lim - 40.8+0.3 - -
(OXA) 0990 pK3 - 1.90+0.02 - -
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3.2.2 Development of CE methods for ionizable herbicides

By the aid of the pKa and limiting electrophoretic mobility data determined in this
thesis, it was easy to select best separation conditions: A pH of 6.1 and 10.2 for the BGE
showed promising conditions for a successful baseline separation of glyphosate and its
metabolites as indicated in Figure 5 and supported by the simulations with by the
PeakMaster software from Maly [216]. As can be seen from Tables Al and A2 in
Appendix I, no study has reported the simultaneous separation of such many

glyphosate metabolites before.

3.2.2.1 Slightly acidic separation conditions

The results of this section are published as part of my publication [2], see Appendix III,

Paper 2. This section contains text excerpts that were part of my publication [2].

Analysis of all metabolites of glyphosate was performed by CE-MS. To avoid the
influence of CO: dissolution on the BGE’s pH, acidic conditions were chosen. The
simulation by PeakMaster (Figure 6A) showed a complete separation of all metabolites
of glyphosate except glycine and sarcosine which are uncharged at pH 6.1 (compare
Figure 5). MCPA and oxamic acid were also included in the simulation, revealing no
comigration with other analytes. The simulation was successfully reproduced by
CE-MS regarding the migration order for an aqueous sample but impressively also in
a spiked beer sample, see Figure 6B and C. In the non-spiked beer sample, only a peak
originating from phosphate was visible, compare Figure 6D, but it seemed not to
impair the separation by transient ITP. Peaks from other target analytes were not
detected. Slightly longer migration times for all analytes were observed when injecting
spiked beer samples. These may be due to the adsorption of matrix components and
thus a reduced EOF, which would necessitate optimized rinsing steps. Other reasons
are field amplification phenomena or transient sample-induced isotachophoresis.
Despite fragmentor voltage optimization, both N-acetyl AMPA and N-acetyl
glyphosate showed in-source decay as the masses of the [M-H] for AMPA and

glyphosate were observed at the migration times of their acetylated derivates.
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Differences between the electropherograms in Figure 6A and B are mainly caused by
coupling CE to MS via the sheath liquid interface: ions from the sheath liquid migrate
into the capillary, which influences the separation conditions upon locally changing
the BGE composition [120, 217]. Baseline separation and a good migration time
precision with a relative standard deviation below 1.4 % for all analytes were reached
for an aqueous standard analyte mixture (2.5 uM (n =3) or 25 uM (n = 6)). The peak
area precision did not exceed a relative standard deviation of 16 % (n = 3; ¢ =2.5 uM)
or 20 % (n = 6; ¢ =25 uM). It was possible to achieve a limit of quantification (LOQ) of
0.25 uM (~42 ug/L) for glyphosate with an injection over 15 s at 100 mbar when only
glyphosate was measured in selected ion monitoring mode. See et al. described similar
LOQs for CE-C*D at a pH of 6.3 for glyphosate and AMPA in spiked tap water samples
at comparable separation conditions [94]. In comparison, when analyzing water
samples, a non-derivatization normal phase LC-MS method with SPE pretreatment
achieved LOQs in the range of 20 ng/L for glyphosate, glufosinate and AMPA [218].
HILIC-MS methods had LOQs of 20 ug/kg for glyphosate and its degradation products

in peas and soya cake [67].
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Figure 6. A) Simulated and B) experimental electropherograms by CE-MS analysis after
injection of a mixture of analytes (c = 25 uM) for 10 s x 50 mbar (~7.3 mm) in water (curve of
[Pi-H]- offset by -1524; SAR and GLY only in simulation) and C) beer as well as D) the non-
spiked beer sample. All samples contained 10 mM NH4AcO. Injected beer samples were
diluted to 80 % (v/v) beer by the aqueous solutions added. Separations were performed at
15 kV and 70 mbar pressure in a bare fused silica capillary with a length of 60 cm and an id of
50 um at pH 6.1 in 20 mM NHsAcO and 0.78 mM AcOH, see also Sections 2.3 and 2.6 in
reference [2]. For A) the migration time of uncharged substances was set to 5.5 min. For
abbreviations, see Table 1. Figure and its caption were taken from [2], see Appendix III, Paper 2.
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3.2.2.2 Alkaline separation conditions

The results of this section are published as part of my publication [3], see Appendix III,

Paper 3. This section contains text excerpts that were part of my publication [3].

As predicted by simulations, see Figure 7A, a BGE with a pH of 10.2 allowed a baseline
separation of all glyphosate metabolites by CE-MS, especially of glyphosate and its two
main metabolites AMPA and sarcosine, compare Figure7B. Due to insufficient
ionization efficiency in the ESI process, glyoxylic acid was not detected. Separations at
lower pH values were discarded due to insufficient robustness to small pH changes
especially for sarcosine and glycine, see Figure 5. The comparatively high effective
electrophoretic mobility of the slowest target ion sarcosine also simplified the search
for a suitable terminating ion in case of coupling ITP with CE as a preconcentration
step. When monitoring only AMPA, glyphosate and sarcosine, LOQs were estimated

to 5 and 2 uM for glyphosate and AMPA, respectively, while sarcosine was hardly

detectable.

A < o o
A 50 < é <o Bo0o & 3 a

—
= % %3 % %% g o <Zt =
40 1 - ‘
25 _ < 800 B
c V] %) %
£ 304 2 600 =
© 5 <
i o
€ S x =
8 20 4 400 ~ S <
c
8 ol >
10 200 ~ 0]
0 0]
L] T 1 T T T 1
5 10 15 20 5 10 15 20
Time (min) Time (min)

Figure 7. (A) Simulated electropherogram for the separation of a mixture of AMPA, GLA,
glyphosate (GLP), GLUF, GLY, HMPA, MCPA, NAMPA, NGLP, OXA, Piand sarcosine (SAR)
(c =50 uM, each) dissolved in BGE, and the corresponding (B) experimental electropherogram
of a subset of analytes (highlighted in panel A). The pseudo molecular [M-H] ions were
recorded by MS in selected ion monitoring mode after injecting the sample for 5 s x 30 mbar
and a separation by CE at +10 kV and -10 mbar pressure at the inlet. The aqueous BGE was
made from 10 mM (NH4)2COs and 115 mM NHiOH, pH 10.2; The bare fused silica capillary
had a length of 60 cm and an inner diameter of 75 um. Drying gas was supplied at 11 L/min.
The data curve of GLY in (B) was amplified by a factor of ten. No GLA signal was recorded.
The [SAR-H] trace showed a signal from an impurity marked with an asterisk. For
abbreviations see Table 1. Figure and its caption were taken from [3]. see Appendix III, Paper 3.
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3.2.3 Development of an ITP-MS methods for ionizable herbicides

The results of this section are published as part of my publication [3], see Appendix III,

Paper 3. This section contains text excerpts that were part of my publication [3].

On the one hand, the ITP simulations focused on preconcentrating all target ions, which
required a pH>9 of the electrolytes, and on the other hand on ensuring that the
mobility of the leading ions was lower than that of phosphate ions to exclude them
from the ITP stack. This should allow removing phosphate in the first dimension by
front-cutting in ITP/CE. Phosphate is critical since it is widely present in environmental
samples but also used to extract glyphosate from soils and sediments [189, 219]. Aiming
at an L-S-L system for an ITP/CE setup, MS-compatible electrolyte components had to
be used. All desired features could be combined at a pH of the LE of 10.2 using formate
or carbonate as leading ions and proline as terminating ion, compare Figure 8A. The
fast-migrating N-acetyl glyphosate could not be included in the ITP stack.
Advantageously, both, phosphate and chloride, were removed successfully migrating

zone electrophoretically in the LE.

Experiments with formate as leading ion showed that carbonate ions from atmospheric
carbon dioxide, dissolved in basic solutions, impaired ITP separations. The addition of
barium hydroxide to the TE successfully reduced this interference and further allowed
to omit proline in the TE since hydroxide proved suitable as terminating ion. This was
possible because the electrophoretic mobility of hydroxide was low using the weak
base ammonia as the counterion in ITP under basic conditions, compare [220]. A
detailed discussion using formate as leading ion with ITP-C*D experiments including

also spiked river water experiments can be found in the Appendix II, Part B.

The use of carbonate in the LE was further advantageous as phosphate ions were better
separated from the ITP stack due to a greater difference in effective electrophoretic
mobilities compared to formate. The high buffer capacity was another advantage.
Potassium hydroxide was sufficient as TE with hydroxide ions serving as terminating

ions. This avoided barium salts precipitating in the ESI interface.
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The isotachopherogram given in Figure 8B shows the successful separation of
phosphate (c =5 mM) as an interfering ionic macroconstituent from a selection of the
model analytes (glyphosate, AMPA, and sarcosine (c =100 uM, each)), which cover the
full mobility range of the ITP stack. All analytes migrated in the migration order
predicted by simulations for this ITP electrolyte system. The detection of analytes in
the low nanomolar range is shown in Figure 8C. However, at these low concentrations
the length of the individual analyte zones in peak mode ITP was so small that the
analyte zones were no longer detected sufficiently separated for precise quantification

as quenching effects become likely [160, 165].
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Figure 8. (A) Simulated ITP with the analytes: AMPA, GLA, GLP, GLUF, GLY, HMPA, MCPA,
NAMPA, NGLP,OXA, P; SAR, and CI (c =1 mM, each) at a pH of 10.2 in the LE. LE: 10 mM
carbonate, TE: 5 mM proline (Pro), counterion: 135 mM NHs. (B) + (C) Mass traces of [M-H]J
ions recorded by ESI-MS after ITP separation. A sample mixture of (B) 100 uM AMPA,
glyphosate (GLP), sarcosine (SAR) and 5 mM Na:HPO: (P;) dissolved in 135 mM NHiOH or
(C) 5nM AMPA, GLP and SAR dissolved in LE was injected for (B) 10 s or (C) 20 s at 100 mbar
and separated by ITP at (B) -12 or (C)-14kV and (B) 75 or (C) 80 mbar pressure support.
(B) + (C) LE: 10 mM (NH4)2COs, 115 mM NH4OH; TE: 10 mM KOH, 135 mM NH4OH. The bare
fused silica capillary had a length of (B) 50 or (C) 65 cm and an inner diameter of 75 um. The
MS’ capillary ESI voltage was set to (B) -3500 V or (C) -4000 V and the peak width of the MS
was set to (B) 0.15 or (C) 0.05 min to achieve optimal settings for low analyte concentrations
and narrow peaks in (C). For abbreviations, see Table 1. Figure and Figure caption were taken
from [3], see Appendix III, Paper 3.
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3.3 Application of ITP-C*D/CE-MS

The results of this section are published as part of my publication [3], see Appendix III,
Paper 3. This section contains text excerpts and figures that were part of my

publication [3].

3.3.1 Results of ITP-C*D/CE-MS

To demonstrate the applicability of the new 2D setup, the focus was set on glyphosate
and AMPA as the most important analytes present in environmental and food samples.

For these analytes, a good comparison with literature data is possible.

The ITP-C*D/CE-MS method can be divided into four steps: A) preparation of runs,
B) column-coupled ITP-C*D, C) analyte transfer and D) column-coupled CE-MS. These
steps are presented in the panels in Figure 9 and discussed in my publication [3] in
detail. For maximum insight into the separation process three optional home-built
conductivity detectors (OpenC*Ds [202]) were used, which were named according to
the capillary ends, compare Figure 2A. Traces of C*D and MS detection as well as the
current during voltage application are shown in Figure 10A and B for an injection of
glyphosate and AMPA at a concentration of 50 nM. The zero point of the time scale

was set to the application of voltage to the CE-MS step.
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Figure 9. Schematic depiction of the steps during ITP-C*D/CE-MS. Step (A) Preparation of
measurements: all capillaries were purged from the auxiliary vial (AUX) with LE. Step (B)
Column-coupled ITP-C*D: The target analytes (T) stacked at the LE-TE boundary prior to
entering the common section. Electrophoretic migration of analytes from AUX to OUT, but
transport by EOF and pressure from OUT to AUX. Step (C) Analyte transfer: when the LE-TE
boundary was detected by the in-chip C*D, the ITP was stopped and the high voltage supply
replugged. Step (D) Column-coupled CE-MS: only the stacked target analytes reach the MS
being transported by the high EOF, while migrating electrophoretically towards the chip
interface. Abbreviations: T: target analytes; Ms, Ms: matrix components with an electrophoretic
mobility faster than the LE (M) or slower than the TE (Ms); P: pressure support; p: migration
direction of anions; OUT, IN, MS: capillary to the CE’s outlet, inlet position and to the CE-MS
interface, respectively, see also Figure 2A. Figure and Figure caption were taken from [3].
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Figure 10. Data acquired during ITP-C*D/CE-MS. Injection at 100 mbar for 20 s of glyphosate
(GLP) and aminomethylphosphonic acid (AMPA) at a concentration of (A+B) 50 nM or (C-E)
500 pM each dissolved in the LE. In panel (A) the ITP, transfer, and CE step are indicated in
purple. (A, C) Solid curves: C*D traces of the detectors C*D-OUT (4.5 cm in front of first
T-crossing), in-chip C‘D (on the common section), C*D-MS (8.0 cm behind the second
T-crossing) and C*D-ESI (12.7 cm in front of MS), see Figure 2A. (A,C) Dashed curves: applied
voltage by the CE. (B,D) Solid curves: MS traces from selected ion monitoring for m/z 168.1
[GLP-H]J  and 110.0 [AMPA-H]-. (B,D) Dashed curves: measured driving current. (E) Enlarged
section of the MS trace for m/z 168.1 showing the GLP peak at 500 pM (84.5 ng/L, S/N~10). For
further details, see Sections 2.2.2, 2.2.4, and 3.2 in [3]. The zero point of the time scale was set
to the application of voltage to the CE-MS step. Figure and Figure caption were taken from [3].
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3.3.2 Discussion of ITP-C*D/CE-MS

The new setup was well suited to perform column-coupled ITP-C*D/CE-MS. The major

achievements of this development compared to literature methods are summarized

below, see also Table A3 in Appendix I:

Instrumental modifications

The hybrid capillary microfluidic chip approach allowed to use a commercial
CE-MS instruments to operate the setup. Only minor, flexibly installed
modifications were necessary. The setup made use of the high precision
injection system and automation in liquid handling. A 3D printed CE cassette
avoided mechanical stress to the fluidic system and the compact setup allowed
to use short capillaries. Switching between 2D and 1D applications was
straightforward. The simplicity of the setup is obvious since neither additional
external high voltage supplies (Reinhoud, Mazereeuw, Kler 2014) [181, 182, 195,
221, 222], a second CE instrument (Kohl) [181, 182, 184, 185, 223] nor pumps or
syringes for liquid handling were required (Peterson, Piestansky) [165, 176, 177,
183, 224, 225].

It was not necessary to block migration paths, all channel ends were left open,
which greatly facilitated the operation of the setup. On the other hand,
restrictions regarding the choice of electrolytes were given, preventing the use
of a BGE-S-BGE system as applied by Kler et al. (Kler 2014) [195]. Further, the
two dimensions were not fully separated from each other as in the valve-based
setup presented by the Neusiifs group (Kohl) [184, 185, 223].

No capillary coatings were required, instead, the system operated at high EOF
conditions, consequently no laborious coating steps were necessary as required

for the setup of Peterson et al. [183, 224, 225] and Kler et al. [168]
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Interface

Capillaries were just clamped but not glued as in other setups to the interface
(Kler) [168, 195], which was possible due to butt-end connections after laser-
induced etching of the glass chip interface. All capillaries could flexibly be
exchanged. In addition, a very low dead volume avoided band broadening. This
was clearly lower than in column-coupling approaches with valves with transfer
volumes of 4 to 20 nL (Kohl) [184, 185, 223].

By using an interface without moving parts and sample transfer by voltage
switching only, neither current nor liquid leakages were observed since no
mechanical wear compared to valve-based approaches could occur
(Kohl) [184, 185, 223].

A remarkably high migration time precision could be expected in the second
dimension given the fixed transfer volume of 31 nL provided by the common
section between both separation dimension. Other transfer volumes were
possible by replacing the interface-chip with a chip of other dimensions of the
common section, which was easily possible thanks to its manufacturing by laser-
induced etching. In other setups the start and the end of the analyte transfer
depended on the timing of the applied voltage/electrolyte injection (Reinhoud,
Mazereeuw, Peterson, Kler 2013, Piestansky) [165, 168, 176, 177, 181-183, 221,
222,224, 225].

The glass interface provided a homogeneous surface along the whole separation
path and depending on the inner diameter of the capillaries a uniform shape of
the cross section was given. Both measures ensured low band broadening by a
uniform EOF and the absence of pressure differences.

With the analyte transfer based on voltage switching and without flushing of
fluidic network sections prior to the CE separation as in the setups of Reinhoud
et al. [181, 182, 221] and Mazereeuw et al. [222], band broadening was reduced
to a minimum. This was further supported omitting any hydrodynamic flow

during the CE step as required by the setup of Peterson et al. [183, 224, 225] or

52



Results and Discussion

during the transfer step to the MS from a hydrodynamically closed ITP/CE setup
as used by Piestansky et al. [165, 176, 177].

e Easy and reliable analyte transfer was enabled using a detector directly on the
common section. Therefore, effects on EOF velocities, changes in buffer pH, and
so forth, are considered automatically and first dimension separations, where
the migration speed changes over time, such as ITP operated at a constant
voltage, can be easily coupled to CE-MS. It was not necessary to calculate the
arrival time of the analytes at the transfer point as in all other setups published,
except from the setup described by Kler et al. (Kler 2014) [195].

e The double T-structure enabled matrix removal by front-cutting in contrast to

mono T-shaped microfluidic structures as used by Kler et al. (Kler 2013) [168].
Electrolyte system

e The L-5-L electrolyte system is simpler than a BGE-S-BGE system and allowed
the use of a less sophisticated setup than the one introduced by Kler et al.
(Kler 2014) [195] and proved ideal for environmental samples with ionic
macrocomponents being mainly inorganic anions with high effective
electrophoretic mobilities. These were removed by excluding them from the
mobility windows of the ITP.

e To facilitate the optimization of the electrolytic system in ITP/CE-MS, individual
optimization of both, the CE, and the ITP step was performed and supported by

simulations.

A remarkably low LOD (signal-to-noise: 3) of 150 pM (25ng/L) for glyphosate
improving LODs of the individual method (CE-MS and ITP-MS) by a factor of 10,000
were achieved by the column-coupled setup. Glyphosate was successfully separated
from AMPA as predicted by the individual CE-MS analyses, compare Figure 10D
and E. The relative standard deviation of the peak area (n=3) for a sample with a
concentration of 500 nM was 11 % for AMPA and 20 % for glyphosate. The precision
of the migration times was very good with 1.1 and 2.8 %. For comparison, under

optimized CE-C*D conditions with a field-enhanced sample injection, See et al. reached
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a four times higher LOD of 100 ng/L for glyphosate [94]. For electrophoretic methods
with C*D, lower LODs were only demonstrated using offline preconcentrating
methods. For example, dynamic supported liquid membrane tip extraction was used
by See et al. achieving a LOD of ~50 ng/L [95]. See et al. combined electromembrane
extraction with large volume sample stacking to improve the LOD to 64 ng/L [96].
Horc¢iciak et al. presented a chip-based column-coupling ITP-C*D/CE-C*D setup and
reached a LOD of 2.5 ug/L in a BGE-S5-BGE electrolyte system [189]. CE-MS without
derivatization and preconcentrating steps provided a LOD of 5 ug/L for glyphosate
[120]. Only with chromatographic techniques, for example LC-MS/MS in combination
with derivatization and solid phase extraction with an enrichment factor > 300, a LOD
below 1 ng/L was reached [42]. The developed method revealed the lowest published
LOD for glyphosate using electrophoretic separations without any additional offline

preconcentration step and for the first time ITP/CE-MS was applied to anionic analytes.

3.3.3 Perspectives of the ITP-C*D/CE-MS setup

To further improve the LOD, a study to evaluate the maximum loadability of the ITP
capillary and their optimal dimensions is required. In addition, the ITP-C*D/CE-MS
should be applied to all degradation products of glyphosate, which should be well
possible given the results of simulations and single dimension ITP-MS and CE-MS
experiments. Also, the possibility to simultaneously remove phosphate as the most
critical interfering matrix compound, should be investigated using for example soil or
food extracts. In future, studies are required to examine, if multiple heart cuts refilling
the common intersection are possible when an ionic macroconstituent has an
electrophoretic mobility in between those of analytes, similar to the work of Peterson
et al. [183]. In addition, also the analysis time should be shortened by using higher
separation voltages and shorter capillaries. An automatized stop of the ITP step,
voltage switching by a high voltage relay and the subsequent start of the CE step all
triggered by the in-chip C*D will further improve the repeatability and precision of the

method and would enable unattended measurements.
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4 Summary

This thesis shows the fast development of a new two-dimensional column-coupled
instrumentation and an electromigrative analytical method with very low limits of
detection for the trace analysis of the challenging anionic model analytes glyphosate
and its metabolites. This was enabled by the intense combination of basic analytical
research, methodological and instrumental developments. Beside analytical expertise,
this required interdisciplinary knowledge on physicochemical processes, as well as in
designing mechanical components, electronic circuits, and software. All results were

published in the research papers [1-3], see Appendix IIL

Basic analytical research enabled to precisely determine pK; and limiting
electrophoretic mobility data of the model analytes. Except from sufficient water
solubility, no restrictions with regard to the type of analytes amenable are given, since
CE-C*D with software-supported evaluation allowed to determine these data even in
buffers of varying ionic strength and at extreme pH values, compare Section 3.2.1. With
these valuable data, it was possible to intensely model electrophoretic separations for
method development, both CE-MS (Section 3.2.2) and ITP-MS (Section 3.2.3) were
addressed to find suitable starting conditions for further experimental optimization.
This strongly reduced the experimental workload and provided electrolyte
compositions for both high resolution between all analytes of interest but also removal
of phosphate as the most important ionic macroconstituent of environmental samples.
The final buffer system proved well suitable for 2D coupling in an L-S-L system, which

even allowed to remove phosphate by front-cutting.

On the instrumental side, the whole fluidic setup, the chip interface with integrated
detection, the hard- and software for detection and automation but also modifications
to a commercial CE-MS instrument were developed. With this hybrid and modular
setup, a commercial CE-MS instrument can easily be modified for high-end two-

dimensional separations. Especially the new in-chip C!D placed directly on the
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common section connecting the two separation dimensions allowed to reliably transfer
analytes between the two dimensions. This eliminated the need to calculate the arrival
time of the analytes at the transfer point based on their migration speed. The in-chip
C*D, the mostly automatized liquid handling and the fact that a slightly modified
commercial CE-MS instrument was used allowed an easy operation of the whole setup.
Together with the individually optimized separation conditions no further intense
optimization phase for the column-coupled setup was necessary which revealed a
remarkably low LOD (signal-to-noise: 3) of 150 pM (25 ng/L) for glyphosate improving
LODs of the individual method by a factor of 10,000. This result demonstrates the first
successful application of column-coupled ITP/CE in combination with mass
spectrometric detection to anionic analytes. Furthermore, such an approach was
applied for the first time to environmental samples. All in all, the developed setup will
improve the environmental analysis of ionic substances providing a valuable
alternative to common chromatographic techniques. An expansion of the method
repertoire for ionic substances is of particular interest because metabolites are often
more polar and more water-soluble than their parent substances and often contain

ionizable functional groups.

The intertwined development using expertise from engineering to basic analytical
research led to an ITP-C*D/CE-MS setup, which can be made suitable for routine
analysis after some further work on automation. The setup overcame all challenges and
limitations of using mass spectrometric detection for ITP/CE analysis such as working
with a hydrodynamically open channel system and a fixed ground potential at the MS
inlet. The setup was applied to environmental samples. The first results were

promising with a high precision in migration times also for river water samples.
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Appendix |
Table A1l.  Chromatographic methods for glyphosate and AMPA analysis published
between 2016 and 2022

Table A2.  Electrophoretic methods for glyphosate analysis published between 2016
and 2022

Table A3.  Comparison of column-coupled ITP/CE-MS setups.

Table A4.  Overview on column-coupled ITP/CE applications

Appendix Il
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Table A1. Chromatographic methods for glyphosate and AMPA analysis published between 2016 and 2022. Only references were included where the limit of
quantification (LOQ) or the limit of detection (LOD) were specified in addition to the separation column used. The LOQ and LOD value are strongly dependent
on the use sample volume, pretreatment, and extraction procedure. (Separation on HILIC, normal phase and mixed mode columns)

Author Ref  Year Mode" Detect.? Derivat.? Type® Glyphosate AMPA treLP®  tramPAY) Matrix
Ding [1 2016 HILIC MS/MS - LOD 5-8 pg/kg - 8.7 - food
Guo [2] 2018 HILIC MS/MS - LOD 20 pg/L 20 pg/L 25 2.5 Dblood
Guo [3] 2019 HILIC MS/MS - LOD 0.15 ug/L 0.1 ug/L 3.9 3.9 surface water
Franke [4] 2020 HILIC MS/MS - LOD 0.5-5 ug/L 0.5-5 ug/L n.g. n.g. water /urine
Fritz-Wallace [5] 2020 HILIC MS/MS - LOD 2 ug/L 5 ug/L 04 0.45 reactor fluids
Cutillas @ [6] 2021  HILIC/IX MS/MS - LOD 10-20 pg/kg 10-50 pg/kg 5.78 1.023 vegetables
Sandoval-Gio [7 2021  HILIC/NP MS/MS - LOD 0.05 pg/L - n.g. - tissue
Shinde [8] 2020 HILIC/WAX  MS/MS - LOQ 0.01 mg/kg 0.02mgkg  6.54 3.54 palm oil
Giang [0 2020 HILIC/WAX  MS/MS - LOD 3 ug/kg 3uglkg  5.45 3.41 water
g::fﬁg;m [10] 2020 HILIC/WAX  MS/MS - LOQ 50-100 pglkg  50-100 uglkg  7.79 6.49 vegetables, fruits
Kim [11] 2021 HILIC/WAX MS/MS - LOD 0.5 pg/L n.g. 4.1 2,3 mealworms
Dias 2 [12] 2021 HILIC/WAX  MS/MS - LOD 20-50 uglkg ~ 20-50 ugg ~ 3.88  0.72 igﬁg cake, peas, soya
Jansons [13] 2021 HILIC/WAX MS/MS - LOD 3 pa/kg 3ug/kg 15.18 8.71 food, tissue, milk
Nielsen [14] 2018 NP MS/MS - LOQ < 200 pg/kg < 200 pg/kg n.g. n.g. intestinal samples
Pan [15] 2019 NP MS/MS - LOD 0.01-0.03 pg/L n.g. 3.73 5.79 tap, river, well water
Parvez [16] 2018 NP/HILIC/IX  MS/MS - LOD 0.02-0.1 ug/L - n.g. - water, urine
Lépez ® [17] 2019 NP/HILIC/IX  MS/MS - LOQ 20-100 pg/kg 20-50 pg/kg 25 n.g. fruits, vegetables, grain
Chen [18] 2019 NP/HILIC/IX  MS/MS - LOD 3 ug/L 1 ug/L 3.5 2.28 urine
Lépez [19] 2020 NP/HILIC/IX  MS/MS - LOD 0.2 pg/L (10 pg/kg) - n.g. - beers, plant milk, wine
Lépez ) [20] 2020 NPMILICAX MS/MS - LoQ 10-200 ugkg  10-200ugkg 2.6 nag. rcno:;tmgg,ggssue chicken
Dias ®) [12] 2021 NP/HILICIX MS/MS - LOD 20 pg/kg 50 uglkg  1.08 1.42 igﬁg cake; peas; soya
Ohara [21] 2021 NP/IX/RP MS/MS acetylation LOD 20 ug/L 20 ug/L 2.05 1.46 urine, plasma
Nomura [22] 2020 NP/RP/WIX MS/MS - LOD 0.1 pg/L - 3.4 - urine




Continuation of Table A1. (Separation on PGC and mixed mode columns)

Author Ref  Year Mode" Detect.2  Derivat® Type* Glyphosate AMPA troLP®?  trAMPAY) Matrix
Wouethrich [23] 2016 PGC MS/MS - LOD 3 pg/L 6 pg/L 4.6 1.5 beer
Pupke [24] 2016 PGC MS/MS - LOD 4 ug/L 0.8 pg/L n.g. n.g. saline water
Lee [25] 2017 PGC MS/MS - LOD 0.078 - 0.156 pg/L - 1.86 - vaccines
Park [26] 2019 PGC MS/MS - LOQ 0.05 pg/L - n.g. - surface water
Chiarello [27] 2019 PGC MS/MS - LOD 10 ug’kg n.g. 1 0.77 olive ails
Goncharova [28] 2019 PGC MS/MS - LOD 13 ug/L 12 ug/L 7.6 4.38 aqueous standards
Zhan [29] 2019 PGC MS/MS - LOD 16 pg/kg 16 pg/kg 25 1.12 soils
Savini [30] 2019 PGC MS/MS - LOD 3 ug’kg 3 ug/kg 3.46 2.02 vegetable, juice, fruit puree
Lopez-Ruiz [31] 2020 PGC MS/MS - LOD 25 ug/L - 3.9 - human blood serum
Gormez [32] 2019 PGC MS/MS - LOD <5 ug/kg <5 ug/kg 8.96 n.g. pomegranate
Vera-Candioti [33] 2021 PGC MS - LOD 0.2 yg/L 0.2 yg/L n.g. n.g. surface and groundwater
Limon [34] 2021 PGC IRMS - LOD 1250 ug/L - n.g. - river water
Han [35] 2016 RP/HILIC MS/MS - LOD 50 pg/L 50 pg/L 0.9 0.88 blood
Ulrich [36] 2021 RP/WAX MS/MS - LOD 0.23 pg/L 0.30 pg/L 4.5 2.7 hard waters
Chamkasem [37] 2016 RP/WIX MS/MS - LOD 15 pg/kg 18 pg/kg 2.05 1.1 soybean and corn
Chamkasem [38] 2017 RP/WIX MS/MS - LOD 6 ug’kg - 2.7 - grapes

n.g.: not given.

) Separation principle, abbreviations: HILIC: hydrophilic interaction liquid chromatography, IX: ion exchange, LX: ligand exchange, NP: normal phase, PEG:
polyethyleneglycol phase, PGC: porous graphitic carbon, RP: reversed phase, SAX: strong anion exchange, SCX: strong cation exchange, SEC size exclusion
chromatography, WAX: weak anion exchange; WIX: weak ion exchange.

2) Abbreviations: FLD: fluorescence detection, ICP: Inductively coupled plasma, IRMS: isotope-ratio mass spectrometry, MS: mass spectrometry, MS/MS: tandem mass
spectrometry, UV ultraviolet absorption spectrophotometry.

%) Derivatization method, unless otherwise stated, pre-column derivatization. Abbreviations: AQC: 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate; MERC:
2-mercaptoethanol, OPA: o-phthalaldehyde, PFBBr: 2,3,4,5,6- pentafluorobenzyl bromide; p-TsCl: p-toluenesulfonyl chloride

49 Type of data specified in the two columns to the right. Abbreviations: LOD: limit of detection; LOQ: Limit of quantification

Sretention time tr in minutes. Abbreviations: GLP: glyphosate.

a) N-acetyl AMPA included in study.

b) N-acetyl AMPA and N-acetyl glyphosate included in study.

s) with enrichment by solid phase extraction.

m) same separation method, but different mass spectrometer.



Continuation of Table A1.

(Separation on C18 columns, years: 2016-2018)

Author Ref Year Mode”  Detect? Derivat® Type* Glyphosate AMPA treLP®  tramPAD) Matrix

Ronco [39] 2016 RPC18 MS FMOC-CI  LOQ 0.02 ug/L 0.02ugl  ng. ng. Surface water, bottom
sediments

Wang [40] 2016 RPC18 FLD FMOC-CI LOD 0.6 pg/L 0.3 pug/L 6.4 7.6 seawater
Tsao [41] 2016 RPC18 MS/MS - LOD 100 ug/L - 0.87 - blood, serum
Schriibbers [42] 2016 RPC18 MS FMOC-CI LOD 12 pg/kg 12 pg/kg 3.9 8.8 leaf
Gomez-Caballero [43] 2016 RPC18 FLD FMOC-CI LOD 250 ug/kg n.g. 4.8 8.9 water and sail
Klatyik [44] 2017 RPC18 MS/MS FMOC-CI LOD 0.001 pg/L - n.g. - natural water
Poiger [45] 2017 RPC18 MS/MS FMOC-CI  LOQ 0.005 pg/L 0.005 pg/L 5.5 8.7 surface, ground water
Claude [46] 2017 RPC18 MS/MS FMOC-CI LOD 0.01 pg/L 0.01 pg/L n.g. n.g. environmental waters
Slomberg [47] 2017 RPC18 MS/MS FMOC-CI LOD 0.025 pg/L 0.025 pg/L n.g n.g. surface water
DIN ISO 16308:2017-09 [48] 2017 RPC18 MS/MS FMOC-CI LOQ 0.03 pg/L 0.03 pg/L 3.18 3.39 surface water
Cristoni [49] 2017 RPC18 MS/MS - LOD 0.06 pg/L - 3 - fruit juice
Toss [50] 2017 RPC18 MS/MS FMOC-CI LOD 0.2 yg/L n.g. 6.5 7.5 surface water
Kongtip [51] 2017 RPC18 FLD - LOD 0.4 pg/L - n.g - serum
Polyiem [62] 2017 RPC18 FLD FMOC-CI LOD 0.5 pg/L - 5.73 - urine
Qulkar [53] 2017 RPC18 MS/MS FMOC-CI  LOQ 0.5-2 yg/kg n.g. 3.91 5.67 plant matrices
Padilla-Alonso [54] 2017 RPC18 FLD FMOC-CI LOD 3.2 ug/L 2.8 ug/L 9.0 11.1  water
Klatyik [44] 2017 RPC18 UV FMOC-CI LOD 5 pg/L - 6.71 - natural water
Tong [65] 2017 RPC18 MS/MS FMOC-CI LOQ 50-100 pg/kg 50-100 pg/kg 5.9 6.2 tea plant
Tittlemier [56] 2017 RPC18 MS/MS FMOC-CI LOQ 50-100 pg/kg 50200 ugkg  ng.  ng. rodh oas,barey,
Drzyzga [57] 2017 RPC18 UV p-TsCl LOD 7.4 ug/L 2.6 ug/L 16.1 10.3 bacterial cult. media
De Geronimo [58] 2018 RPC18 MS/MS FMOC-CI LOD 0.2-0.3 pg’kg 0.5-0.7 ug/kg n.g. n.g. soil
Virginia [59] 2018 RPC18 MS/MS FMOC-CI LOD 0.3 pg/kg 0.4 pg’kg n.g. n.g. soil
Pinto [60] 2018 RPC18 MS/MS FMOC-CI LOD 0.35 ug/L 0.1 pg/L 3.21 3.37 irrigation water
Alonso [61] 2018 RPC18 MS FMOC-CI LOD 0.5 pg/L; 2 ug/lkg 0.5 pglL; 2 ug/kg n.g. n.g. rainwater, soil
Demonte [62] 2018 RPC18 MS/MS FMOC-CI  LOQ 0.6 pg/L 0.2 pyg/L 3.3 3.49 ground, surface water
Erban [63] 2018 RPC18 MS/MS FMOC-CI  LOQ 1 pg/kg 1 yg/kg n.g. n.g. soil
Li [64] 2018 RPC18 UV FMOC-CI LOD 1680 ug/L 555 pg/L 22 25 abiotic degradation




Continuation of Table A1. (Separation on C18 columns, years: 2018-2022)

Author Ref Year Mode" Detect.2 Derivat.?) Type? Glyphosate AMPA treLP®?  traAmPA®) Matrix
Leyva-Soto [65] 2018 RPC18 FLD FMOC-CI LOD 5 ug/L 15 pg/L n.g. n.g. soil, surface water
Liao [66] 2018 RPC18 MS/MS FMOC-CI LOQ 5 ug/kg - 7 - food samples
Matozzo [67] 2018 RPC18 MS/MS FMOC-CI LOD - 0.2 pyg/L - n.g. seawater samples
Exterkoetter [68] 2019 RPC18 FLD FMOC-CI LOD 0.06-0.18 pg/L 0.02-0.24 pg/L 23 24.5 soil, sediment, water
Carretta [69] 2019 RPC18 MS/MS AccQ-Tag LOD 0.2 yg/L 0.05 pg/L 3.64 3.9 runoff water
Muskus [70] 2019 RPC18 MS/MS FMOC-CI LOD 1 ug/L 10 pg/L n.g. n.g. soil
Thompson [71] 2019 RPC18 MS/MS FMOC-CI LOQ 1 ug/k 1 ug/k 7.3 8.1 honey
Sun [72] 2019 RPC18 MS FMOC-CI LOQ 1680 pg/kg 1100 pg/kg n.g. n.g. soil
Barker [73] 2019 RPC18 MS/MS FMOC-CI LOD 2.76 pg/L 7.4 pg/L 4.72 4.99 sugar beet
Usui [74] 2019 RPC18 FLD FMOC-CI LOD 200 pg/L - n.g. - serum
Wumbei [75] 2019 RPC18 MS/MS FMOC-CI LOD 40 pg/kg - n.g. - yam
Oliveira Pereira [76] 2019 RPC18 FLD OPA-MRCE LOD 5 pg/L 1.7 pg/L 8.9 6.2 water, soil
de F. Sousa [77] 2019 RPC18 UV FMOC-Cl LoD 90 g/l - 297 - airwith polyurethane
Franke [4] 2020 RPC18 MS/MS FMOC-CI LOD 0.037 pg/L 0.020 pg/L 5.15 11.04 urine
Correia [78] 2020 RPC18 MS/MS n.g. LOD 0.3798 pg/L 1.0103 pg/L 2.08 2.08 water samples
Fontas [79] 2020 RPC18 UV AQC LOD 0.5 mg/L 0.2 mg/L 3.8 13.5 standard solutions
Zhang [80] 2020 RPC18 MS/MS FMOC-CI LOD 1.5 pg/kg - 1.2 - corn
Umsza-Guez [81] 2021 RPC18 FLD FMOC-CI LOD <5 ug/L - n.g. - propolis
Ferhi [82] 2021 RPC18 FLD FMOC-Cl LOD  0.00025 pgiL - ng - dling water,
Bayebila Menanzambi  [83] 2021 RPC18 MS/MS FMOC-CI LOD 0.08 pg/L - n.g. - urine
Bressan [84] 2021 RPC18 MS/MS FMOC-CI LOD 0.5 ug/L - 4.75 - urine
Martin-Reina [85] 2021 RPC18 MS/MS FMOC-CI LOD 0.5 pg/L 0.1 pg/L 3.88 4.74 urine
Gebura [86] 2021 RPC18 UV pTS-Cl LOD 2 pglkg 21pghkg  13.7 10.4 ‘é":r'lr“;;tsle i‘fﬁ’beans’
Surapong [87] 2021 RPC18 UV FMOC-CI LOD 450-750ug/L 450-750ug/L n.g. n.g. water, soil, and
Surapong®) [87] 2021 RPC18 UV FMOC-CI LOD 21.0-22.5ug/L  21.0-22.5 pug/L n.g. n.g. Vvegetable samples
Delhomme [88] 2021 RPC18 MS/MS FMOC-CI LOQ 30-230 pgrkg 25-200 pgrkg 7.57 8.79 soil and earthworms




Continuation of Table A1. (Separation on different reverse phase and size exclusion/ligand exchange columns)

Author Ref Year Mode" Detect.2 Derivat.®)  Type?* Glyphosate AMPA treP®?  tramPA®) Matrix
Jansons ™ [13] 2021 RPC18 MS/MS Dansyl-Cl LOD 3-8 pg/kg 3 pa/kg 12.73 11.33 food, tissue, milk
Jansons ™ [13] 2021 RPC18 MS/MS Dansyl-Cl LOD 3-80 pg/kg 3 pa/kg 13.01 11.63 food, tissue, milk
Wang [89] 2021 RPC18 MS/MS FMOC-CI LOD 40 ug/kg 100 yg/kg 7.5 8.9 tea
Cruz [90] 2021 RPC18 MS/MS FMOC-CI LOQ 5 pg/kg 5 pg/kg n.g. n.g. breakfast cereals
Wirth [91] 2021 RPC18  MS/MS FMOC-CI  LOD - 6.2 uglL - g.7 lysimetersoil

samples
Pérez-Mayan  [92] 2022 RPC18 MS/MS FMOC-CI LoQ 1 pg/L 0.5 pg/L 5.7 ng. wine
Connolly [93] 2017 RPC3 MS/MS LOD 0.5 pg/L - n.g. - urine
Connolly [94] 2018 RPC8 MS/MS n.g. LOQ 0.5 pg/L - n.g. - urine
Tiago [95] 2020 RPC8 ICP-MS/MS - LOQ 1.09 pg/L 0.29 pg/L 4.2 2 water
Pimenta [96] 2020 RPC8 uv FMOC-CI LOD 300 pg/L 300 pg/L 15.1 16.5 water
Pimenta [96] 2020 RPC8 ICP-MS/MS - LOD 8.2 uglL 8.2 nglL 4.2 22 water

. ) 0.5 pg/L (water), vegetables, soil,
Marin [97] 2020 RPPEG MS/MS FMOC-CI LOQ 1.6-2.5 mg/kg n.g. 7.76 13.88 irrigation water
Bienvenu [98] 2020 RPphenyl MS/MS PFBBr LOD 0.077 pg/L 0.086 pg/L 4.2 4.01 urine
Jaikwang [99] 2020 RP phenyl MS/MS - LOD 2.5 yug/L 2.5 pg/L 5.93 6.06 urine
Guo [100] 2016 SEC/LX MS/MS - LOD 0.02-0.05 pg/L 1.9 7.1 water
Jensen [101] 2016 SECAX  MS/MS . LoD 0.02-28 gl 003-1.7ypgll 16 47 povine + human milk,

uman urine
wheat, beer, wine,
Zoller [102] 2018 SEC/LX MS/MS - LOD 0.2-0.4 pglkg 0.5-1 pg/kg n.g. N9 aat. fish, soods
Riter [103] 2018 SEC/LX MS/MS - LoQ 50 ug/kg 50 ug/kg 2 136 rawagricultural

commodities




Continuation of Table A1. (Separation by ion chromatography)

Author Ref Year  Mode" Detect.? Derivat.?) Type?  Glyphosate AMPA troLP®  tramPA®) Matrix
Steinborn [104] 2016 SAX MS/MS - LOD 0.5 ug/L - 9.7 - breast milk
Bousova? [105] 2016 SAX MS/MS - LOD 5-10 pg/kg 10 pg’kg 9.7 5.68 lettuce, oranges, flour
Adams? [106] 2017 SAX MS/MS - LOD 5 pg/kg 10 pg’kg 15.1 11.6 cereals, grapes, baby food
Rajski? [107] 2018 SAX MS/MS - LOQ 10 ug/kg 10 pg/kg 16 12.5 fruit, vegetables
Rodrigues [108] 2018 SAX FLD OPA (post) LOQ 20 pg/kg 20 pg/kg 21 42 soy-based infant formula
Okada [109] 2019 SAX MS/MS - LOD 0.25 ug/L 0.25 pg/L 10.9 5.9 environmental water
Lajin [110] 2019 SAX ICP-MS - LOD 0.27 ug/L 0.14 pg/L 4.1 1.4 tap, ground, river water
Jansons [111] 2019 SAX MS/MS - LOQ 10 yg/kg 10 pg’kg n.g. n.g. beer and oat flour
Santilio [112] 2019 SAX MS/MS - LOD 2-4 ug/kg - 1.2 - rice, maize
Chiesa [113] 2019 SAX MS - LOD 4.3 ug/kg 9.3 yg’kg 23.87 14.25 honey, fish, bovine muscle
Melton [114] 2019 SAX MS/MS - LOD 5 ug/kg n.g. 11.98 4.89 fruits, vegetables
Pareja [115] 2019 SAX MS/MS - LOQ 5 pg/kg 20 pg/kg 15.2 9.7 honey
Geerdink [116] 2020 SAX MS/MS - LOQ 0.01 pg/L 0.01 pg/L 11.6 26 surface water
Pires [117] 2020 SAX FLD OPA (post) LOQ 0.2 yg/L 0.5 pg/L 20 5.7 surface, ground water
Gasparini [118] 2020 SAX MS/MS - LOQ 10 pg/kg 50 pg/kg 16.6 13 grapes, honey, wheat
Dovidauskas [119] 2020 SAX CD - LOD 15 pg/L 80 pg/L 44.6 n.g. water
Panseri [120] 2020 SAX MS/MS - LOQ 5 pg/kg 5 pg/kg 23.66 14.15 baby food
Ruiz [121] 2021 SAX MS/MS - LOQ 0.1 pg/L 0.1 pg/L n.g. n.g. urine
Schitze [122] 2021 SAX CD+MS/MS - LOD 0.2 yg/L - 11.5 - human urine
Zhang [123] 2021 SAX MS/MS - LOD 0.6 pg/L 1.2 pg/L 8 1.7 serum
Pérez-Mayan [92] 2022 SAX MS/MS - LOQ 1 g/l 0.8 pg/L 10.05 n.g. wine
Feltracco [124] 2021 SAX MS/MS - LOD 0.0054 ug/L 0.0016 pg/L 13.9 8.1 water, sea water
Vu [125] 2021 SCX MS/MS - LOQ 0.5 pg/L 0.5 pg/L n.g. n.g. tap, river, estuary, sea water
de Souza [126] 2021 SCX FLD OPA (post) LOD 20 pg/kg 20 pg/kg 6.8 10.5 honey

de Souza [127] 2021 SCX FLD OPA (post) LOD 20 pg/kg 20 pg/kg n.g. n.g. soybean
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Table A2. Electrophoretic methods for glyphosate analysis published between 2016 and 2022. Continuation of Gauglitz et al. [1].

Author Claude 2017 Moraes 2018 Gotti 2019 Mufoz 2019 Wimmer 2020 Liu 2021 Koukalova 2022
Reference [2] [4] [5] [6, 7] [8] [9] [9]
Analytes GLP, AMPA GLP, AMPA GLP, AMPA GLP, AMPA GLP GLP, AMPA GLP, AMPA, GLP GLP

derivatized with GLUF, MPPA
FMOC-CI
Method Indirect CE-UV  Indirect CE-UV  Indirect CE-UV  Field amplified CE-LIF CE-ESI-MS CE-ESI-MS (TOF) ITP-C*D with ITP-C*D with
(240 nm) with (254 nm) with (234 nm) with sample injection  (570/488 nm) (TOF) with with sheathless asymmetric on-capillary pre-
phthalate probe  3,5-dinitrobenz-  pyridine- sweep-MEKC- sheath liquid interface neutralization concentration
ion oic acid probe 2,6- dicarbo- UV (210 nm) interface reaction by asymmetric
ion xylic acid probe boundary using neutralization
adopted from ion electrokinetic boundary and
[10] injection carrier ampho-
dosing lyte-free iso-
electric focusing
Capillary* 50 pym, 75 um, 58.5/50 cm 50 pym, 75 pum, 50 ym, 65 cm 50 ym, 80 cm PTFE 800 ym x 9 cm
60.2/50 cm 80/71.5 cm 30/71.5 cm
BGE 7.5 mM phthalic 10 mM 10 mM pyridine- 50 mM sodium 5.2 mM 175 mM formic 10 % HOAc in LE: 10 mM HCI LE1 [LEZ]:
acid, 51.3 mM 3,5-dinitrobenzoi  2,6-dicarboxylic ~ phosphate tetraborate acid adjustedto 10 % methanol + 20 mM beta- 20 [10] mM HCI
L-histidine, c acid, 0.2 mM acid, 0.2 mM (pH 2.2) + solution, pH 2.8 with alanine, pH 3.5 500 [10] mM
1 mM CTAB, CTAB, pH 8.4 CTAB, pH 8.5 100 mM sodium  pH 10.0 NH4OH TE: 10 mM histidine, pH 1.7
pH 6.5 dodecyl sulfate benzoic acid, [56.5],TE: 20 mM
pH 3 HOAc, pH 3.9
Coating Uncoated, but CTAB as EOF modifier Uncoated Uncoated Polyvinyl alcohol  Uncoated PTFE, Triton X100 as EOF modifier
or uncoated and for bubble suppression
Injection 30 s x 35 mbar 6 s x 50 mbar 8 s x 50 mbar Water plug: 5 s x 35 mbar 10 s x 75 mbar 10 s x 690 mbar 1500 s x 250 yA 1500 s x 250 pA
10 s x 50 mbar
Sample:
700 s x =10 kV
Separation 10 min, 6.5 min, 6.5 min, 11 min, 4 min, 8 min, 12 min, n.g., 40 min, 250 pA
time, -25 kV -15 kV -17 kV -25 kV 17.2 kV -30 kV and -25 kV and 250 pA
condition 30 mbar 138 mbar
Rinsing 5 min BGE 3 min BGE 3 min BGE 3 X 3 min: 4 x 2 min: 5 min BGE Hydrochloric acid, n.g. n.g.
between 1 M NaOH, H2O, 1 M NaOH, deionized water
runs 100 mM sodium 0.1 M NaOH and BGE for 3, 5
phosphate water, BGE and 5 min
buffer (pH 2.2)
LOD (GLP) n.g. 2.9 uM 2.9 uM 10 nM 25.7 mg/kg < 5ug/L 0.5 pg/L (m)@ 35 uM 0.9 uM

23.1 ug/L (i)




Linearrange n.g. - 77.1t0 700 5-3000 ug/L 0.002-1 mg/L n.g. n.g.

(GLP) mg/kg

Precision n.g. 0.3 % (time), 1.3%(time), 1.7 % (time) 4.3 % (area) 0.7 % (time) 3.3 % (time) n.g. n.g.

(GLY), RSD 2.3 % (area) 3.7 % (area) 4.3 % (area, 6.1 % (area) 9 % (area)

corrected)

Real Environmental Environmental Environmental Extracts from Soil samples Beer and soil Baby foods Environmental Environmental

samples waters waters waters wheat flour waters waters

Comments GLP and AMPA Intense experimental method Aqueous Aqueous Sample-induced Dispersive SPE Performed ona  Performed on a
enriched by optimization (pH 4.4 — 10.4, extracts from extracts were transient ITP by  with core-shell specialized ITP specialized ITP
molecularly separation voltage: -13 to -21kV, wheat flour were  mixed with mesoporous silica  setup setup with 3
imprinted injection time: 4to 12 s processed by a CdTe/CdS micro-spheres electrodes and
polymer solid C18and a quantum dots containing soil coated by titanium Samplein 1 M 3 electrolyte
phase strong anion (45.9 mg/L). extraction media  dioxide, elution benzoic acid + chambers
extraction, exchange (ace- Design of exp- with 5% ammonia. 20 mM beta-
elution with tate form) solid eriment for vol- Food extraction alanine, pH 7.5 Sample in
0.1 M HCI. phase extraction tage, BGE and with 2:1 MeOH: 20 mM histidine,
0.2 M HClin prior to FMOC- quantum dot H20, 0.5 % HOAc pH 7.5
sample Cl derivatization ~ concentration

AMPA: aminomethylphosphonic acid, BGE: background electrolyte, CTAB: cetyltrimethylammonium bromide, EOF: electroosmotic flow, FMOC-CI: fluorenylmethyloxycarbonyl chloride, GLP:
glyphosate, LE: leading electrolyte, LOD: limit of detection, MPPA: 3-methylphosphinicopropionic acid, RSD: relative standard deviation, TE: terminating electrolyte

a)(i) instrumental, (m) methodic
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Table A3. Comparison of column-coupled ITP/CE-MS setups.

Reinhoud Mazereeuw Peterson Kler Piestansky Kler Kohl Graf / This setup
References [1-3] [4] [5-7] [8] [12] [13-15] [16]
Group 2 van der Geef van der Geef Lee Huhn Huhn Neusu3 Huhn
Year 1992 2000 2003 2013 2014 2016 2022
Mode ITP/CE-MS ITP/CEC-MS Comprehensive  ITP/CE-MS ITP/CE-MS ITP/CE-MS Heart-cutting ITP/CE-MS
ITP/CE-MS CE/CE-MS
Interface CE capillary T-piece from T-piece from T-piece from T-piece probably Double T-piece  fully electrically Double T-piece
arrangement inserted into the  polyethylene quartz borofloat glass from PMMA from borofloat isolated from BFS
ITP capillary via glued glued glass, glued mechanical screwed
septum valve (20 nL)
High voltage 1x HVS across 1x HVS of CE 1x HVS 1x HVS of CE 1x HVS and custom-made 2x commercial 1x HVS of CE
setup ITP+CE capillary instrument instrument and relay for voltage  HVS with 12 CE instruments  instrument
1x HVS to offset 1x HVS to avoid relay for voltage ports Independent Manual voltage
bifurcation point  electrical current switching operation of switch
by 2 kV across the aux. both dimensions
capillary during
injection to CEC
Analyte transfer  Injection to CE Blocking of ITP CE started by Voltage Voltage Switching of the  Voltage
capillary by capillary outlet, LE injection at switching across  switching across  switching across valve to other switching ITP to
splitting voltage switch- bifurcation point  ITP+CE capillary ITP to ITP+CE ITP to CE position CE
proportional to ing across ITP +  via aux. capillary to aux. +CE
the current aux. capillary to  from pump capillary
distribution over  aux. + CEC (manual
the CEand ITP  capillary and operation)

capillary.

ITP capillary
was flushed with
LE prior to CE

+3 kV at end of
aux. capillary.
ITP and aux.

capillary were
flushed with LE

Intermediate Visual Visual (dye as UV/Vis detection C*D in front of C*D in front of C*D on common  UV/Vis in front C*D on common

detection + marker) in front of bifurcation point  bifurcation point  section of valve section

position bifurcation point

Final detection UV/\Vis + UV/Vis+ ESI-TOF-MS ESI-qTOF C*D + ESI-QqQ ESI-qTOF ESI-qTOF ESI-Q-MS
ESI-QqQ-MS ESI-Q-MS




Sample injection  Syringe Hydrodynamic Valve (manual) Hydrodynamic Syringe Hydrodynamic Hydrodynamic Hydrodynamic
Hydrodynamic Semi-closed Semi-closed Open Open Closed Open Open Open
mode
Capillary ITP PTFE BFS poly(vinyl LN coating PTFE BFS 1stdim. CE: BFS BFS
320 umx15cm 220 umx 42 cm alcohol) coated 100 ymx20cm 800 umx9cm 100 umx35cm 50 ymx 38.2cm 75 um x 65.0 cm
+ 200 ymx (5 + + + + +
220 um x 27cmp) 10) €M 50 um x 40 cm®) 100 ymx 35¢cm 50 um x 52.8 cm 75 um x 27.8 cm
Capillary CE PTFE BFS poly(vinyl LN coating PTFE BFS 2n dim. CE: BFS
70cmx45pum  75umx37cm  alcohol)coated 50 ymx30cm 300 pmx16cm 50 pmx 35cm + BFS 75 ym x 65.0 cm
+ 220 ym x 40 cmb + 50 um x 13.5 cm
27 cm 50 um x 40.2 cm
Electrolyte L-S-L L-S-L L-S-L L-S-L T-S-T BGE-S-BGE - L-S-L
system
LE 10 mM sodium 20 mM NHsOAc 10 mM 10 MM NH40Ac 10 mM NH4O0Ac 10 mM imida- BGE of 1stdim. 10 mM
phosphate in in 75 % MeOH, triethylamine pH 4.5 +20 mM HOAc  zole + 25 mM CE: 10 mM (NH4)2COs +
60% MeOH, pH 5.0 pH 4.5 oxalic acid in phosphoric acid, 115 mM NH4OH
pH 7.2 80 % DMSO pH 2.5 pH 10.2
TE 10 mM histidine 20 mM beta- 10 mM HOAc acetic acid 10 mM HOAc 10 mM taurine + - 10 mM KOH +
in 60% MeOH alanine 10 mM pH 3.1 15 mM oxalic 135 mM NH4OH
pH 7.2 in 75 % MeOH aC'dslg 80 %
pH 5.0 DM
BGE As LE As LE As LE As LE As TE 20 mM oxalic BGE of 2 dim. AsLE
acid in 20 % CE: 10 % acetic
2-propanol acid
EOF modifier None None Capillary coating LN coating None None None None
ITP conditions 60 pA 15kV +3 mbar 24 kV 14 kV across 300 pA 30kV (+ and - CE1: 20 kV 12 kV + 70 mbar
counterflow ITP + CE 15 kV regarding
capillary the MS)
ITP conditions 60 pA 15kV + 3 mbar 24 kV 14 kV across 300 pA 30kV (+ and - CE1: 20 kV 12 kV + 70 mbar
counterflow ITP + CE 15 kV regarding
capillary the MS)
CE conditions 20 kV 15 kV 10kV (ITP+CE 14 kV 40 pA 15 kV CE2: 20 kV 15 kV

dimension)




Reinhoud Mazereeuw Peterson Kler Piestansky Kler Kohl Graf / This setup

CE conditions 20 kV 15 kV 10kV (ITP+CE 14 kV 40 pA 15 kV CE2: 20 kV 15 kV

dimension)

Electrolyte Experimental + n.g. n.g. Simulation + Experimental Simulations - Simulation +

optimization literature data ITP-MS approach experimental
CEand ITP experiments verification of
were optimized CE and ITP step
individually

Nature of Cationic Cationic Cationic Cationic Cationic Cationic Cationic Anionic analytes

analytes analytes analytes analytes analytes analytes analytes analytes

Sample Mixture of Neostigmine, Angiotensin Angiotensin Pheniramine 20 amino acids BSA tryptic Glyphosate and
anthracyclines salbutamol, peptides phenylephrine peptide sample metabolites

fenoterol paracetamol

Drawbacks Band Band Flushing during Removal of fast ~ Multi material Potential Valve materials  Separation
broadening by broadening by CE step > band migrating setup 2> clogging of not stable to dimensions
flushing step of  flushing of ITP broadening electrolytes prior  different EOFs, capillaries due perform many hydrodynamic
ITP capillary, capillary, possible. to CE not distortions of to blocking. experiments at open, manual
reduced by potential possible. zones possible. high separation  switching
small ID of CE clogging of Band voltage/currents
capillary. capillaries due broadening by > max. 15 pA.

to blocking by hydrodynamic Valve is prone to
septa. analyte transfer leakages. Band
to MS. broadening due
the valve’s dead
volumes.

Comments CE capillary is During the ITP Stacked sample  Modified Electrode Home-made Complete spatial Hydroxide ions
inserted far into  focusing, the is flushed back commercial compartments multivial holder.  separation of the as terminator.
the ITP capillary  CEC capillary and forth over system with with Manual blocking ~dimensions High degree of
through a outlet is the bifurcation additional vial hydrodynamic- and deblocking ~ €nabling almost  automation.
septum at the disconnected point, no holder. ally closed of capillaries unlimited Only voltage
cathode from the ground. Membranes or (membranes). was necessary.  Selection of switching was a
compartment blocking of Manual flushing  None-aqueous separation manual step.

- voltage drop capillaries of electrolyte setup to allow modes, BGE

across the CE- needed. chambers and the stacking of systems,

MS capillary capillaries or 20 amnio acids  caPillary
treatments.

always present.

in the ITP step.




3 valves were
used to 1)
disconnect TE
buffer from the
ITP capillary
prior to flush, 2)
and 3) for
replacing TE
with LE in the
ITP capillary.

The ITP
capillary is
closed by a
membrane at
the cathode
compartment to
prevent
hydrodynamic
flow.

MeOH addition
to the BGE to
prevent
adsorption of the
analytes.

Electrolyte
chambers made
of PMMA

automatized by
syringes

- difficult
change of
electrolyte
system.

For CE coupling
a polysulphone
elution block
was necessary +
syringe pump 2>
band
broadening by
hydrodynamic
flow.

To increase the
switching
precision in 2D
experiments the
migration
velocity of the
specific analyte
was calculated
from single-point
intermediate
detection data.

Further analytes
analyzed with
the same
instrumentation

pheniramine [17]
varenicline [18]
serotonin [19]

(all separated as
cations)

Abbreviations: aux.: auxiliary; BFS: bare fused silica; CEC: capillary electrochromatography; dim.: dimension; ESI: electro spray ionization; HVS: high voltage
supply; LE: leading electrolyte, n.g.: not given; PMMA: poly(methyl methacrylate); PTFE: polytetrafluoroethylene; TE: terminating electrolyte.

a) Grouped as in Table A4
®) The same capillary was used in both dimensions



References Table A3

[1]
[2]

[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

Reinhoud, N. J., Tinke, A. P., Tjaden, U. R., Niessen, W. M. A., van der Greef, J., J. Chromatogr. A. 1992, 627, 263-271,

DOI: 10.1016/0021-9673(92)87206-n.

Tinke, A. P., Reinhoud, N. J., Niessen, W. M. A., Tjaden, U. R., van der Greef, J., Rapid Commun. Mass Spectrom. 1992, 6, 560-563,

DOI: 10.1002/rcm.1290060905.

Stegehuis, D. S., Tjaden, U. R., van der Greef, J., J. Chromatogr. A. 1992, 591, 341-349, DOI: 10.1016/0021-9673(92)80251-0.

Mazereeuw, M., Spikmans, V., Tjaden, U. R., van der Greef, J., J. Chromatogr. A. 2000, 879, 219-233, DOI: 10.1016/s0021-9673(00)00259-4.
Peterson, Z. D., Bowerbank, C. R., Collins, D. C., Graves, S. W., Lee, M. L., J. Chromatogr. A. 2003, 992, 169-179,

DOI: 10.1016/s0021-9673(03)00235-8.

Bowerbank, C. R., Lee, M. L., J. Microcolumn. Sep. 2001, 13, 361-370, DOI: 10.1002/mcs.10019.

Chen, S, Lee, M. L., Anal. Chem. 2000, 72, 816-820, DOI: 10.1021/ac990727+.

Kler, P. A., Posch, T. N., Pattky, M., Tiggelaar, R. M., Huhn, C., J. Chromatogr. A. 2013, 1297, 204-212, DOI: 10.1016/j.chroma.2013.04.046.
Piestansky, J., Marakova, K., Koval, M., Mikus, P., J. Chromatogr. A. 2014, 1358, 285-292, DOI: 10.1016/j.chroma.2014.06.083.

Tomas, R., Koval, M., Foret, F., J. Chromatogr. A. 2010, 1217, 4144-4149, DOI: 10.1016/j.chroma.2010.02.021.

Everaerts, F. M., Beckers, J. L., Verheggen, T. P. E. M., Isotachophoresis: theory, instrumentation and applications. Elsevier, Amsterdam 1976.
Kler, P. A., Huhn, C., Anal. Bioanal. Chem. 2014, 406, 7163-7174, DOI: 10.1007/s00216-014-8152-6.

Kohl, F. J., Montealegre, C., NeusuB, C., Electrophoresis. 2016, 37, 954-958, DOI: 10.1002/elps.201500579.

Roémer, J., Kiessig, S., Moritz, B., NeuslR, C., Electrophoresis. 2021, 42, 374-380, DOI: 10.1002/elps.202000180.

Huhner, J., Jool, K., NeusuR, C., Electrophoresis. 2017, 38, 914-921, DOI: 10.1002/elps.201600457.

Graf, H. G., Rudisch, B. M., Ude, L., Muller, L., Huhn, C., J. Sep. Sci. 2022, 45, 3887-3899, DOI: 10.1002/jssc.202200519.

Piestansky, J., Marakova, K., Koval, M., Havranek, E., Mikus, P., Electrophoresis. 2015, 36, 3069-3079, DOI: 10.1002/elps.201500351.
Piestansky, J., Marakova, K., Veizerova, L., Galba, J., Miku§, P., Anal. Chim. Acta. 2014, 826, 84-93, DOI: 10.1016/j.aca.2014.04.003.
Piestansky, J., Matuskova, M., Cizmarova, |., Majerova, P., Kovac, A., Mikus, P., J. Chromatogr. A. 2021, 1648, 462190,

DOI: 10.1016/j.chroma.2021.462190.


http://dx.doi.org/10.1016/0021-9673(92)87206-n
http://dx.doi.org/10.1002/rcm.1290060905
http://dx.doi.org/10.1016/0021-9673(92)80251-o
http://dx.doi.org/10.1016/s0021-9673(00)00259-4
http://dx.doi.org/10.1016/s0021-9673(03)00235-8
http://dx.doi.org/10.1002/mcs.10019
http://dx.doi.org/10.1021/ac990727+
http://dx.doi.org/10.1016/j.chroma.2013.04.046
http://dx.doi.org/10.1016/j.chroma.2014.06.083
http://dx.doi.org/10.1016/j.chroma.2010.02.021
http://dx.doi.org/10.1007/s00216-014-8152-6
http://dx.doi.org/10.1002/elps.201500579
http://dx.doi.org/10.1002/elps.202000180
http://dx.doi.org/10.1002/elps.201600457
http://dx.doi.org/10.1002/jssc.202200519
http://dx.doi.org/10.1002/elps.201500351
http://dx.doi.org/10.1016/j.aca.2014.04.003
http://dx.doi.org/10.1016/j.chroma.2021.462190




Table A4. Overview on column-coupled ITP/CE applications sorted by electrolyte format and year of publication. For applications with final mass spectrometric
detection, see Table A3. Since only a limited number of authors contributed to the topic, a grouping was made according to the (co-)authors often mentioned.

(BGE-S-BGE format)

Author Year Ref  Group" Instrument FD2 D2 Mode Format Switching Analytes
Troska 2013 [1]  km K+G [2, 3] CD CD BGE-S-BGE PMMA chip current switching, replacement of TE w0 1 nitrate
by BGE (procedure not given)
ix o . current switching, replacement of TE
HorciCiak 2012  [4] k/m K+G [2, 3] CD CD BGE-S-BGE = PMMA chip by BGE (procedure not given) glyphosate
Ginterova 2012 [5] K EA 202 A UV CD BGE-S-BGE two PTFE cap. Currentswitching +washing ITP histamine, 2-phenyl-
cap. with BGE ethylamine, tyramine
Marak 2012 [6] K EA 202A UV CD BGE-S-BGE two PTFE cap. Currentswitching, replacementof T& o o
by BGE (procedure not given)
current switching + washing ITP 5-methvltetra-
Pantuckova 2010 [7] b EA 100 uv CD BGE-S-BGE  two PTFE cap. cap. with BGE, optical control of y
Y hydrofolate
switching time
Horakova 2007 [8] k EA 102 uv CD BGE-S-BGE  two PTFE cap. current switching benzoic acid
Hamoudovd 2004 [9] p EA 100 UV CD BGE-S-BGE two PTFE cap. Currentswitching +washing ITP flavonoids and
cap. with BGE phenolic acids
- current switching + washing ITP . .
Kvasnitka 2003 [10] v EA 100 uv CD BGE-S-BGE  two PTFE cap. cap. with BGE imazalil
Urbének 2002 [1] »p EA 100 UV CD BGE-S-BGE two PTFE cap. Ccurrent switching +washing ITP flavonoids

cap. with BGE

cap.: capillaries; PMMA: poly(methyl methacrylate); PTFE: polytetrafluoroethylene
Y Abbreviations of (co-)authors used to group the CE/ITP-methods: k/m: Kaniansky + Masar; k: Kaniansky; g: van der Greef; m: Miku$ + Havranek; I: Lee +
Chen b: Kfivankova + Bocek + Foret; p: Polasek; h: Hirokawa; v: Kvasnicka + VoldFich
2 FD: final detection method; ID: intermediate detection method; CD: conductivity detection; CS Isot.: CS isotachophoretic analyzer, n.g. not given. K+G:
Kaniansky + Gral} 2001 (references [2, 3]); EA100. EA101, EA102, EA103 EA 202A are different versions of the same column-coupled CE/CE device from

Villa-Labeco (Slowakei, SpiSska Nova Ves) derived form the setup described by Everaerts et al. [12].



Continuation of Table A4. (L-S-L format)

Author Year Ref  Group" Instrument FD2 D2 Mode  Format Switching Analytes
Xu 2010 [13] h Hirokawa 2008 . . L-S-L  chip current switching DNA
linear imaging electrokinetic injection of LE
UV detector itchi
Hirokawa 2008 [14] h MCE-2010 L-S-L  chip ourrent switching DNA fragments
electrokinetic injection of LE
Bowerbank 2001 [15] | see [16] uv uv L-S-L two BFS capillaries current SW|tch.|r?g_ + b_ack angiotensins
pressure multi-injection
Chen 2000 [16] | home-built uv 2 x'BFS cap. + T-piece, current SW|tchl|r?g' + pack . .
L-S-L  syringe pump pressure multi-injection angiotensin
Mazereeuw 1994 [17] g Prince CE uv visual §3x BFS capillary different  current switching + back . .
L-S-L inner diameters pressure angiotensin
o-phthaldialdehyde
Isotachobhor- hydrodynamic or electro- and fluorescein
Stegehuis 1992 [18] g Brommap ’ LIF uv L-S-L PTFE + BFS cap. kinetic, washing TE with LE isothiocyanate
away derivatives
of amino acids.
Stegehuis 1991 [19] g Isotachophor; UVILIE UV L-S-L PTFE + BFS cap. electr.oklnehc injection, de_rlvatlves of amino
Bromma washing TE away acids
Foret 1990 [20] b home-built uv visual L-S-L Chip+1 cap. washing TE away nucleotides and

amaranth (dye)




Continuation of Table A4. (mainly T-S-T format)

Author Year Ref  Group" Instrument FD2 ID2 Mode Format Switching Analytes
DI1:CD
Mikus 2013 [21] m EA 103 (modified) uv DI2:CD T-S-T three PTFE cap. current switching phthalic acid
or UV

Pantickova 2007 [22] b EA 100 ?LR/) CD #2'} or PTFE+BFScap.  currentswitching iodine
Kvasnitka 2003 [23] v EA 100 uv CD T-S-T two PTFE cap. current switching lysozyme

. T-S-T or . . :
Kvasnicka 2000 [24] v EA 100 uv CD BGE-S-BGE two PTFE cap. current switching fumaric acid

. T-S-T or I 2,4-dinitrophenyl-
Fanali 2000 [25] k EA 101 uv CD BGE-S-BGE two PTFE cap. current switching labeled amino acids
Kaniansky + . L nitrite, fluoride, and
GraR 2001 2000 [2,3] k/m new setup CcD CD T-S-T PMMA chip current switching phosphate
Prochazkova 1999 [26] b EA 100 uv CD T-S-T PTFE + BFS cap. current switching orotic acid
Dankova 1999 [27] k Labeco-Villa uv CD T-S-T two PTFE cap. current switching tryptophan
Prochazkova 1998 [28] b EA 100 uv CD T-S-T two PTFE cap. current switching L-ascorbic acid
Blatny 1997 [29] v EA 101 uv CD T-S-T two PTFE cap. current switching Fe(ll)-EDTA
Kfivankova 1997 [30] b EA 100 uv CD T-S-T two PTFE cap. current switching hippurate
Kaniansky 1996 [31] Kk CS Isot. uv CD T-S-T two PTFE cap. current switching nitrophenols
Kaniansky 1994 [32] Kk EA 100 uv CD T-S-T PTFE + BFS cap. current switching paraquat and diquat
Kaniansky 1994 [33] k CS Isot. CD CD T-S-T two PTFE cap. current switching inorganic anions
Kaniansky 1993 [34] k prototype of EA100 UV uv T-S-T cap. fluorinated current switching ~ Sulphanilate, 3,5-

ethylene-propylene dinitrosalicylate
Kfivankova 1991 [35] b CS Isot. (modified) CD/UV CE T-S-T two PTFE cap. current switching halofuginone
nitrophenols and 2,4-

Kaniansky 1990 [36] Kk CS Isot. (modified) uv CD T-S-T two PTFE cap. current switching dinitrophenyl-labelled

amino acids




Continuation of Table A4. (T-S-T format)

Author Year Ref Group" Instrument FD2 D2 Mode Format Switching Analytes
Piestansky 2017  [37] m EA 102 uv CD T-S-T2 + HEC, two PTFE cap. current switching  varenicline
Piestansky 2017 [38]  m EA 102 W CD e twoPTFEcap.  currentswiching serotonin
Frano 2016 [39]  see[27] EA 101 UV CD IhlsraTs)e"le':E? two PTFE cap.  current switching  DNA fragment
Mikus 2013  [40] m EA 102 LIF CD T-S-T2) two BFS cap. current switching  quinine
Mikus 2012  [41] m EA 102 uv CD T-S-T2 two BFS cap. current switching  quinine
Mikus 2011 [42] m EA 102 uv CD T-S-T2 two BFS cap. current switching  quinine
Kvasnicka 2011  [43] v EA 101 CcO CD  TSTo two PTFE cap.  current switching ~ PPY1ic acid and lower
inositolphosphates

Knob 2010 [44] k EA 202A uv CD T-S-T° two PTFE cap. current switching  brominated phenols
Mikus 2008 [45,46] m EA 101 uv CD T-S-T2) two BFS cap. current switching  amlodipine, celiprolol
Kvasnicka 2006 [47] \ EA 101 uv CD T-S-T2) two PTFE cap. current switching  domoic acid
Kvasnicka 2005 [48] v EA 101 CD CD T-S-T2 two PTFE cap. current switching  chlorate, chlorite, bromate
Masar 2005 [49] k/m K+G [2, 3] CD CD T-S-Te) PMMA chip current switching  sulfite
Flottmann 2004 [50] [taChrom 1I-M uv CD T-S-T2 two PTFE cap. current switching  sorbate and ascorbate
Praus 2004  [51] CS Isot. CD CD T-S-Ta two PTFE cap. current switching  chlorite
Bodor 2002 [52] k/m K+G [2, 3] CD CD T-S-Ta PMMA chip current switching  bromate
Bodor 2001 [53] k/m K+G [2, 3] CD CD T-S-Ta PMMA chip current switching  nitrite, fluoride, phosphate
Bodor 2001  [54] k/m K+G [2, 3] CD CD T-S-T2 PMMA chip current switching  benzoate, sorbate
Dankova 2001 [55] k EA 101 uv CD T-S-T9 n.g. current switching  orotic acid
Kvasnicka 1996  [56] v CS ZKl1 02 uv CD T-S-Te) two PTFE cap. current switching EDTA

uv+ . different benzoic acids
Hirokawa 1993  [57] lab-made uv poten- E-GSETSBGE E;;E *+BFS ;?trpgzglizgtlon derivatives, picric acid, and

tial others
Foret 1992  [58] b see [20] uv CD T-S-Ta PTFE+BFS cap. current switching  cytochrome

a) T-S-T but different concentration of compounds in TE used in the CE dimension

b) T-S-T but different counter ion in TE used in the CE dimension

) T-S-T but different counter ion and different coion concentration in TE used in the CE dimension
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Appendix I

This appendix contains additional information that has not been peer reviewed.

Part A presents alternative detection electronics for the intermediate in-chip C*D based

of the electronics of the OpenCD.

Part B provides additional information on the development of the first-dimension ITP

electrolyte system using a CE-C‘D setup.
Part A: OpenC*D electronics as an alternative to the in-chip C*D based on CDCD.

Part B: ITP-C*D measurements of glyphosate and its metabolites






Part A: OpenC*D electronics as an alternative to the in-chip
C*D based on CDCD

In addition to the CDCD-based electronics for the in-chip C*D, a modified version of the
OpenC“D electronics was designed based on the information provided by Francisco and do
Lago [1]. The layout of the detection head, shown in Figure 1, was changed to fit on a single
printed circuit board while keeping its circuit. The electrodes made from vias in the original
layout were replacement by spring contact pins (811-S1-006-10-016101, Preci-Dip, Delémont,
Switzerland) to connect the C*D geometry in the microfluidic chip with the electronics. The
supply unit was identical to the one described in Section S4.2 of the Supporting Information of

reference [2]
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Figure 1 Scheme of the redesigned openC*D printed circuit board. The electrical circuit is
identical to the published electrical circuit from do Lago.

Annotations to the sealings at the chip-capillary connection

To overcome leaching effects (described in [2]) from the sealings used at the capillary-chip
connections, the nitrile butadiene rubber sealing should be replaced by a sealing material,

which can better withstand alkaline conditions, like ethylene propylene diene monomer rubber.
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Part B: ITP-C*D measurements of glyphosate and its metabolites
Samples, BGEs and electrophoretic separation by ITP

The aqueous leading electrolyte (LE) and terminating electrolyte (TE) were prepared
from filtered aqueous stock solutions just before the measurement. The LE consisted
of 10 mM FA and 92 mM NH4OH. The TE consisted of 5 mM proline, 92 mM NH4+OH
and 5 mM Ba(OH)2. The samples were prepared from aqueous 10 mM stock solutions
in 92 mM NH4OH. The separation was performed in a bare fused silica capillary with
75 uym id and 50 cm length. The effective length was 33.3 cm. Prior to its first use, the
capillary was purged with MeOH, 1 M aqueous HCI, 1 M aqueous NaOH and water for
20 min each at 1 bar. Just before a set of measurement the capillary was rinsed at 1 bar
with water for 5 min and LE for 30 min. Prior to each analysis, the capillary was flushed
with LE for 3 min at 1 bar. The sample was injected for 30 s at 75 mbar followed by an
injection of TE for 18 s at 50 mbar. A voltage of -20.0 kV (slope -6 kV/s) and a pressure
of 50 mbar was applied for 15 min to achieve ITP separation. Since the forming ITP
becomes stationary under the selected conditions, the ITP stack must be slowly moved
towards the C*D. For this purpose, the voltage was lowered to -15.0 kV and the
pressure was increased to 85 mbar. The temperature was set to 25°C. The chemicals
used and their abbreviations are as given in [1]. Proline (PRO) (299 %) from Fluka
(Buchs, Switzerland) and barium hydroxide octahydrate (298 %) from Sigma-Aldrich

(Steinheim, Germany) were used.

Simulations using Spresso

Simulations of ITP separations were performed with the software Spresso 3 [2] using
the following parameters: current: -10 pA; simulation time: 600 s; domain length:
800 mm; circular channel geometry with 75 um id; injection width: 10 mm; injection
location: 30 mm; number of grid points: 12,000; spatial discretization: ‘SLIP’; moving
frame: yes; prepare grid: no; adaptive grid speed: 0; clustering level: O; ionic strength
dependence: no; pressure head: 0; hydraulic resistance coefficient: 32. The Taylor-Aris

dispersion coefficient was set to 0.



ITP-C*D measurements

The simulated ITP separation plotted in Figure 2A shows the concentration of the
analytes versus the position in the capillary. It seemed possible to separate phosphate,
originating from glyphosate degradation or from extraction media, from all other target
analytes except from N-acetyl glyphosate. The separation from the ITP stack was
achieved by optimizing the pH as well as the composition of the leading (LE) and
terminating electrolyte (TE) to provide phosphate and N-acetyl glyphosate with a higher
mobility than the leading ion formate. Therefore, both migrate zone electrophoretically
in front of the ITP stack. Proline served as the terminating ion. The isotachopherograms
of different selections of analytes recorded by C*D, displayed in Figure 3, well
corroborated with the simulation. In all experiments the migration orders were as
predicted by the simulation, but the separation of phosphate was not successful as an
additional ITP step was observed which is only present when phosphate was added to
the analyte mixture, Figure 3B. This leads to the assumption that the electrophoretic
mobility of formic acid taken from literature was higher than that of phosphate at the
chosen pH. This is possibly also the reason why an ITP step was observed when the
sample contained N-acetyl glyphosate, compare GLPA Mix in Figure 3A. The method
was also successfully applied to river water spiked with glyphosate, AMPA and
sarcosine, see isotachopherogram “ITPexp (spiked river water)” depicted in Figure 3B.
Differences in migration time between Figure 3A and B may result from the fact that
different batches of capillaries were used and a different number of measurements
were performed prior to the experiments shown which can influence the EOF. Blank
runs revealed isotachopherograms with three ITP steps at -0.3V, -1.1V and -1,5 V.
The widest step (-0.3 V) was possibly caused by a contamination of the solutions by
atmospheric CO2, although Ba(OH)2 was added to the TE to precipitate carbonate as
BaCOs [3]. The other two steps I' and |12 were wider in case of new electrolyte vials
which led to the conclusion that leaching from glass vials under alkaline conditions

caused these impurities.

As can be deduced from the experimental isotachopherograms, carbonate seemed to
be a more suitable leading ion. The step assigned to carbonate at the chosen conditions
was lower than the step assigned to phosphate and higher than the one of glyphosate.
Only N-acetyl glyphosate and the rarely reported HMPA degradation product of
glyphosate were not included in the ITP stack. Using carbonate as the leading ion, the

dissolution of atmospheric CO2 is also less problematic.
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Figure 2. Concentration profile of an ITP simulated with Spresso based on data published in [1]

of SAR, MCPA, GLY, AMPA, GLU, GLA, OXA, NAMPA, GLP, HMPA, P;, and NGLP (¢ = 1 mM).
Injection position: 3 cm, injection length: 1 cm, current: -10 pA, simulation time 600 s, domain

length: 80 cm, capillary geometry: circular, 75 pmid. LE: 10 mM FA and 92 mM NHs, TE: 5 mM

Pro and 92 mM NHa;. The abbreviations are as given in [1] or as given in Table 1 of the thesis.
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Figure 3. A) Isotachopherogram of the mixture “GLP Mix” (GLP, AMPA and SAR each 1 mM)
and the mixture “GLPA Mix” (GLP, AMPA, SAR, NGLP, HMPA, NAMPA, GLA, GLY each 1 mM)
respectively dissolved in 92 mM NHs. B) Isotachopherogram of a refence mix (2 mM H3zPO4 (P;)
and HMPA, GLP, OXA, GLU, AMPA, GLY, SAR each 1 mM) in 92 mM NHs; and of a spiked
filtered river water sample diluted to 62 % river water, 70.7 mM NHs; and AMPA, GLY, SAR
each 0.77 mM. Sample injection: 75 mbar x 30 s, TE plug injection after sample injection:
50 mbar x 18 s, separation: 15 min and 50 mbar at -20 kV, afterwards 85 mbar and -15 kV.
Capillary: bare fused silica / = 50 cm, id = 75 um. Detection: C*D at 800 kHz, 60 % amplitude,
head stage gain on, ler = 33.3 cm. LE: 10 mM FA and 92 mM NHs, TE: 5 mM Pro and 92 mM
NHs; and 5 mM Ba(OH).. Leaching from glass vials under alkaline conditions caused the
impurities I' and 2. The abbreviations are as given in [1] or as given in Table 1 of the thesis.
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1 Introduction

Electrophoresis 2021, 42, 1306—1316
Research Article

Advancements in capacitance-to-digital
converter-based C*D technology for
detection in capillary electrophoresis using
amplified excitation voltages and
comparison to classical and open-source
C*Ds

This work introduces new hardware configurations for a capacitively coupled contactless
conductivity detector (C*D) based on capacitance-to-digital conversion (CDC) technology
for CE. The aim was to improve sensitivity, handling, price, and portability of CDC-based
C*D detectors (CDCD) to reach LODs similar to classic C*Ds with more sophisticated elec-
tric circuits. To achieve this, a systematic study on the CDCDs was carried out including
a direct comparison to already established C*D setups. Instrumental setups differing in
electrode lengths, measurement modes, and amplification of excitation voltages were in-
vestigated to achieve LODs for alkali metal ions of 4 to 12 wM, similar to LODs obtained by
classic C*D setups. Lowest LODs were achieved for a setup with two 10 mm electrodes at a
distance of 0.2 mm and an excitation voltage of 24 V. The detection head was exceptionally
lightweight with only 2.6 g and covered only 20 mm of the capillary on total. This allowed
the use of multiple detectors along the separation path to enable spatial tracking of ana-
lytes during separation. The entirely battery-powered detector assembly weighs less than
200 g, and the data are transmitted wirelessly for possible portable applications. The freely
accessible hardware and software were optimized for fully automated measurements with
real time data plotting and allowed handling multidetector setups. The new developments
were applied to quantify the potassium salt of glyphosate in its herbicide formulation.

Keywords:

Automated measurements / Capacitance-to-digital conversion / Capacitively
coupled contactless conductivity detection / Glyphosate formulation analysis /
Multidetector setup DOI 10.1002/elps.202000394

D Additional supporting information may be found online in the Supporting Infor-
mation section at the end of the article.

and finally the amount of waste generated during the sep-
aration process [1]. On the one hand, this led to the devel-

The miniaturization of the analytical separation techniques
increases separation efficiency and speed of the separation.
It helps to decrease running costs, to enhance portability as
well as to reduce sample, solvent, and reagent consumption
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circuit; PCB, printed circuit board
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opment of microchip separation systems [2—4] and Lab-on-
a-Chip technologies [5] and on the other hand to portable
separation systems [6]. The latter not only requires miniatur-
ization of the separation path, but also of the entire setup
including liquid handling, driving force (pressure, voltage)
and detection head. One promising separation technique for
miniaturization is CE, since the instrumentation is simple
and its applicability for portable systems has already been
shown [7-9]. Common detection systems for CE are UV ab-
sorbance [10], MS [11], laser or LED-induced fluorescence
[12,13], electrochemical detection [14], or capacitively coupled

Color online: See article online to view Fig. 1 in color.
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contactless conductivity detection (C*D) [15]. In principle, the
most universal detection system for CE is C*D due to the sep-
aration of charged analytes. C*D technology is used to mea-
sure the change of the complex conductivity (admittance) be-
tween electrodes in the presence of an external excitation sig-
nal [16,17]. Different detectors were presented: an axial ge-
ometry of C*D electrodes for CE was reported independently
by da Silva and do Lago [18] as well as by Zemann et al. [19].
The electrodes were either made of silver paint or consisted of
parts of hypodermic needles, the latter enabling to freely posi-
tion the detection head along the capillary. In both cases, the
removal of the protective outer coating of the capillary was not
necessary. In addition to home-built C*Ds, both commercial
C*D and an open-source project, called OpenC*D, were intro-
duced [15,20]. Descriptions of the working principle, develop-
ment, and the universal applicability of C*Ds can be found in
[15] and references therein.

Capacitance-to-digital conversion (CDC) technology is
similar to C*D, because both technologies use a similar work-
ing principle [16,17,21]. This leads to the fact, that the output
value of the CDC is not only affected by changes in capaci-
tance, but it is also influenced by the capacitance and resis-
tance to ground as well as by parallel and serial resistances
to the capacitor to be measured [21]. The impact to the out-
put value by the serial resistance can be exploited by using
the CDC-technology for a C*D. It can be seen from alternat-
ing current theory that CDC-technology does not distinguish
between a change in output value resulting from a change
in capacitance or a change in conductivity when the phase
shift between the excitation and the pick-up voltage is not
considered.

CDC-technology as a detection unit has been used in var-
ious applications. Takeuchi et al. used a CDC with an in-
tegrated circuit (IC) on an evaluation board, together with
two 2 mm long electrodes on a 1.45 mm polyimide coated
glass tube as replacement for a conventional galvanic bipolar
pulse conductance detector for suppressed ion chromatogra-
phy [22]. Kiplagat et al. used the same evaluation board in a
portable ion chromatographic system [23]. The detection head
used, was equipped with 10 mm electrodes made from hy-
podermic needles. For metal cations separated by ion chro-
matography in a 75 wm id fused silica capillary, the LOD was
in the range of 1-2 WM. Drevinskas et al. used a similar setup
for conductivity detection in CE. They utilized a CDC-IC to-
gether with an Arduino-based microcontroller. The influence
of electrode length, measurement mode (single-ended versus
differential), as well as different power supplies were investi-
gated for best LOQ, ranging from 250 to 500 nM for alkali
metal ions, and baseline stability [24,25]. This detector was
also applied in a portable CE system [26], a CE system inte-
grated into a drone [27] and in a setup for multichannel sep-
arations [28]. A microcontroller with a similar CDC-IC was
equipped with planar electrodes with an interdigital finger de-
sign for the detection of the size and speed of microdroplets
[29]. Another application for microdroplets is described by Is-
gor et al., they analyzed the content of microdroplets using
coplanar electrodes [30].

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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In this work, we introduce for the first time a CDC-based
C'D detector (CDC-IC: AD7745) in combination with an op-
erational amplifier (LT1360) for enhanced excitation voltages
up to 24 V and therefore lower LODs. We also provide a
more systematic and extensive study of instrumental config-
urations compared to previous studies of the CDC-based C*D
detectors (CDCD). The parameters considered are electrode
length and the use of a differential versus single-ended mea-
surement mode. To assess the performance, a direct compar-
ison between the new CDCD configurations presented here,
the OpenC*D and a commercial C*D is provided. Further
important advancements of the developed CDCD setup here
were ease of handling, the possibility of battery supply and
wireless data transmission, as well as compact design, maxi-
mum flexibility with regard to positioning the detector head
along the capillary, and a high degree of automation with
real time data plotting. As model application, the analysis of
glyphosate and potassium in a herbicide formulation is pre-
sented.

2 Materials and methods
2.1 Chemicals

1-Histidine (His) (USP grade) and glyphosate (>99.7%)
were purchased from Fluka (Buchs, Switzerland). 2-(N-
morpholino)ethane sulfonic acid monohydrate (MES)
(>99.5%), potassium dihydrogen phosphate (KH,PO,)
(>=98.0%), and sodium hydroxide (>98.0%) were pur-
chased from Sigma-Aldrich (Steinheim, Germany),
lithium chloride monohydrate (LiCl) (>99%) and
tris(hydroxymethyl)aminomethane (Tris) (99.8-100.1%) were
delivered by Merck (Darmstadt, Germany). Hydrochloric
acid and (3-glycidoxypropyl)trimethoxysilan (GPTMS) (97%)
were purchased from Thermo Fisher Scientific (Schwerte,
Germany), and methanol for LC-MS (99.95%) was bought
from Th. Geyer (Renningen, Germany). Roundup Powerflex
was purchased from Bayer (Leverkusen, Germany). Further,
doubly distilled water (ddH,0) from a purification system
from ELGA LabWater (Celle, Germany) was used.

2.2 Instrumentation

CE-analyses were performed using a Prince 560 capillary
electrophoresis system from Prince Technologies (Emmen,
The Netherlands) with WPrince 7.1.02.10.01 software. For
conductivity detection, different self-developed CDCDs were
used as well as an OpenC*D (OC*D), see [20]. Further, a
commercial C*D (eDAQ), an ET120 C*D Headstage for CE
and an ER225 Contactless Conductivity C*D System, all from
eDAQ (Denistone East, Australia), were used for comparison
and as a secondary detector. The eDAQ was used with the
included PowerChrom 2.8.3 software with C*D-Profiler for
the determination of optimal settings. The CDC-IC AD7745
was from Analog Devices (Norwood, MA). A replica of an

www.electrophoresis-journal.com
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Arduino Nano, a NRF24L01+ radio module and bat-
tery charger TP4056 were purchased from Makershop
(Armsheim, Germany). The operational amplifier LT1360
and the voltage regulator LT1761-5 were ordered from
Linear Technologies (Milpitas, CA). The voltage regulator
LP2992IM5-5.0 was from Texas Instruments (Dallas, TX).
The lithium polymer batteries, two EREMIT 3.7 V 4.000 mAh
High Cap., equipped with an integrated protective circuitry
and alligator claps, were purchased from Eremit (Eschborn,
Germany). The printed circuit boards (PCB) were developed
with the software Eagle from Autodesk (Mill Valley, CA) or
KiCad and manufactured by Multi Circuit Boards (Brun-
nthal, Germany). Small electronic parts were purchased from
Mouser (Mansfield, TX) or Reichelt (Sande, Germany). Dur-
ing the development for automated measurements, a 7100
Agilent CE System (Waldbronn, Germany) was used. Origin
2020 from OriginLab (Northampton, MA) was used for peak
evaluation and data smoothing with a five-point window adja-
cent averaging function. Further calculations were performed
with Excel 2019 from Microsoft (Redmond, WA).

2.3 Sample preparation and electrophoretic
separation

2.3.1 Detector evaluation

The BGE was an aqueous 20 mM MES/His buffer (pH 6.1).
Model analyte stock solutions of 60 mM were made for
KH,PO;,, Tris, and LiCl (dried at 120°C overnight for dehy-
dration). A mixture with a concentration of 3000 wM for each
of the three substances was made and diluted prior to in-
jection. All solutions were stored at —18°C. The separation
was performed in a bare fused silica capillary from Polymicro
Technologies (Phoenix, AZ) with 50 pm id and 50 cm length.
Prior to the first use, the capillary was purged with MeOH,
1 M HCI, 1 M NaOH, and ddH,O for 20 min each at 1.5 bar.
Prior to each analysis, the capillary was sequentially flushed
at 1 bar with 0.1 M NaOH for 2 min, ddH,O for 1 min, and
BGE for 3 min. The sample was injected for 5 s at 50 mbar.
The separation voltage was set to 14.0 kV (slope 6 kV/s). The
resulting current was 2.6 LA. The CDCD or the OC*D were
mounted at an effective length (L) of 31.5 mm. The eDAQ
was mounted at L.y = 33.5 mm and was configured for an
excitation frequency of 200 kHz at an amplitude of 100% and
an activated head stage gain. For differential measurements
with the CDCD, a reference capillary (50 wm id) filled with
BGE was used.

2.3.2 Model application

The CE-separation of a sample of Roundup PowerFlex, a
glyphosate potassium salt containing herbicide formulation,
was carried out in the same 20 mM MES/His buffer. The sam-
ple was diluted 1:20 000 with ddH, O and stored at—18°C. The
separation was performed in a bare silica fused capillary with

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

Electrophoresis 2021, 42, 1306-1316

a length of 65 cm and an id of 50 wm. The position of the
CDCD was at L.y = 45.5 cm.

For the determination of K", the capillary was purged at
1.5 bar prior to the first usage with MeOH, 1 M HCl, 1 M
NaOH, and ddH,0 for 20 min each. Prior to each run, the
capillary was flushed at 1 bar for 2.5 min with 0.1 M NaOH,
for 1.5 min with ddH,O, and for 5 min with BGE. The sepa-
ration voltage was set to 20 kV.

For the determination of glyphosate, the capillary was
preconditioned prior to the first run with 1 M NaOH for
20 min at 1.5 bar and filled with a 3 mM glyphosate solution
and immersed for approximately 60 h at room temperature
to achieve a surface coating with glyphosate as the binding to
bare fused silica is very strong and more or less irreversible
at pH 6.1. No leaching was observed, which is demonstrated
by the high migration time precision of <1.5% RSD (n = 15)
[31]. After immersion, the capillary was immediately used for
CE separation. Between runs, flushing with BGE for 5 min at
0.75 bar was sufficient. The sample was injected at 50 mbar
for 5 s, followed by injecting a plug of BGE for 5's x 50 mbar.
During separation —20 kV and 50 mbar were applied. The
glass vials containing samples with glyphosate were coated
with GPTMS to prevent its adsorption to the surface using
a procedure adopted from Shao et al. [32]: 10 min ultrasoni-
cation in 1 M NaOH, 1 M HCI, ddH,O0. After each step, the
vials were rinsed with ddH,0. The cleaned vials were then
immersed in a mixture of 2 mL GPTMS and 18 mL ddH,0
and ultrasonicated for 10 min. After another 30 min, the mix-
ture was removed and the vials left empty. The whole proce-
dure was repeated on the following day.

2.4 Capacitance detection system design

A scheme of the entire CDCD assembly is shown in Fig. 1A
with its components. On the CE side, two detection devices
were mounted. Each consisted of the detection head on the
capillary and a modular supply unit. The data were transmit-
ted wirelessly to the master device which was connected to a
computer. The wireless connection was established automat-
ically after an initial learning step. A home-written Python
3 program with graphical user interface was used for data
acquisition allowing automated and manual measurements
with up to five detectors simultaneously. The data were plot-
ted in real time. For automated measurements, the trigger
from the CE could be connected either to one of the detection
devices or to the master device. The trigger was designed to
work with different instruments (a 7100 Agilent CE System
requiring an additional module [see Supporting information]
and a Prince 560 capillary electrophoresis system).

The detection device consisted of two parts: the detection
head and the supply unit. A schematic diagram of the main
part of the circuit of the detection head is depicted in Fig. 1B
and was adapted from the circuitry published by Drevinskas
et al. [25]: only the main component, the CDC-IC AD7745,
and its voltage supply, LT1761-5 (see Supporting informa-
tion), were identical to the published circuitry. The excitation
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Figure 1. (A) Schematic diagram of the CDCD assembly. On the CE side, two detection devices were mounted. Each consisted of the
detection head (Head1, Head2) mounted on the capillary and a modular supply unit (Supply1, Supply2). The data were transmitted
wirelessly from the detection device to the master device (Master) connected via USB to a computer. Additionally, the trigger from the CE
can be connected either to one of the detection devices or to the master device (dotted lines). (B) Schematic diagram of the main circuit
parts of the detection head. Resistors without values are jumpers. For more details, see Supporting information.

voltage (EXCB) of the CDC-IC was set to a 5 V amplitude and
a 32 kHz square wave signal. For some setups tested in this
study, an operational amplifier (LT1360) was added to allow a
higher excitation voltage. The 6.1-fold amplification was de-
termined by the resistors R4 and R5 but was limited to 4.8
by the supply voltage of +12 V and —12 V. Without the ampli-
fier mounted, the CDC output was connected directly to the
excitation electrodes by bridging R6. The electrodes had com-
mon C*D electrode geometry and were made from hypoder-
mic needles (0.6 mm od, 0.4 mm id, 0.2 mm gap) [19,33,34].
Compared to Drevinskas et al., the electrodes were mounted
perpendicular to the PCB to allow stacking several detectors
along the separation path. Further, the detection head could
be exchanged easily in order to test different configurations.
In case of differential measurements, a second electrode pair
was mounted. The grounded shielding of the detection head
was made from adhesive copper foil. To prevent short circuits,
the PCB was covered by transparent adhesive tape and the
electrodes were covered by heat shrink tubing. The CDC ca-
pacitive input channel was programed for a conversion time
of 109.6 ms. Digital data were acquired at a rate of 9.1 Hz by
an Arduino Nano microcontroller board. The Arduino Nano
was part of the supply unit, which was connected to the de-
tection head via a ribbon cable.

The supply unit consisted of a custom-made PCB, an Ar-
duino Nano, and an NRF24L01+ radio module. The custom-
made PCB supplied voltages, enabled the configuration of the
detector identification and the use of wireless data transmis-
sion through switches, and had a terminal block for trigger
signals from the CE system together with connections to all
other modules. More detailed information about the detec-
tion head and the supply unit can be found in the Supporting
information. The latest software and hardware are published
on GitHub: https://github.com/AGHuhn/CDC_C4D

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

3 Results and discussion
3.1 Optimization of CDCDs

To investigate the capabilities of CDCDs, a CE-separation of
equimolar mixtures of KH,POy,, LiCl, and Tris was defined
as the reference system [25]. The concentrations ranged be-
tween 3 and 1500 uM. As BGE, a 20 mM MES/His electrolyte
(pH 6.1) was chosen since it proved advantageous for the CE-
C*D [15,35-38]. Over our entire investigation high migration
time precision (<1.6% RSD [n = 3], 0.8% on average) was
achieved.

To characterize the CDCDs, the LODs and the sensitivity
(based on the slope of the calibration curve using the peak
area) were determined. A further parameter was the plate
number to estimate the size of the detection window. All fig-
ures of merit are summarized in Table 1 and partially dis-
played in Fig. 2. To estimate LOD and LOQ viaa S/N of 3 and
10, the S/N for every concentration was calculated based on
the signal height of analyte peaks and the peak-to-peak noise.
Linear regression between the two points nearest to the asso-
ciated S/N was made and the concentration corresponding to
the S/N was determined. The slope of the calibration curve of
the peak area was determined for the range 250 uM (approx.
LOQ of Li* for most detectors) to 1500 pM. The plate num-
ber N was calculated from the full width at half maximum
FWHM and the migration time ty (peak maximum) using
N =8 xIn(2) x (tby/FWHM)2.

Drevinskas et al. showed that a shielding around the en-
tire detector resulted in a low noise. They also demonstrated
that the electrode length has a crucial impact on the S/N:
longer electrodes reveal higher S/N [24,25]. For this reason
and for the sake of simplicity, we started with two 20 mm long
electrodes with shielding from the surroundings and used the

www.electrophoresis-journal.com


https://github.com/AGHuhn/CDC_C4D

Electrophoresis 2021, 42, 1306-1316

H. G. Graf et al.

1310

(N 00S1-0GZ) BeJe yead 8y} J0 8AIND UOIIRI]IED

ay) Jo adojs ‘asiou yead-o1-yead ‘sjdwes .17 N 00G pue GzZL e Aq pasned yead e 1oy () 1eqwinu a1e|d pue ‘N/S ‘siyblay yead (N1 00GL) papeadxe 1ou S| Hwl| 8bues uoneiqied
Jaddn ayy J1 ‘L HSIL pue ‘17 ‘.3 J0 DOT PUB 401 'sep0l199]a (d) dn-yoid pue {(3) uoneioxa jo yibus| ((3og yum pajjiy Atejjides pauasul !9 4o 1ndul aAnebau 01 pa1osuu09 :$9p0I199|e
90UBI9)al !X} 'SOP0III9|D 1) SPOW |BIIUAIBYIP PUB (X Z ‘S8p0J1d9|a Z) papua-a|Buls) DD 9yl JO sepow Juswainseaw ‘uoneinBbiyuod Buipjaiys :Buipiebai pasedwoos aie sdnies qOQ) 9yl
+17 1oy eate yead jo ado|g,

TET6E6L  GGTICIL STTFISIC  9LTFYIVC  LTTFOGLL OCTF8YE VSTFELY OLFOIY 9ETOV LTS - (% F 'n'e) ,adojs
8200 500 oo 6200 1200 5500 €500 9810 1£L0 000 9820 (‘n'e) asioN
80F 8 €0FS6L  €OTEYL €OFvyl  Q0FEEL  LOFGEL ¥OF8yl +0FCEL vOFOEL LULFL¥l €0Feel 80F9ZL  69FG0C (LN
0'891 6t'18 9121 0'S6 v'i8 Lzl 561 gel gel 8e 19 9L 0C N/S
S0v'E Gze'e 8L'e 856°¢ A 0£L0 L0 r4VA\ 9610 1180 €850 (ne)wbioy N 00G
0ZFULL TSTYOS LOTEW GOFLeC VLTS G0FQIZ QOFGEL 89TFQE CTFELC 8O0LTFS0E VEFELL LETFQOL - (LN
99 9L'ee g0y 9e 912 L9y £l9 9y 05 vl 1z 8¢ - N/S
Ll Ll 09L'L gee'L 887’1 520 £92°0 1520 0Lz0 1920 - (nme)wbley TGzl 4
582 69t €5 99 5L 05 Le 1£9 L6V - - 60L - +HsuL
gyl 0Lz e 62E vy L'ee 81 65¢ 00€ - 88Ll 90v - iy
68 Lyl 0'pl 1'8L 74 0L 66 L zl 1811 16§ 90¢ - S (WMol
£8 £zl 51 Loz a4 9L 44} 5751 26 8559 '9LE 951 - +HsuL
re 9L 99 L8 88 £8 6 865 629 5162 z16l £ee glol A1 (W) aon
0z/0z 0L/01 0z/02 §1/61 0L/01 0z/0z oL/oL 0z/0z G1/s1 0L/0L o/5 (ww) d/3
[enUaIayIp 'v'S- (paydwe snid papjaiys) ys- enualayip ‘s- (paplalys) s- uoneunByuog
ovas ;20 0Zx¥ 01Xy 02x2 §1xZ 01xZ 0zxy 0Lxp 0zx2 §Lx7 0Lxe 50%2 1019819

0Vvade ay1 pue ‘g,d0 8yl ‘'sgdad dY3 104 118w JO sainbiy |[e JaA0 MaIAIBAQ 'L 3]qeL

l.com

is-journa

www.electrophores

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH



Electrophoresis 2021, 42, 1306-1316 General, CE & CEC 1311
A ElLop-s | B, ] /] Peak height -SA| C I Slope -S
10004 LOD -SA ' [ Noise -S 30 [_]Slope -sA
[_]LoDcD [ INoise -SA
0.8- % % 25 {
= ;
S b &
= 100+ Q 20 4
2 5 0.6 = a4
g L S e
5 5 p _:l'r
o] 2 8151
2 5 2
0.4
10 4 g 104
o
0.24
5_
1- 0.0 0-
SRR ST\ SE VRN e © O O O O O © O o O O O
Q N N N W
o o G W O ST o @ o G R A A A i

Figure 2. (A) LOD (S/N = 3, LiT) (B) peak-to-peak noise (plain bars) and peak height (n = 3, 500 uM Li*, hatched bars) as well as (C) slope
of the calibration curve of the peak area (sensitivity for Li*, n = 3) using shielded (-S, gray) and shielded plus amplified (-SA, light gray)
CDCDs, OC*D and commercial C*D (eDAQ) determined from a CE separation of K*, Li*, and TrisH*. Common nomenclature in (A,B,C): For
CDCD, 2x (single-ended mode) and 4 x (differential mode) represent the number of electrodes and 05, 10, 15, 20 represents the electrode
length in mm. Detector settings: CDCD: excitation voltage: 32 kHz, square wave, amplitude 5 V (-S) and 24 V (-SA); L = 31.5 cm. OC*D:
excitation voltage: 1.1 MHz, sinus wave, amplitude 5 V; L¢s = 31.5 cm. eDAQ: excitation voltage: 200 kHz, 100% amplitude, activated head
stage gain; Legs = 33.5 cm. Separation conditions: 20 mM MES/His-BGE, injection: 5 s x 50 mbar, fused silica capillary (50 cm x 50 pm id),

separation voltage: 14 kV.

CDC-IC in single-ended mode instead of a differential mea-
surement mode, which would have required two additional
electrodes and a reference capillary.

To judge the results obtained during the optimization
process, the following figures of merit were determined: LOD
of Li* (Fig. 2A), peak-to-peak noise (Fig. 2B, plain bars), sen-
sitivity (Fig. 2C), and the plate numbers indicating the size of
the detection window, see Table 1. The following instrumen-
tal parameters were varied: the length XX (in mm) of the exci-
tation and pick-up electrode (“2xXX” for single-ended mode);
the use of the differential mode measurement of the CDC-IC
using a 4-electrode setup (“4x”); as well as amplifying the
peak-to-peak square wave excitation voltage of the CDC from
5 to 24 V (light gray bars, “-SA”). Gray bars or “-S” indicate
results measured with shielded detectors without amplifier.
For example, a CDCD in single-ended measurement mode
with two electrodes of 10 mm length, with shielding and am-
plification is labeled “CDCD 2x10-SA.” Detailed information
and figures of merit of all setups are summarized in Table 1.

3.1.1 Electrode lengths, symmetry, and detection
head shielding

The requirement for a more compact detector led to a reeval-
uation of the influence of the electrode length in smaller

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

steps compared to the publication of Drevinskas et al. [24,25].
Setups with the same length (5, 10, 15, 20 mm) for both excita-
tion and pick-up electrode were investigated first. Regarding
the noise, the signal height of analyte peaks and the LOD
for all detectors, a reduction of the overall electrode length
was advantageous. Results from experiments with different
length of excitation and pick-up electrode showed similar
behavior. The positioning of the longer electrode proved to
be irrelevant for LODs. An exception was observed for the
CDCD 2x05-S detector: this setup showed the highest noise
of all detectors and the lowest peak height of all setups, see,
for example, hatched bars in Fig. 2B for a 500 pM Li* sample.
The slope of the calibration curve of the peak area was similar
for all other detectors (3.9—4.5 a.u.), revealing a similar sen-
sitivity corroborating findings of Drevinskas et al. (S/N for
2x05; 2x15) [24]. During the study, the effectiveness of the
shielding of the detector’s head was confirmed. The CDCD
2x20-S showed a 3.7-times lower LOD compared to the
same detection head without grounded shielding. With the
fine tuning of electrode lengths in our study, we were able to
lower the LOD and enhance the S/N: shorter electrodes were
beneficial since they were easier to mount and the section of
the capillary covered by the detector was shorter allowing a
more freely positioning of the detector along the migration
path. The lowest LOD with 93 uM was achieved for the
CDCD 2x10-S.

www.electrophoresis-journal.com
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Detectors with 5 mm electrodes were discarded because
of their high noise, high LOD, and low sensitivity. No ad-
vantages of setups with different length of the excitation and
pick-up electrode were observed, they were not further inves-
tigated.

3.1.2 Differential measurements

It was possible to conduct differential measurements with the
CDC-IC. For this, the detection head was equipped with four
identical electrodes. The pair of electrodes connected to the
negative input channel of the IC was placed around a capillary
filled with BGE. The differential setup proved to be particu-
larly advantageous for the detector with higher noise (CDCD
2x20-S). Due to lower noise achieved in differential measure-
ment mode, the LODs for CDCD 2x10-S and CDCD 2x20-
S were reduced by a factor of 1.5 and 4.9 reaching an LOD
of approximately 60 pM Li*. The sensitivity was 23% higher
for the CDCD 4x10-S than for the CDCD 4x20-S, see Ta-
ble 1, again demonstrating the positive effect of shorter elec-
trodes. The lower LODs obtained in the differential measure-
ment mode was also described by Drevinskas for CDCD with
20 mm and an excitation voltage of 3.3 V, however, shorter
electrodes were not investigated [25].

3.1.3 Amplification

Finally, the influence of the amplification of the peak-to-peak
excitation voltage of the CDC-IC from 5 to 24 V with an oper-
ational amplifier was investigated for the shielded detectors
(2x10-S, 2x15-S, 2x20-S) in single-ended as well as in dif-
ferential (4x10-S, 4x20-S) measurement mode, compare Ta-
ble 1. An amplification of the signal of 4.8 would be expected
if the excitation voltage and the signal height increase to the
same extent. This was reached in our CE-experiments with
an increase in peak heights for 125 and 500 pM Li* by fac-
tors in the range of 4.3 to 4.9 and of 4 to 4.8, compare Ta-
ble 1. The slope of the calibration curve (peak area) revealed a
gain between 3.4 and 5.2, in general more pronounced for
the CDCDs with 20 mm electrodes. The RSD of the slope
of the calibration curve was in a similar range for all setups
independent of the use of an amplifier. This means that the
amplification did not improve the minimal distinguishability
of two concentrations due to a higher response as the influ-
ence of the CE separation on the precision of the slope can be
assumed to be similar for all setups. The impact of amplifi-
cation on the S/N (125 and 500 uM Li") for single-ended se-
tups was 2.2-fold higher than for differential setups and about
30% higher for detectors with 20 mm compared to those with
10 mm electrodes (see Table 1). Concerning the shielded se-
tups and the shielded plus amplified setups, the noise reduc-
tion ranged between a factor of 4.4 for the 2 x 20 detectors and
1.5 for the 4x 10 detectors.

To summarize, the signal heights and areas increased to
the same extent as the excitation voltage and the noise for

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH
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both single-ended and differential setups were reduced. The
peak-to-peak noise for the shielded plus amplified detectors
after applying a five-point moving average function was be-
tween 21 and 42 a.u. This matched well with the 5- to 10-
fold specified resolution of 4 aF (equals a.u.) of the CDC-IC
(AD7745) [21].

3.1.4 Summary of the optimization process

The LOD for Lit* reached with all amplified CDCDs, displayed
in Fig. 2A and summarized in Table 1, were between 3.9
and 8.8 wM. Overall, LODs reached in this study were in the
same order of magnitude for the amplified setups. The CDCD
2x10-SA showed the lowest noise. It was also the most com-
pact and simplest setup of the detectors with amplifier. It pro-
vided the lowest LOD of 3.9 uM for Li*. A measurement with
a concentration just above the LOD is depicted in Fig. 3A.

3.1.5 Detection window

A narrow detection window is desired to reach a higher spa-
tial resolution and, thus, separation efficiency with the re-
lated precision in determining migration times. In Table 1,
the plate number for all CDCDs are summarized for the Li*
peak when injecting a 125 and 500 wM solution. Due to the
better LOD, only detectors with amplifiers were discussed.
The peak caused by a 500 uM Li* sample, was already that
broad, that the limiting factor was the electrophoretic sepa-
ration and not the detection. This resulted in plate numbers
of 14 000 to 15 000 (500 M) and 22 000 to 24 000 (125 wM)
for peaks caused by Li*. No significant effect of the electrode
length on the plate number was observed.

3.2 Comparison of CDCDs to established C*D
3.2.1 Comparison regarding the LOD

To judge the performance of the CDCDs, the LOD and the
plate number were compared to those achieved by the OC*D
and the C*D from eDAQ; all data are summarized in Table 1
and Fig. 2. With all shielded plus amplified CDCDs and
both C*Ds, the LODs for Li* were between 3.7 and 8.8 uM.
The LOD of the CDCD 2x10-SA (with lowest LOD of all
CDCDs of 3.9 pM) was not significantly different from
the commercial C*'D from eDAQ (LOD 3.7 pM) for a Li"
sample. The OC*D reached LODs of 7.6 uM. The eDAQ,
which was always mounted as a secondary detector on the
same capillary, showed a SD of 1.0 uM (n = 4) at the LOD. A
direct comparison to literature values is difficult as different
injection volumes, capillary dimensions, effective lengths,
and BGE concentrations were used. LODs (S/N = 3) for C*Ds
in literature (mostly LODs for K*) were reported between 0.1
and 3.7 pM (LOQs of 0.3 to 12.3 pM) [20,39-50]. Reported
LODs for Lit were between 0.8 and 4.0 uM [20,49]. Using
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Figure 3. Electropherograms of the separations of K* (1), Na* (2) impurity, Li™ (3) and TrisH* (4) in a 20 mM MES/His BGE, see Fig. 2 for
experimental details. (A) Baseline-subtracted electropherogram at analyte concentrations of 6.25 .M recorded by the CDCD 2x10-SA at
Let = 31.5 cm. (B) Electropherograms at analyte concentrations of 125 .M recorded by a multidetection setup (see Section 3.3) consisting
of: (A) CDCD 2x10-SA at Les = 24.5 cm, (B) CDCD 2x15-SA at Lo = 31.5 cm (=14 a.u. offset), and (C) an OC*D (light gray, right scale, Le
= 36 cm). Excitation electrodes of the CDCDs pointed to each other.

a very similar detection setup and measuring conditions,
Drevinskas et al. calculated LOQs for K™ (0.31 pM), Na*t
(0.25 pM), and TrisH* (0.55 pM). A direct comparison of
the data presented for the shielded plus amplified CDCDs,
determined via the S/N = 3 criterion for the peak height to
data presented by Drevinskas et al. [25] is difficult, as the
authors calculated their LOQs from the calibration curve of
the corrected peak area, which disregards to some extend the
noise of the detector. Additionally, the lowest measured con-
centration of the calibration curve to determine the LOD was
about the 25-fold LOD. According to DIN 32 645:2008-11, the
LOD can only be determined from a calibration curve in the
range of zero to the ten times the LOD. Therefore, the lowest
measured concentration by Drevinskas et al. is too high for
a good estimate of the LOD. In literature, LODs (S/N = 3)
of 0.6 and 0.8 pM for K and Li* were published for the
OC'D using a 10 mM MES/His BGE [20]. The LODs are 7.5-
to 9.5-fold lower than those obtained in this study for the
OC*D, presumably due to different measurement conditions
but not detector performance.

3.2.2 Comparability of CDCDs and eDAQ for
quantitative analysis

For the quantitative comparison of the CDCDs (CDCD 4 x 20-
SA) with the eDAQ, the RSD of the ratio of the peak ar-
eas for Li* at a concentration of 125 to 1500 pM (called
RSD(CDCD/eDAQ), n = 3) was calculated, see Table S1
in the Supporting information. This ratio proved robust if
both detectors were installed to the same capillary and when
they recorded the same run concurrently but at different
effective lengths. With an RSD(CDCD/eDAQ) <0.7%, it is
clear that both detectors performed comparatively. The pre-
cision of the peak area was similar for the CDCD and the
eDAQ reaching 2.2 to 8.9% RSD (n = 3) for Li*. This corre-
sponds well to literature values (2.7-7%) [39-41,43,44]. The
high values of the RSD of the peak areas compared to those
of RSD(CDCD/eDAQ) showed, that the variation between

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

repeated CE-runs is more pronounced than the variation
between both detector types. The repeatability of the CE-
separation depends on injection precision, the changes of
EOF between runs and the electrophoretic mobility, caused
by shifts in the BGE composition during a series of measure-
ments. Analogous observations were made for all detectors
under investigation.

3.2.3 Comparison regarding the plate number and
peak shapes

A comparison of the plate numbers revealed 2.4 to 3.1 times
lower plate numbers for the CDCD 2x10-SA (23 000 at
125 wM LiT) versus the OC*D (56 000 at 125 pM Li*) and
the eDAQ (71 000 at 125 uM Li*). This points to a narrower
detection window of the OC*D and the eDAQ compared to
those of the CDCDs. This correlates with a higher precision in
determining migration times and higher resolution. Another
reason for the lower plate numbers of the CDCD compared to
those of the C*Ds can be the different excitation frequencies
of the detectors. The frequencies were set to 32, 1100, and
200 kHz for the CDCDs, OC*D, and the eDAQ), respectively.
For C*D, it is known that the plate number is reduced when
using longer electrodes at low excitation frequencies [33].

The shape of analyte peaks when injecting samples with
concentrations above 250 wM depended on the detector: the
CDCDs showed symmetrical peaks whereas with the C*Ds
triangular peaks were recorded due to electrodispersion. We
presume that the CDCDs have a broader detection window
compared to the C4Ds. The integration over a larger capil-
lary segment results in a smoothing effect with respect to the
shape of the peak.

3.2.4 Comparison of instrumental aspects

The CDCDs presented here had a noticeably light weight
(1.7-2.6 g depending on the configuration) and a more
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Table 2. Comparison of size, power consumption, and weights of shielded CDCDs with (CDCD-SA) or without (CDCD-S) amplification,

0C*D and eDAQ

Size of detection Covered capillary Power consumption of detection Weight of detection Weight w/o
Detector head (mm) section (mm) device + master device head (g) battery (g)
CDCD-SA 10 x 25 x 21 21 UmA@72V+34mA@5V 26 241
CDCD-S 10 x 25 x 21 21 3mA@72V+34mA@5V 1.7 20.9
0c*D 21 x 30 x 13 13 3dmA@12V+3dmA@5V 11.5 -
eDAQ 27 x 13 x 31 27 - 19.0

For CDCD: total battery weight: 172 g; dimensions supply unit: 97 x 22 x 22 mm3.

compact detection head compared to the OC*D and the
eDAQ. This allowed the capillary to carry the detection head
without the need for further support, so that it could be po-
sitioned freely along the capillary facilitating handling. The
section of the capillary occupied by the detection head was
shorter with the OC*D than with the CDCD. A shorter detec-
tion head is favorable for multidetector setups as detectors
can in principle be positioned more closely to each other, then
only limited by possible interferences between detectors (see
Section 3.3). The setups developed here were power supplied
by batteries, allowed wireless data transfer, and offered the
further advantage to use up to five detectors in parallel (see
Section 3.3), as well as to connect a trigger either to a detection
device or to the master device wired via USB to the computer.
The trigger was optimized to work for an Agilent 7100 CE
System or a Prince 560 CE. The entire detection device, in-
cluding the batteries weighed less than 200 g using two 4000
mAh batteries; a protective housing, if regarded as necessary,
would weigh approximately 20 g. In contrast, both C*Ds
used for comparison needed mains power and a wired data
communication. The power consumption of the CDCDs with
amplifier plus the belonging master device (680 + 170 mW)
was only about 1.5-times higher compared to the OC*D
(580 mW [detector] + 170 mW [microcontroller]) despite the
integration of wireless data transmission. The nonamplified
CDCDs (250 + 170 mW) were about twice as power efficient
as the detectors with amplification. Further, the manufactur-
ing of the CDCDs was simple. The cost of the CDCD assem-
bly with one detection device and an OC*D (60-80 EUR) was
similar but may differ for the power supply. A summary of
instrumental parameters is given in Table 2 for all detectors.

3.3 Multidetector setup

Several detectors can be placed along the capillary. Care
must be taken to avoid interferences between them when the
distance becomes too short. We determined the minimum
distance required for interference-free multidetector setups.
Using two CDCDs (CDCD 2x10-SA, CDCD 2x15-SA), it was
crucial that the excitation or the pick-up electrodes pointed
to each other. This allowed a minimal distance between the
PCBs of 5 cm without affecting the LOD. A shorter distance
decreased LODs due to interferences and, therefore, higher
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noise. No such restrictions were observed for setups combin-
ing a CDCD with an OC*D/eDAQ or combining two OC*Ds.
A multidetector setup consisting of the two single-ended
CDCDs with the lowest LODs (CDCD 2x10-SA, CDCD
2x15-SA) and an OC*D were used to allow spatial tracking
of the migrating analytes in the reference system (electro-
pherograms see Fig. 3B). The distances between the detectors
were 7.0 and 4.5 cm. The excitation electrodes of the CDCDs
pointed to each other. This setup allowed to determine the
speed of migration, which is constant in CE separations, as
well as the migration direction of the analytes [51]. The time at
which an analyte should pass the OC*D was calculated from
the speed based on the signals and positions of the CDCDs
and the distance between the OC*D and the CDCD next to
it. On average, depending on the analyte, the measured time
was 0.16 to 0.61 s shorter than the calculated time and the
SD was 0.10 to 0.18 s (n = 5). Spatially, this means that the
analyte has exceeded the position of the OC*D by only 49 to
111 pm on average (corresponding to a SD of 21 to 51 um).
The precise determination of the location of analytes along
the separation path is necessary for setups where the analytes
are transferred, for example, to an additional separation di-
mension, for fractionation or for stopped-flow experiments.
Similar to our results, excellent linearity (R?> = 1.0) was re-
ported for the evaluation of the detector position as a function
of the detection time by Caslavska et al. [52]. Multidetector se-
tups with up to 16 C*Ds were described in literature but were
mainly applied to validate simulations of CE separations. The
C*D setups used in literature were more spacious. A direct
comparison of LODs was not possible due to missing state-
ments. Also, it was not stated if any interferences between
the detectors were observed [53]. Further, multidetector se-
tups were used to record concurrent CE separations of anions
and cations using different sample injection modes [54].

3.4 Quantification of glyphosate in a herbicide
formulation

To demonstrate the applicability of the CDCDs to real sam-
ples, the content of glyphosate and potassium was deter-
mined in the herbicide Roundup PowerFlex via external cal-
ibration, see Fig. 4 for electropherograms. A BGE of 20 mM
MES/His (pH 6.1) proved suitable for the separation of
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Figure 4. Electropherograms of CE-separations of a 1:20 000 di-
lution of the herbicide Roundup PowerFlex (nominal concentra-
tions in the commercial product: 4.6 M K* and 3.2 M glyphosate)
for the determination of the content of K* (Peak (1), 230 uM in in-
jected solution) and glyphosate (Peak (2), 161 LM in injected so-
lution). Separation in 20 mM MES/His BGE at 20 kV or -20 kV plus
50 mbar pressure. Detection: CDCD 2x10-SA (conversion time:
109.6 ms; excitation voltage: 32 kHz, square wave, amplitude 24V,
Less = 45.5 cm). Bare fused silica capillary: 65 cm x 50 um. Injec-
tion: 5s x 50 mbar.

glyphosate because it was doubly charged at pH 6.1 (pK, val-
ues: 2.0, 2.6, 5.6, and 10.6 [55]). For detection, the CDCD
2x10-SA was used (see discussion in Section 3.1.4). The re-
sults obtained for both analytes showed excellent linearity
(R? > 0.99) in the concentration range 62.5 to 250 uM for
glyphosate and 125 to 1500 uM for K*. The LOD was esti-
mated based on S/N = 3 to 10 uM for glyphosate and 7 pM
for K*. The migration time precision was <1.2% RSD (n =
3). The RSD of the peak area was <10% (n = 3). The con-
centration of K* and glyphosate in the herbicide formula-
tion was determined via a calibration curve in triplicate at
two dilutions (1:20 000 and 1:10 000). The results were: 4.6 M
+ 3.4% for K* and 3.2 M =+ 1.3% for glyphosate. According to
the datasheet, the nominal concentration was approximately
2.84 M of the glyphosate potassium salt, which is 11% lower
than measured for the sample. The deviation is possibly due
to the high dilution of the samples, the high viscosity of the
herbicide formulation, possibly some matrix effects or simple
deviations between labeling and actual content.

4 Concluding remarks

In this study, we presented different setups of portable CD-
CDs combined with an operational amplifier. To obtain best
LODs and a compact detection head, a systematic study was
conducted regarding electrode length, the use of a differen-
tial measurement mode, and different excitation voltages. To
judge the performance of the CDCDs, a direct comparison
to the OpenC*D and a commercial C*D was carried out. For
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the fully optimized CDCD with two electrodes of 10 mm
length and a square wave excitation voltage with a frequency
of 32 kHz and an amplitude of 24 V, LODs (S/N = 3) for K*
and Li" were approximately 4 wM. Similar results were ob-
tained for the commercial C*D. The LODs for the OpenC*D
were twice as high. Depending on the measurement condi-
tions, LODs between 0.1 and 3.7 uM (LOQs of 0.3 to 12.3 uM)
(mostly for K*) were reported for C*Ds in literature [20,39—
50].

Compared to the other C*Ds used in this study, the de-
tection head had a low weight of only 2.6 g. Therefore, the
detection head can easily be carried by the CE capillary it-
self so it can be freely positioned along the separation path.
To enhance handling compared to currently available detec-
tors, the CDCD setups were battery powered and used wire-
less data transmission. With their compact design, low weight
of less than 200 g including batteries, low power consump-
tion of the detection device of approximately 680 mW (less
than 250 mW when LODs above 40-60 uM were sufficient)
it was well suited for portable systems, even with multiple
detectors for timing events. Additionally, the CDCD was low
priced with 80 EUR, and the simple assembly proved ben-
eficial. For convenience, full automation for measurements
with commercial CE systems was implemented. The hard-
ware and software were optimized for real time data plotting
and is provided as open source. It was also shown that mul-
tidetector setups to enable spatial tracking of analytes during
separation were possible.

We thank for the support from the Excellence Initiative, a
Jjointly funded program of the German Federal and State govern-
ments, organized by the German Research Foundation (DFG).
We thank Prof. F.-M. Matysik and his team, Institute of Analyt-
ical Chemistry at the University of Regensburg, for providing the
OpenC*D.

Open access funding enabled and organized by Projekt
DEAL.

The authors have declared no conflict of interest.

Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

5 References

[1] Pena-Pereira, F. (Ed.), Miniaturization in Sample Prepara-
tion, De Gruyter, Warsaw, 2015, pp. 1-28.

[2] Henry, C. S. (Ed.), Microchip Capillary Electrophoresis,
Humana Press, Totowa, NJ 2006, pp. 1-10.

[3] Wuethrich, A., Quirino, J. P, Anal. Chim. Acta 2019, 1045,
42-66.

[4] Piendl, S. K., Geissler, D., Weigelt, L., Belder, D., Anal.
Chem. 2020, 92, 3795-3803.
[6] Trietsch, S. J., Hankemeier, T., van der Linden, H. J.,

Chemometr. Intell. Lab. 2011, 108, 64-75.

www.electrophoresis-journal.com



1316

(6]

[7

(8]

[9

[10]

[11]
[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

H. G. Graf et al.

Lewis, A. P, Cranny, A., Harris, N. R., Green, N. G., Whar-
ton, J. A., Wood, R. J. K., Stokes, K. R., Meas. Sci. Tech-
nol. 2013, 24, 042001.

Kuban, P, Nguyen, H. T. A., Macka, M., Haddad, P. R,,
Hauser, P. C., Electroanalysis 2007, 19, 2059-2065.

Seiman, A., Jaanus, M., Vaher, M., Kaljurand, M., Elec-
trophoresis 2009, 30, 507-514.

Koenka, I. J., Kung, N., Kuban, P, Chwalek, T., Furrer, G.,
Wehrli, B., Muller, B., Hauser, P. C., Electrophoresis 2016,
37, 2368-2375.

de Jong, G. (Ed.), Capillary Electrophoresis—Mass Spec-
trometry (CEMS), Wiley-VCH, Weinheim 2016.

Klampfl, C. W., Electrophoresis 2009, 30, S83-S91.

Casto, L. D., Do, K. B., Baker, C. A., Anal. Chem. 2019, 91,
9451-9457.

Pan, J. Z., Fang, P, Fang, X. X., Hu, T. T,, Fang, J., Fang,
Q. Sci. Rep. 2018, 8, 1791.

Kim, J. H., Kang, C. J., Kim, Y. S., Biosens. Bioelectron.
2005, 20, 2314-2317.

Kuban, P, Hauser, P. C., TrAC Trends Anal. Chem. 2018,
102, 311-321.

Brito-Neto, J. G. A., da Silva, J. A. F, Blanes, L., do Lago,
C. L., Electroanalysis 2005, 17, 1198-1206.

Zhang, M., Stamos, B. N., Amornthammarong, N., Das-
gupta, P. K., Anal. Chem. 2014, 86, 11538-11546.

Fracassi da Silva, J. A., do Lago, C. L., Anal. Chem. 1998,
70, 4339-4343.

Zemann, A. J., Schnell, E., Volgger, D., Bonn, G. K., Anal.
Chem. 1998, 70, 563-567.

Francisco, K. J., do Lago, C. L., Electrophoresis 2009, 30,
3458-3464.

Analog Devices Inc. 24-Bit Capacitance-to-Digital Con-
verter with Temperature Sensor, AD7745/AD7746, Prod-
uct datasheet, Norwood, 2005.

Takeuchi, M., Li, Q., Yang, B., Dasgupta, P. K., Wilde, V.
E., Talanta 2008, 76, 617-620.

Kiplagat, I. K., Kuban, P, Pelcova, P, Kuban, V., J. Chro-
matogr. A 2010, 1217, 5116-5123.

Drevinskas, T., Kaljurand, M., Maruska, A., Electrophore-
sis 2014, 35, 2401-2407.

Drevinskas, T., Maruska, A., Briedis, V., Electrophoresis
2015, 36, 292-297.

Drevinskas, T., Telksnys, L., Maruska, A., Gorbatsova, J.,
Kaljurand, M., Electrophoresis 2018, 39, 2877-2883.

Drevinskas, T., Maruska, A., Girdauskas, V., Duda, G.,
Gorbatsova, J., Kaljurand, M., Anal. Methods 2020, 12,
4977-4986.

Maruska, A., Drevinskas, T., Stankevicius, M., Bimbi-
raité-Surviliene, K., Kaskoniené, V., Jonusauskas, L.,
Gadonas, R., Nilsson, S., Kornysova, O., Anal. Methods
2021, 13, 141-146.

Elbuken, C., Glawdel, T., Chan, D., Ren, C. L., Sens. Actu-
ators A 2011, 171, 55-62.

Isgor, P. K., Marcali, M., Keser, M., Elbuken, C., Sens. Ac-
tuators B 2015, 210, 669-675.

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH

[31]

[32]

[33]

[34]

[35]
[36]

[37]
[38]

[39]

[401]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

Electrophoresis 2021, 42, 1306-1316

Wimmer, B., Pattky, M., Zada, L. G., Meixner, M., Hader-
lein, S. B., Zimmermann, H. P, Huhn, C., Anal. Bioanal.
Chem. 2020, 412, 4967-4983.

Shao, X., Shen, Y., O'Neill, K., Lee, M. L., J. Chromatogr.
A 1999, 830, 415-422.

Tama, P, Opekar, F, Stulik, K., Electrophoresis 2002, 23,
3718-3724.

Kuban, P, Hauser, P. C., Electrophoresis 2004, 25, 3387-
3397.

Kuban, P, Hauser, P. C., Electrophoresis 2013, 34, 55-69.

Kuban, P, Hauser, P. C., Electrophoresis 2015, 36, 195-
211.

Kuban, P, Hauser, P. C., Electrophoresis 2017, 38, 95-114.

Kuban, P, Hauser, P. C., Electrophoresis 2019, 40, 124-
139.

Iv3uré, P, Foret, F, Pokojov4, E., Homola, L., Skfickova, J.,
Herout, V., Dastych, M., Vinohradska, H., Kuban, P, Anal.
Bioanal. Chem. 2017, 409, 3507-3514.

Gregus, M., Foret, F, Kuban, P, Electrophoresis 2015, 36,
526-533.

Kuban, P, Gregus, M., Pokojova, E., Skfickova, J., Foret,
F, J. Chromatogr. A 2014, 1358, 293-298.

Gregu$, M., Foret, F, Kindlov4, D., Pokojov4, E., Plutin-
sky, M., Doubkova, M., Merta, Z., Binkova, ., Skrickova,
J., Kuban, P, J. Breath Res. 2015, 9, 027107.

Mori, M., Ishikawara, F, Tomoda, T, Yamada, S.,
Okamoto, M., Itabashi, H., Seki, Y., Matsumoto, R.,
Shoho, Y., Martha, L., Sumino, H., Murakami, M., J. Chro-
matogr. B 2016, 1012-1013, 178-185.

Saiz, J., Duc, M. T.,, Koenka, |. J., Martin-Alberca, C.,
Hauser, P. C., Garcia-Ruiz, C., J. Chromatogr. A 2014,
1372C, 245-252.

Kuban, P, Kobrin, E.-G., Kaljurand, M., J. Chromatogr. A
2012, 1267, 239-245.

Huang, T., Kang, Q., Zhu, X., Zhang, Z., Shen, D., Anal.
Methods 2013, 5, 6839-6847.

Kobrin, E. G., Lees, H., FomitSenko, M., Kuban, P, Kalju-
rand, M., Electrophoresis 2014, 35, 1165-1172.
Nogueira, T, Lago, C. L. D., Microchem. J. 2011, 99, 267-
272.

Chang Guo, C., Lei Guang, L., Yu Jun, S., Yu Ping, L.,
Electrochim. Acta 2009, 54, 6959-6962.

Kuban, P, Evenhuis, C. J., Macka, M., Haddad, P. R.,
Hauser, P. C., Electroanalysis 2006, 18, 1289-1296.

Jorgenson, J. W., Lukacs, K. D., Anal. Chem. 1981, 53,
1298-1302.

Caslavska, J., Koenka, I. J., Hauser, P. C., Thormann, W.,
Electrophoresis 2016, 37, 699-710.

Stojkovic, M., Koenka, I. J., Thormann, W., Hauser, P. C.,
Electrophoresis 2014, 35, 482-486.

Mai, T. D., Hauser, P. C., J. Chromatogr. A 2012, 1267,
266-272.

Sprankle, P, Meggitt, W. FE, Penner, D., Weed Sci. 1975,
23, 229-234.

www.electrophoresis-journal.com



Appendix Il

Supporting Information to Paper 1:

Graf, H. G., Rudisch, B. M., Manegold, J., Huhn, C., Advancements in capacitance-to-
digital converter-based C*D technology for detection in capillary electrophoresis using
amplified excitation voltages and comparison to classical and open-source C*Ds.

Electrophoresis 2021, 42, 1306-1316, DOI: 10.1002/elps.202000394


https://doi.org/10.1002/elps.202000394




Supporting information to:

Advancements in capacitance-to-digital converter-based C4D
technology for detection in capillary electrophoresis using
amplified excitation voltages and comparison to classical and
open-source C4Ds

Hannes G. Graf," Benjamin M. Rudisch,'Johanna Manegold,' Carolin Huhn™

"Institute of Physical and Theoretical Chemistry, Eberhard Karls Universitat Tlbingen,
Tldbingen, Germany.

*Correspondence should be addressed to the following author:
Professor Carolin Huhn; Institute of Physical and Theoretical Chemistry;
Eberhard Karls Universitat Tubingen; Auf der Morgenstelle 18;
carolin.huhn@uni-tuebingen.de

Capacitance detection system design

The detection device consisted of two parts: a detection head and a supply unit.

Detection head

A schematic diagram of the detection head circuit is depicted in Figure S1A and was adapted
from the circuitry published by Drevinskas et al. [1]. The scheme of top and bottom of the
detection head’s PCB is depicted in Figure S1B and C. The main component was the CDC-
IC: AD7745. For stabilization of the 5V supply voltage, an LT1761-5 voltage regulator was
used. The external circuit for LT1761-5, consisting of the capacitors C1 and C2, and for the
AD7745, consisting of C3, C4 and the resistors R1 and R2, were in accordance with their
datasheet from the manufacturer. The excitation voltage of the CDC (EXCB pin: 32 kHz, 5V
amplitude, square wave signal) was amplified for some setups (CDCD A) by an operational
amplifier LT1360, which was used in non-inverting amplification mode. The 6.1-fold
amplification was set by the resistors R4 and R5 but was limited to 4.8 by the supply voltage
of +12 V and -12 V. The direct current (DC) voltage of the excitation voltage was capacitively
decoupled by C5 and R3 allowing to use of the positive and negative amplification range of the
operational amplifier (up to £ 15 V). For simulating the DC decoupling and dimensioning C5
and R3 —RS5, the program LTspice XVII from Linear Technology (Milpitas, CA, USA) was used.
If the amplifier was not mounted, R3 — R5 and C5 were not installed, the CDC output was
connected directly to the excitation electrodes by bridging R6. The capacitors C6 and C7 were
reserved. The electrodes had common C*“D electrode geometry and were made from
hypodermic needles (0.6 mm OD, 0.4 mm ID, 0.2 mm gap). The excitation electrode was
mounted on the PCB at EX1 through a via (id = 0.65 mm). Similarly, the pick-up electrode was
mounted on a separate PCB, which was produced as part of the detection head’s PCB and
had to be separated prior to its use. These PCBs with golden side plating are shown in
Figure S1B and C between the two dark gray vertical lines. The side plating connected to the
via was soldered to the IN+ pad. Between the two electrodes, a layer of transparent adhesive
tape with a small hole, which was necessary for the passage of the capillary, was installed for
insulation. In case of differential measurements, the second electrode pair was mounted in the
same way and connected to EX2 and IN-. The grounded shielding of the detection head
consisted of adhesive copper foil. To prevent short circuits the PCB was covered by
transparent adhesive tape and the electrodes were covered by heat shrink tubing. Individual
parts of the copper foil were soldered together to increase the conductivity. Grounding took
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place via the gold-plated side of the detection head. The 24-bit ADC of the CDC continuously
acquired the output charge, and the corresponding digital data were stored in the IC register.
The CDC capacitive input channel was programed for the longest available conversion time of
109.6 ms. Digital data were therefore acquired at a rate of 9.1 Hz by an Arduino Nano
microcontroller board via a two-wire interface (I2C). The Arduino Nano was part of the supply
unit, which was connected to the detection head via a ribbon cable on JP1.
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Figure S1: A) Schematic diagram of the detection head'’s circuit. Capacitors without values are reserved. Resistor
R6 is a jumper. B) and C) Scheme of the top and bottom of the PCB of the detection head. The two dark gray
vertical bars at the right side indicate the two plated-through slots. The horizontally dotted lines indicate perforation
lines, at which the 4 small PCBs for mounting the pick-up electrode can be separated after separation along the
plated-through slots.



Supply unit

The schematic diagram of the circuit of the supply unit is displayed in Figure S2A together with
schemes of the top and the bottom of the PCB in Figure S2B and C. The base of the supply
unit was a custom-made PCB containing sockets for a power supply (6 — 16 V; JP1 or
VIN+/VIN-), for an Arduino Nano (JP2 and JP3), for a NRF24L01+ radio module (JP5)
(requiring C1) and pins for the connection to the detection head (JP4) as well as a PCB terminal
block for a trigger signal with an additional 5 V output (JP6). Furthermore, the PCB supplied
the voltages for the detection head and the Arduino Nano. If no amplifier on the detection head
was used, it was directly supplied by the input voltage by bridging R3 and R5, otherwise an
LP2992IM5-5.0 voltage regulator (IC2) and an isolated DC/DC-converter AM2D-0512DZ were
installed to provide +12 V and -12 V. For the LP2992IM5-5.0 C10, C11, C15 and C16 were
necessary. The IC1, an LT1761ES5-5 voltage regulator, was required to supply the Arduino
and the radio module with voltage. The capacitors C20, C21, C24 and C25 were installed. The
resistors R1 and R2 provided the possibility to track the input voltage of the detection system,
which was convenient for the battery-powered setup. R3 and R5 were jumpers and allowed
different ways of supplying IC1 with voltage either from the input voltage or from the +12 V line
of the DC/DC-converter, in this study the latter was used. Similarly, R4 and R6 allowed to
connect ground to the negative input voltage or to the common pin of the DC/DC-converter or
connect all three of them as realized in this study. Dip switch (S1) was used for configuring the
detector allowing to use more than one detector at a time and activating the wireless data
transmission. Pushing the reset switch S2 or the one on the Arduino was necessary to apply
configuration changes. Capacitors C12, C13, C22, C23 were reserved.

Master device

The data were sent wirelessly to a master device which was the same as the supply unit, but
only used the socket for the Arduino, the radio module (needs C1), and the PCB terminal block
for the trigger. The Arduino of the master device was connected to a computer for recording
data and power supply. A home-written Python 3 program with graphical user interface was
used for data acquisition allowing automated and manual measurements with up to five
detectors simultaneously.

The cost of one supply unit, one detection head and one master device were 25 EUR, 22 EUR
and 13 EUR. Further, a set of batteries (24 EUR) was required resulting in a total of 84 EUR
(70 EUR without amplifier).

Configuration

For all measurements, the power was provided by two lithium polymer batteries (3.7 V each)
connected in series to obtain a supply voltage of 7.2 V. For measurements without amplifier
(CDCD SA) the following electronic components were installed on the detection head: AD7745
with LT1761-5, JP1, C1 — C4, R1 — R2. R6 was bridged. On the supply unit, the following parts
were needed: pins on VIN+ and VIN- to clamp on the batteries, Arduino Nano (JP2, JP3); JP4;
radio module on JP5 with C1; IC1 with C20, C21, C24, C25; S1; S2; R3 — R6 bridged. For
measurements with amplifier (CDCD A) all electronic parts were installed on the detection
head and R6 was left free. Some changes were also required on the supply unit: IC2 was
equipped with an LP2992IM5-5.0; C10, C11, C15 and C16 were installed, T1 was mounted
and R3 was left open. The latter led to IC1 being supplied by the +12 V rail of the DC/DC
converter. Also, the detection head was supplied with 12 V. When supplying IC1 directly from
the battery (R3 bridged and R5 left open) this setup proved more power efficient with a power
consumption of only 99 mA at 7.2 V instead of 144 mA at 7.2 V.
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Figure S2: A) Schematic diagram of the supply unit’s circuit. Capacitors without values are reserved. Resistors
without values are jumpers. B) and C) Scheme of the top and bottom of the supply unit’s PCB.

Alternative configurations

The following configurations were also possible but not used in this study: the AD7745 could
also be supplied with voltage directly from IC1 on the supply unit by connecting the test pad
TP2 with the wiring to the VDD pin of the AD7745 and bridging of R7 on the supply unit. At IC2
it was also possible to mount an LT1761ES5-5, which necessitated C14, a 10 yF capacitor at



C16 and C15 was left free. The 5 V supply for the Arduino Nano and the DC/DC-converter
could also be established by a USB-port on the supply unit, if R3, R8 and R9 were bridged.
IC1, IC2 and the associated capacitors must not be fitted. This configuration is only possible
for CDCDs with amplification. If a USB cable was connected to the Arduino, a wired data
communication to the computer is possible, but led to 4.7 V on the 5V rail, which led to a
reduced supply voltage for the amplifier.
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Figure S3. Photo of the detection device CDCD 2x10-SA and the corresponding supply unit. (A) Top view of the
supply unit. (B) Bottom view of the supply unit with the NRF24L01+ radio module and the Arduino. (C) Complete
detector device including batteries.



Trigger module for the 7100 Agilent CE System

The trigger module for the 7100 Agilent CE consisted out of a PCB designed in-house,
equipped with the resistors R1 — 4, two transistors Q1, Q2 (BC 847) a 4-pin terminal block
(JP3), amale (JP1) and a female (JP2) D-Sub 9 connector. The latter allowed the passthrough
to further devices triggered by the CE, like a mass spectrometer. The schematic diagram of
the trigger module’s circuit is displayed in Figure S4.

DConnector to CE Connector to supply unit

JP3 >4 Trig—Start
3
————> 45y
> GND

O 1 Trig—5to

Signal converter

0
S
N
}

Figure S4: (A)Schematic diagram of the trigger module’s circuit for the 7100 Agilent CE System. (B) and (C)
photos of the top and bottom of the module.

Detector response for large conductivity changes

For large changes in conductivity, e.g. caused during the flushing steps (Figure S5), different
electrode lengths led to different measured changes in the capacitance values. For example,
the transition from almost non-conductive ddH20 to low-conductive BGE showed a slightly
negative correlation between changes in capacitance values and electrode length, except for
the CDCD 2x05. Sorting the results obtained from the non-amplified setups by increasing
capacitance change results in the order 2x05 = 2x20 < 2x15 < 2x10. The corresponding RSD
over all detectors was 5 %.



As can be seen from Figure S5B, an overshoot in measured capacitance was visible when
instead of a transition from ddH20 to BGE a transition from ddH2O to highly conductive
100 mM NaOH solution passed the detector (in either direction). This is possibly due to the
maximum capacitance value already reached for solutions with a lower conductivity. This effect
is known from flushing with solutions of different conductivity (data not shown). At the transition,
the ddH20 and the 100 mM NaOH mix. The measured capacitance changes due to the
transition of ddH20 to 100 mM NaOH showed a positive correlation concerning the overall
electrode length.

When using amplified excitation voltages, higher capacitance changes were observed at the
transition from ddH20 to BGE. Comparing amplified to non-amplified setups revealed a ratio
in the range of 4.0 to 6.9, compare Figure S5A, whereas a single-ended setup with shorter
electrodes proved superior. The transition from ddH20 to 100 mM NaOH showed analogous
behavior with ratios between 5.0 and 6.0. The CDCD 4x10-SA showed a gain as high as 13.9
for unknown reasons. All in all, for large conductivity changes the measured capacitance
changes increased to the same extent as the excitation voltage for both single-ended and
differential setups.

The duration of the transition from ddH20 to BGE during flushing at 1 bar (approx. 4 s) was
also examined. No discernible correlation to the type of CDCD could be observed, compare
Figure S5.

The most pronounced response to the transition from ddH20 to BGE was observed for
CDCD 2x10-SA (396 a.u.). The conductivity and measured capacitance increased
monotonously over a limited conductivity range. However, the response to the transition from
ddH20 to 100 mM NaOH exceeded this range and the already described overshoots could be
observed. The CDCD 2x20-SA and both differential setups with amplifier (4x10-SA, 4x20-SA)
showed the highest response with capacitance changes of 1293 a.u. to 1333 a.u..
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Figure S5. (A) Step height caused by the transition from ddH20 to aqueous 0.1 M NaOH (plain) or to BGE (hatched)
during flushing. See Figure 2 of the main document for further information. (B) Capacitance change observed when
consecutively flushing 0.1 M NaOH solution, ddH20 (set as 0 a.u.) and BGE between separations for the shielded
(solid, S) and shielded plus amplified (dashed, SA) detectors. The 2x05 is only shown without amplification.



Data to section: Comparability of CDCDs and eDAQ for
quantitative analysis

Table S1: RSD of the peak area (n = 3) of the CDCD 4x20-SA (RSD(CDCD)), of the eDAQ (RSD(eDAQ)) and of
the ratio of the peak area CDCD/eDAQ (RSD(CDCD/eDAQ)) at different concentrations of Li*.

c(Lit) RSD(CDCD) RSD(eDAQ) RSD(CDCD/eDAQ)

(kM) (%) (%) (%)
125 3.1 3.2 0.5
250 2.2 2.6 0.5
500 4.4 4.8 0.6
750 2.2 2.8 0.7
1500 9.1 8.9 0.3

References
[1] Drevinskas, T., Maruska, A., Briedis, V., Electrophoresis 2015, 36, 292-297.
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Introduction

This manual describes the use and setup of the CDC-based C*D (CDCD).

The CDCD provide 4 different types of use, which distinguish between the use of an amplifier on the
detection head and the use of wireless data transmission. The configurations are summarized in the
table below. Depending on the chosen configuration, the assembly of the hardware differs. All
configurations can also be realized in a differential measurement mode setup.

Table 1: Configurations of CDCDs

Configuration Wired data transmission Wireless data transmission
(only one detector) (up to 8 detectors, needs
master device)
Without amplifier 1 3

(needs link at the bottom of
the detection head)

With amplifier 2 4a-4d
(needs fully equipped bottom
of the detection head)

Setup for the first time a CDCD-set
1. Chose the desired configuration of the CDCDs according to Table 1.
2. Build according to the chapters “Building instructions for detection head” and “Building
instructions for the supply unit” the required units.
3. Configure according to the chapter “Initial configuration” the CDCDs

Use of preconfigured CDCDs
There are 4 different types of use, which distinguish between the use of an amplifier and the use of
wireless data transmission, see Table 1.

Information: The Arduino Nanos must be preconfigured according to the section “Configuration”
before use.

Wired data transmission

e Set switches 2,3,4 to ON; set the remaining switches to OFF

e Connect the Arduino’s USB port on the detection device to the PC
e Start the Software

Wireless data transmission, battery powered setups

e Connect Master device to PC

e On the detection unit: set switch 5 to “ON”, use switches 2-4 to set a unique id. Apply changes by
pressing the momentary switch and wait until the Arduino restarts (see section “Coding”)

e Supply the detection unit by voltage (6 - 16V) at the ports mark ports in Figure 11.



Additional Information
Coding

The coding on the supply unit of the detection device must be unique, the coding can be changed at

any time and must by applied by resetting the Arduino (disconnect the device from power or use one
of the momentary switches).

Figure 1:DIP-switches on the supply unit

Switches 2-4: Set the detection device ID according to: switch 2 adds 1 to CDC1 = CDC2; switch 3
adds 2, switch 4 adds 4.
All possibilities:
S2 S3 S4 Name |S2 S3 S4 Name
OFF OFF OFF CDC1 OFF | OFF ON CDC5
ON OFF OFF CDC2 ON OFF ON CDC6
OFF ON OFF CDC3 OFF | ON ON CDC7
ON ON OFF | CDC4 | ON ON ON | CDC8

Switch 5: OFF: Configuration mode; except switches 2 to 4 are set to ON
- Usage without amplifier and wireless communication 2 CDC1
ON: wireless communication is activated

Trigger
The trigger can be connected via a 4-pin terminal block. The trigger can be connected to any
detection device or to the master. However, preferably on the master.

Two trigger mods are supported (change requires reprogramming)

e Prince Trigger-Mode (2 wire connection) (line 11: ce_ms = false)

o The trigger Tg is connected to GND via a switch of the CE. Every change in potential is
evaluated as a trigger, the maximum pulse length must not exceed 4 s. Start and stop
triggers take place at the same cable.

e Agilent Trigger-Mode (4 wire connection) (line 11: ce_ms = true)
o Adapter board with 2x D-SUB 9 ports (male and female) and small parts is necessary

Measurement mode
The detection head can also be equipped with a second pair of electrodes to allow a differential
measurement setup. This requires also a change in the software for the Arduinos.

e Single-ended measurement mode (2 electrodes) (line 13: differential = false)
e Differential measurement mode (4 electrodes) (line 13: differential = true)



LEDs:

Wireless data communication:

e LED on Master and detection device flash fast (approx. 10 Hz): Connection established
successfully

e LED on Master and detection device flash slow: establishing connection

o LED on detection device flash slow: detection device searches for master

e LED on detection device is not flashing: detection head cannot be addressed (see: Known
hardware problems)



Software

Required basic software

e Python 3.X along with PyQt5; matplotlib and pySerial
- Anaconda Python 3.X : https://www.anaconda.com/distribution/

e System path “python” should be created in Windows (can be created automatically during
installation, check the box next to “Add Anaconda to my PATH environment variable”)

e After installation of “Anaconda” add installation of “pySerial” via: Enter in command line (search
for “emd” in Windows): conda install -c anaconda pyserial confirm after some time
by entering “y”. Installation is completed after the message “All requested Packages already
installed”, close the window.

e To check the installation of the driver for the Arduino connect it to the PC. For troubleshooting
have a look at: https://sparks.gogo.co.nz/ch340.html or https://www.makershop.de/ch340-341-
usb-installieren/ or search in the web for “CH340 driver”

Measurement software

0. Connect the USB port of the Arduino of the master to the PC and supply the detection devices
with power. When operating without radio: Connect the detection device’s Arduino to the PC.

1. Launch python software, pleas wait a moment until the Ul appears.
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2. Choose serial port of the Arduino and apply by clicking “Connect”, if port is not known, have a
look at: Serial Monitor, COM-Port
3. Set number of detection devices (Clients), corresponds to the highest ID assigned via the DIP
switches, and chose desired columns of plots, “0” disables live plot.
4. Save options: (Duplicates in the file name will result in the file being overwritten)
1. Autosave mode:
e Select Folder
e Enter any desired filename without file extension (min. 3 letters) apply by clicking
“Set Filename”. Successful application is reported by green text color


https://www.anaconda.com/distribution/
https://sparks.gogo.co.nz/ch340.html
https://www.makershop.de/ch340-341-usb-installieren/
https://www.makershop.de/ch340-341-usb-installieren/

Information: The chosen filename will be extended by _RX_DY whereas X increments
the measurements (X is display in the box “Next run” / “Current run”) and Y denotes
the number of the detection device (selected by the DIP switches)

2. Manual mode (Check “disable Autosave”)

e Save current plots via “SnapSave”
Information: The chosen filename will be extended by DY, Y denotes the number of
the detection device (selected by the DIP switches)
Information: “SnapSave” is also available in autosave mode

5. Data acquisition:

a)
b)
c)

“Start acquisition” start the data acquisition

The combobox “Detector” allows to select a specific detector by its id.

“Reading in a.u.” displays the received value form the selected detector device in
dependence of elapsed time since the last reset (“Elapsed sec”). “Supply voltage”
displays the belonging voltage of the batteries.

6. Trigger Options:

7.

a)

b)

d)

Plot:

In autosave mode, the “Inject” button can be used to start a recording manually.
Afterwards, the same button, now labeled “Stop run”, stops the recording by clicking.
This button works in any case, despite of a connected hardware trigger or the checkbox
“Hardware-Trigger” is checked or unchecked.

See also section “Trigger”

Unchecking the checkbox “Hardware-Trigger” deactivates the trigger from hardware, the

“Inject” / “Stop run” button are working anyway.

Start/Stop-Trigger: (preselected)

Start and stop of a measurement are defined by a trigger event at the beginning and
the end of the measurement.

Start-Trigger Stop-Time:

Start via trigger event and stop after a predefined period

e Activation is only possible if the duration (“Timer /min”) is set to a value different
form “0” and is applied by clicking “Set Time”.

o If “no restart” is checked, only the first trigger event is recognized. Only a single
measurement with the set duration is recorded. Following triggers are disregarded.

Further options:

e  “Current run” / “Next run” informs about the number of the next/current
measurement, green text color. Adjustment is possible by changing the number.
After applying with “Set Number”, the text color is green again.

o “Toggle Trigger” can be used in case of an error with the trigger. This button can be
used to toggle whether the next trigger event is a start or a stop signal.

Joint adaptation of the plot area in x and y direction of all diagrams.



Known software issues
Information: All data is at any time recorded to a backup-directory which is in the temp folder in the
root directory of the python script. The data is named: YYYY-mm-dd_HH-MM-SStemp_DX.csv
1.) Live-Plots stops working: no effect on measurement data if values in “Reading in a.u.” and /
or “Elapsed sec” change.
2.) In case of errors regarding the matplotlib library: Enter in the Windows command line
successively the following commands:
o pip uninstall matplotlib
o python -m pip install --upgrade pip
o pip install matplotlib

Serial Monitor, COM-Port
Software: Arduino IDE (https://www.arduino.cc/en/Main/Software)

Accessing the serial monitor:

Connect the PC to the USB port on the Arduino Nano
. Open Arduino IDE
3. Select the COM port at Tools >Ports> COM X

e If the portis not known: unplug the Arduino, display the port list, remind and close it. Plug in
the Arduino and select the new entry in the port list. At the bottom right you should see
Arduino Nano, ATmega328 (Old Bootloader) on COM X.

e If not: Select Tools > Board > Arduino Nano and select Tools > processor > ATmega328 (Old
Bootloader)

Open the serial monitor (magnifying glass at the top right), select 19200 baud in the new window at
the bottom right


https://www.arduino.cc/en/Main/Software

Configuration

Initial configuration

In the initial configuration, the software is installed on the Arduinos and the detection sets are
defined. The definition of the detection sets pairs all detection devices with a fixed master so that
several sets can be used at the same time without crosstalk.

Preparatory steps
1. Make sure the Arduino IDE (https://www.arduino.cc/en/Main/Software) is installed

2. Copy the contents of the Arduino\libraries folder into the libraries folder of the working directory
of the Arduino software (3USERPROFILE%\Documents\Arduino)
The following folders are then contained in Arduino\libraries: RF24-master, SBNetwork-master

3. To check the installation of the driver for the Arduino connect the bare Arduino to the PC. For
troubleshooting have a look at: https://sparks.gogo.co.nz/ch340.html or
https://www.makershop.de/ch340-341-usb-installieren/ or search in the Web for ,,CH340 driver”

4. Define a set ID, this must be unique in the laboratory and must be entered later identically in all

Arduinos of a detector set

Upload and configuration for the detection devices
Information: Start with the configuration of the detection device’s Arduinos. Only connect one
Arduino on the PC during configuration.

Connect the PC to the USB port on the Arduino Nano with installed custom-made PCB (set all

switches to OFF) and radio module

1. Open the file ,CDC_Funk_MC_Multi_v19.ino” at Arduino\CDC_Funk_MC_Multi_v19

2. Select the COM port at Tools > Ports > COM X
2.1. If the port is not known: unplug the Arduino, display the port list, remind and close it. Plug in

the Arduino and select the new entry in the port list

3. At the bottom right you should see Arduino Nano, ATmega328 (Old Bootloader) on COM X. If
not: Select Tools > Board > Arduino Nano and select Tools > processor > ATmega328 (Old
Bootloader)

4. Check if line 10 contains the following: bool client = true; // Save bool for client/master

5. Set the desired trigger mode in line 11: for Prince: ce_ms = false; for Agilent: ce_ms = true

6. Set the desired measurement mode in line 13: for single-ended mode: differential = false, for
differential measurement mode: differential = true

7. Upload CDC_Funk_MC_Multi_v19.ion with the arrow button ,—>,, or use Sketch > Upload;
Success is confirmed by a message “Upload completed” below the sketch.

8. Set the detection device ID according to: switch 2 adds 1 to CDC1 = CDC2; switch 3 adds 2,
switch 4 adds 4; switch 5 on ON activates the radio module.

All options:
S2 S3 S4 Name S2 S3 S4 Name
OFF OFF OFF CDC1 OFF OFF ON CDC5
ON OFF OFF CDC2 ON OFF ON CDC6
OFF ON OFF CDC3 OFF ON ON CDC7
ON ON OFF CcDC4 ON ON ON CDC8

Leave switch 5 on OFF for configuration
It is only necessary for the configuration of the CDC8 that a detector is plugged in and supplied
with voltage.
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9. Open the serial monitor (magnifying glass at the top right), select 19200 baud in the new window
at the bottom right

The output should be:
Firmware:CDC_Funk_MC_Multi_v19
Hello at CDCX
SetupRadio is active
Enter 'N_X' to reset the wireless device and set it to client-master-set X
Prince Trigger-Mode (2 wire connection)
CDCX

If X does not correspond to the set value: set the switches again and press the reset button on
the Arduino.

For CDC8 a different output is displayed:
Firmware:CDC_Funk_MC_Multi_v19

Hello at CDC 8
Please make sure that a detector with power supply is connected to configure
CDC8 or use a CDC in USB-only mode, in the latter case CDC is always named

CDC1
way ENter 'N_X' to reset the wireless device and set it to client-master-set

X
Prince Trigger-Mode (2 wire connection)
Init...Get offset

aone
CDC1;373;0;8396142

10. Configuration of the set ID ,,S“: Enter N_“S” in the input field above the output in the serial
monitor and confirm with ,Enter”

The output should be: (here:,S“=9 and X =2)
Erasing device configuration data...Done
SBNetwork Version 1.0.5

Try to read device config from internal flash...Failed
Creating new device config and stroing it to internal flash...

Done

Device MAC = Ox5 Ox4 0x4 0x9 0Ox2
Master MAC = 0x0 Ox0 OxO Ox0 0xO
Netkey = 0

Initializing NRF24L01 transmitter...Done
Try to connect to master...warning - Not paired to a master

11. Unplug the USB cable from the Arduino and set switch 5 to ON, radio is activated, connect the
detection head

For additional detection devices it is in general possible to skip the steps 2 — 7. Doublecheck step 8
for each detection device to prevent identical IDs.



Upload and configuration for the master
Start analogously to steps 1-4 of section ,,Upload and configuration for the detection devices,,:

5.
6.
7.

9.

Set line 10 for a master to: bool client = false; // Save bool for client/master

Set the desired trigger mode in line 11 : for Prince: ce_ms = false; for Agilent: ce_ms = true
Upload CDC_Funk_MC_Multi_v19.ion with the arrow button ,,=,, or use Sketch > Upload;
Success is confirmed by a message ,,Upload completed” below the sketch.

Open the serial monitor (magnifying glass at the top right), select 19200 baud in the new window
at the bottom right

Output:

Firmware:CDC_Funk_MC_Multi_v19

Enter 'N_X' to reset the wireless device and set it to client-master-set X
»ms PRESS 'E' to handle the switch of adding new clients

Hello at cDCO

Prince Trigger-Mode (2 wire connection)

SBNetwork Version 1.0.5

Try to read device config from internal flash...Done

Device MAC = Ox5 O0x4 0x4 0x8 0x0
Master MAC = 0x0 Ox0 Ox0 Ox0 0xO
Netkey = 0

0x5 0x4 0x4 0x8 Ox1
0x0 0x0 0x0 0x0 0xO0
0x0 0x0 0x0 O0x0 0xO
0x0 0x0 Ox0 0x0 0x0
0x0 0x0 Ox0 0x0 0x0
0x0 0x0 Ox0 0x0 0x0
0x0 0x0 0x0 0x0 0xO0
0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Initializing NRF24L01 transmitter...Done

Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot

OCooNOUVDWNREO

Configuration of the set ID ,,S“: Enter N_“S“ in the input field above the output in the serial
monitor and confirm with ,Enter”

The output should be: (here:,S“=9)

Erasing device configuration data...Done
SBNetwork Version 1.0.5

Try to read device config from internal flash...Failed
Creating new device config and stroing it to internal flash...

Done

Device MAC = Ox5 0x4 0x4 0x9 0x0
Master MAC = 0x0 Ox0 OxO0O Ox0 0xO
Netkey = 0

Creating new Master Storage

Masterstorage Slot 0x0 0x0 0x0 0x0 0x0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 Ox0 0x0 0x0
Masterstorage STot 3 0x0 Ox0 0x0 Ox0 OxO
Masterstorage STot 4 0x0 Ox0 O0x0 Ox0O 0x0
Masterstorage STot 5 0x0 Ox0 0x0 Ox0 0OxO
Masterstorage Slot 6 0x0 Ox0 O0x0 Ox0 OxO
Masterstorage Slot 0x0 0x0 Ox0 0Ox0 0x0
Masterstorage Slot 0x0 0x0 Ox0 0x0 0x0
Masterstorage Slot 0x0 0x0 Ox0 0x0 0x0
Initializing NRF24L01 transmitter...Done

OCooNOUVThhWNREO

Configuration:Master client-master-set-number:9 Device-Number: 0



10. Activation of the automatic detection device adding (all detection device that should not be
connected to the master must not be in use): Enter ,E“ in the input field above the output in the
serial monitor and confirm with Enter
Output:

Activating AutomaticClientAdding

11. Power one detection device after the other. The master’s output displays:
Received 'SEARCH_MASTER'. Send MasterAcCK...Done
Received 'PAIRING_REQUEST'. Send PairingACK... Done
Storing new MAC to MasterStorage... Done
CDC1;8388608;0;13195058

Received 'SEARCH_MASTER'. Send MasterACK...Done
Received 'PAIRING_REQUEST'. Send PairingACK... Done

Storing new MAC to MasterStorage... Done
CDC2;8388608;0;13030720
etc.

12. Enter ,,E“ in the input field above the output in the serial monitor and confirm with Enter to
disable the automatic detection device adding, after adding all detector devices.
Output:

Deactivating AutomaticClientAdding

13. Disconnect the master from the USB cable
14. Configuration is finished

Follow-up configuration - detection device
Note: Only connect one Arduino on the PC during configuration.

1. Connect the PC to the USB port on the Arduino Nano with installed custom-made PCB (switch 4
on OFF) and radio module

2. Open Arduino IDE
Select the COM port at Tools > Ports > COM X
e [f the port is not known: unplug the Arduino, display the port list, remind and close it. Plug in

the Arduino and select the new entry in the port list

4. Set the detection device ID according to: switch 2 adds 1 to CDC1 = CDC2; switch 3 adds 2,

switch 4 adds 4; switch 5 on ON activates the radio module.

All options:
S2 S3 S4 Name S2 S3 S4 Name
OFF OFF OFF CDC1 OFF OFF ON CDC5
ON OFF OFF CDC2 ON OFF ON CDC6
OFF ON OFF CDC3 OFF ON ON CDC7
ON ON OFF CcDC4 ON ON ON CDC8

Leave switch 5 on OFF for configuration

It is only necessary for the configuration of the CDC8 that a detector is plugged in and supplied
with voltage.



5. Open the serial monitor (magnifying glass at the top right), select 19200 baud in the new window
at the bottom right

The output should be:

HeTllo at Number: X

»my» PRESS 'N_4' to reset the wireless device and set it to client-master-set
4,

if no confirmation 1is displayed, retry it with disabled Network

Init...done

CDCX

If X does not correspond to the set value: set the switches again and press the reset button.
6. Configuration of the set ID *S*: Enter N_*S* in the input field above the output in the serial
monitor and confirm with “Enter”

The output should be: (here: *S* =9 and X = 2)

Erasing device configuration data...Done
SBNetwork Version 1.0.5

Try to read device config from internal flash...Failed
Creating new device config and stroing it to internal flash...

Done

Device MAC = Ox5 Ox4 0x4 0x9 Ox2
Master MAC = 0x0 Ox0 OxO Ox0 0xO
Netkey = 0

Initializing NRF24L01 transmitter...Done
Try to connect to master...warning - Not paired to a master

7. Unplug the USB cable from the Arduino and set switch 5 to ON, radio is activated, connect the
detection head

Reset of the master device

Note: all previously trained detector devices will be deleted

Procedure analogous to steps 1 - 3 of the “Follow-up configuration — detection device”

4. All coding switches are set to OFF or are not installed.

5. Open the serial monitor (magnifying glass at the top right), select 19200 baud in the new window
at the bottom right

Output:
Firmware:CDC_Funk_MC_Multi_v19
ey ENter 'N_X' to reset the wireless device and set it to client-master-set
X
»n» PRESS 'E' to handle the switch of adding new clients
Hello at cDC O
Prince Trigger-Mode (2 wire connection)
SBNetwork Vversion 1.0.5

Try to read device config from internal flash...Done

Device MAC = Ox5 O0x4 0x4 0x9 0x0
Master MAC = 0x0 Ox0 Ox0 Ox0 0xO
Netkey = 0

0x5 0x4 0x4 0x8 Ox1
0x0 0x0 0x0 0x0 0x0
0x0 0x0 0x0 0x0 Ox0
0x0 0x0 0x0 0x0 0x0
0x0 0x0 0x0 0x0 0xO0
0x0 0x0 0x0 0x0 0x0
0x0 0x0 0x0 0x0 0x0
0x0 0x0 0x0 0x0 0x0
Masterstorage STot 8 0x0 Ox0 0x0 Ox0O 0x0
Masterstorage Slot 9 0x0 Ox0 0x0 Ox0 0xO
Initializing NRF24L01 transmitter...Done
CDC1;556;0;8396837

Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot
Masterstorage Slot

LooNOOUIDAWNRO



6. Configuration of the set number *S*: Enter N_*S* in the input field above the output in the serial
monitor and confirm with “Enter”
Output: (here: *S* =9)

Output:

Erasing device configuration data...Done
SBNetwork Vversion 1.0.5

Try to read device config from internal flash...Failed
Creating new device config and stroing it to internal flash...

Done

Device MAC = 0x5 0Ox4 0x4 0x9 0xO0
Master MAC = 0x0 Ox0 Ox0 Ox0 0xO
NetKey = 0

Creating new Master Storage

Masterstorage Slot 0x0 0x0 0x0 0x0 0x0
Masterstorage Slot 0x0 0x0 0x0 0x0 0x0
Masterstorage Slot 0x0 0x0 0x0 0x0 0x0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0x0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Masterstorage Slot 0x0 0x0 0x0 0x0 0xO0
Initializing NRF24L01 transmitter...Done

OooNoOOUTAWNREO

Configuration:Master client-master-set-number:9 Device-Number: 0

7. Activation of the automatic detection device adding (all detection device that should not be
connected to the master must not be in use): Enter “E” in the input field above the output in the
serial monitor and confirm with Enter
Output:

Activating AutomaticClientAdding

8. Power one detection device after the other. The master’s output displays:
Received 'SEARCH_MASTER'. Send MasterAcCK...Done
Received 'PAIRING_REQUEST'. Send PairingACK... Done
Storing new MAC to MasterStorage... Done
CDC1;8388608;0;13195058

Received 'SEARCH_MASTER'. Send MasterAcCK...Done
Received 'PAIRING_REQUEST'. Send PairingACK... Done

Storing new MAC to MasterStorage... Done
CDC2;8388608;0;13030720
etc.

9. Enter “E” in the input field above the output in the serial monitor and confirm with Enter to
disable the automatic detection device adding, after adding all detector devices.
Output:

Deactivating AutomaticClientAdding

10. Disconnect the master from the USB cable
11. Configuration is finished



Add additional detection devices to a master
Prepare the detection device with the same set ID as all other detection device according to the item

“Upload and configuration for the detection devices” or “Follow-up configuration — detection
device”.

Then continue according to “Reset of the master” WITHOUT performing step 6

Note: Another client can be added in while other clients are in operation



Hardware
A CDCD-set can consist out of two different devices which in turn consist of individual units:
1.) Detection device:
o detection head
o supply unit
2.) Master device (only needed with wireless data transmission)
A CDCD-set consist of a master device and up to 8 detection devices.

The different hardware configurations of the detection head and the supply unit are described in the
chapters “Building instructions for detection head” and “Building instructions for the supply unit”

Known hardware problems

Error pattern Solution

Data is received very Try another position of the master or detection device supply unit

rarely (frequency below

10 Hz)

The Arduino's pins get Check whether there is no short circuit (start with: 3V3 against GND on

warm the Arduino if there is a connection, remove the radio module and
check again. If there is no more short circuit: replace the radio module)




Building instructions for detection head
1. Detach of the 4 mini-PCBs on the right of Figure 3 the result is shown in Figure 4.

Figure 4: Images of the detection head circuit board with detached mini circuit boards. One of the further used mini PCBs
is outlined in red.

2. Solder the required components according to Table 2 onto the larger PCB. The schematics is
displayed in Figure 5. The equipped top and bottom of the detection head’s PCB with and
without installed amplifier can be found in Figure 6.
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Figure 5: Schematics of the (A) top and (B) bottom of the detection head’s PCB.
Table 2: Components of the detection head
Top: Bottom:
Part Value Package Configuration 1 and 3 (no Amplifier):
AD7745 AD7745 TSSOP16 solder pads of R6 together
LT1761-5 LT1761 SOT23-5 Configuration 2 and 4 (with amplifier):
Cc1 1u C0805 Part Value Package
Cc2 10n C0805 LT1360 LT1360CS8PBF
C3 10u C0805 C5 100n C0805
Cc4 100n C0805 R3 51k R0805
JP1 FTSH-103-01-F-D R4 10k RO805
R5 10k R0O805
Cé6 reserved C1206K
Cc7 reserved C1206K

Information: The head could also be supplied by the 5V line of the Arduino, if the jumper Vopt|VA
on the supply unit of the detection unit is connected and the test pad next to the upper pad of C4 is
linked, see Figure 5



A
Figure 6: Images of the equipped (A) top and (B+C) bottom of the detection head’s PCB with (B) and without
(C) amplifier (link between the two pads in the blue box is missing)

3. Prepare the cannula segments by cutting a cannula to the desired length. Inset a capillary
during cutting. Use cannulas with inner diameter of 0.4 mm (outer diameter 0.6, Gauge 23).

L — — -

Figure 7: A pair of cannulas cut to a length of 10 mm each on a 360 um outer diameter capillary.

4. Solder one cannula segment to the PCB of the detection head (outlined in red in Figure 6)
and one to the mini-PCB. The soldering joint must be on the side with the larger soldering
pad this is also the side where the electrode sticks out. The other side of the electrode
should be at the same level as the PCB. The result is shown in Figure 8. For setups in
differential measurement mode, a second pair of electrodes are mounted in the same way
but to the yellow outlined boxes in Figure 6

Figure 8: (A) mini-PCB and large PCB equipped with electrodes. The larger PCB is wrapped in transparent adhesive tape to
prevent short circuits. The mini-PCB with an electrode is equipped with a capillary. (B) Both PCBs just before soldering
them together (golden side of the mini-PCB and the pad next to the label IN+)

5. After wrapping the larger PCB in transparent adhesive tape, punch a hole with a needle in
the tape, where the capillary must pass it.



6. Solder the mini-PCB to the larger PCB, it is important to solder the golden side connected
electrically to the electrode of the mini-PCB to the pad connected to the input of the CDC-IC.
The mounting pad IN+ is dotted outlined in red in Figure 6. The tape covering the mounting
pad has not to be removed since it will melt during the soldering process anyway. Insert a
capillary trough both electrodes while soldering.

7. Use heat shrink tubing to cover the electrodes and carefully wrap the PCBs with a layer of
transparent adhesive tape. Keep the tape away from the golden side of the large PCB.

Figure 9: detection head (A) before and (B) after wrapping with adhesive copper foil

8. Wrap the detector carefully with adhesive copper foil, solder it to the golden side of the large
PCB to connect it to ground. If necessary, solder the individual layers of the outer copper
layer together to ensure proper electrical connection among themselves.

GND 1 *
51k 10k 1C2Ls F gur ono |2
S[]e  AD7745 2|z T SHON |
i12v 171360 R“ T i s G i
11 s spa L6 -L
24 Nulz nuLL e o LT1761ES5-5 Llug
7 —— RDY NC p—— 1C1
V+ -IN ~
: S 31 Exca vpp L4l |t j_G %DZV
vouT - +IN P o |12 1306 10y
5 A - JP1
S - _éCS 5 1 REFIN(+) VIN(-=) L2 11, 5 |2 1PLTP2
] + - SOAs | ¢ ¢
RE _13y 6 13 X R
I * REFIN{=) VIN(+) g 6
SCT €7 C6
9 EX2 IN- 9IN-2 - 12 GND
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© © CIN1 NC2 —— =
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Figure 10. Schematic diagram of the detection head’s circuit. Capacitors without values are reserved. Resistor R6 is a jumper.



Building instructions for the supply unit

The supply unit consists except for a PCB described below out of an Arduino Nano and a NRF24L01+
radio module. It provides pins for the connection to the detection head as well as an optional PCB
terminal block for a trigger signal with an additional 5 V output. The DIP-switches on the supply unit
are used for configuration.

The necessary components on the supply unit depending on the desired configuration can be taken
from the figures in this section.

Fully annotated PCB of a supply unit:

10u Arduino port 1 _\_"Olta.g.eDCDC';‘_ % [ ; l
2o - N T vettageArgeine | 10N I0n}s  fo!
dul ireset | i " Vaved i 10u § - ~|[-P2992 ] jo i
;”0°rt“e e button | & J pAvel 1| E = = g
ER - {10n |100n||GND\R-|g [~ > :
! - ?L'r17s1m‘||m§ 1u ||100{.)n| % 5
/ g : i E] Ts Ts VA GND
SHE i } d 5 8 =i Trigger port
N 1= = 4 o h
& = E E. 3k o i (2| = Al Detector
g B @l It (m) o
Arduino port 2 =} H port
S s o
o3 s s s o3 o3 o3 g --=i (my
Color code: : connectors; green: IC, buttons, and switches; black: resistors; blue: capacitors;

: jumpers

Information: the dashed outlined 1 MQ and 2 MQ resistors are optional and allow tracking of the
battery voltage.

Information: the dashed outlined reset button and the trigger port PCB block terminal are optional as
well as all dashed outlined 10 uF capacitors.

Information: the dashed outlined 10 nF capacitor in Voltage DCDC is necessary if LP2992-5 is replaced
by an LT1761-5. Further, the solid outlined 10 nF capacitor must not be installed and the 4.7 pF
capacitor must be replaced by a 10 uF capacitor.

Information: The detection head can also be supplied directly from the 5 V supplying the Arduino by
linking the dashed outlined jumper Vopt|VA

Supply unit of a master device

10u Arduino port 1

radio pemeeenn
module ) ireset 4
port — - S— Ebutton i
b1 [T H

........... /

7 &

)

RST
i1

Arduino port 2
pL3 b1z




Supply units for wired data transmission
Configuration 1: Use of only one client without radio and without amplifier [performance not tested]

Arduino port 1

DIP-Switch 5x

DIP-Switch 5x

Supply units for wireless data transmission and battery supply:
Configuration 3: Usage without amplifier

Arduino port 1

i3 . Voltage*Arg
DIP-Switch 5x / —-“' '““1'0u

[ W
GNDlR
NDICO
— {C

. . iy 'm
Eﬁ " g o )Tr'gger port

Arduino port 2

Configuration 4: Usage with amplifier
a) galvanic separation from the input voltage (the setup is powered entirely through the
DCDC-Converter):

Arduino port 1

gikads. LAY :tf

[Sngers

-

DIP-Switch 5x f'—|

Arduino port 2




b) Supply Arduino via LT1761 from batteries

Arduino port 1

DIP-Switch 5x

DIP-Switch 5x

Arduino port 2

d) Supply Arduino via LP2992: (this setup also allows a wired or wireless data transmission
which is powered via the 5 V line of the Arduino (Configuration 2)) [performance not
tested]

Arduino port 1

DIP-Switch 5x

Arduino port 2




Figure 11. Supply unit of detection device — top
Left: Reset-Taster

Center left: DIP-switch. switch 2-4 to configure id; switch 5: enable radio module (switch on OFF)

Center: Area for voltage regulator for Arduino and resistors (with values 1M, 2M), here Arduino powered directly from
LP2992 (VA|VCC are linked and a wire is installed between the test pad next to the print VCC and Pin 1 of the DCDC; see top
right corner)

Center right: DCDC solder pads

Right: Area for voltage regulator for DCDC-converter

“+” and “-” denote the polarities of two in series connected ports for the batteries (3.7 V each)
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Figure 12. Supply unit of detection device — bottom, equipped Left: radio module
Center: Arduino Nano

Top right: connector for 10-core ribbon cable to detection head

Bottom right: two connectors to attach the necessary pair of batteries (2x 3.7 V)

Figure 13. Supply unit of detection device — bottom
Left: 2x4 socket for radio module

Center: 2x 1x15 socket for Arduino Nano

Right: DCDC-Converter



Figure 15.Radio module (NRF24L01)
Bottom right: Pins 2x4

Figure 14. Arduino Nano Top

Left: Mini-USB port for configuration or communication and supply
in case of wired data communication

Top right: Reset-Button, restarts Arduino

Bottom: Pins

Scheme of the supply unit’s circuit
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Thermodynamic acidity constants and limiting ionic mobilities were determined
for polyprotic non-chromophore analytes using capillary electrophoresis with
capacitively coupled contactless conductivity detection. It was not necessary to
work with buffers of identical ionic strength as ionic strength effects on effec-
tive electrophoretic mobilities were corrected by modeling during data evalua-
tion (software AnglerFish). The mobility data from capillary electrophoresis cou-
pled to conductivity detection were determined in the pH range from 1.25 t0 12.02
with a high resolution (36 pH steps). With this strategy, thermodynamic acidity
constants and limiting ionic mobilities for various acidic herbicides were deter-
mined, sometimes for the first time. The model analytes included glyphosate,
its metabolites, and its acetylated derivates (aminomethyl phosphonic acid, gly-
oxylic acid, sarcosine, glycine, N-acetyl glyphosate, N-acetyl aminomethyl phos-
phonic acid, hydroxymethyl phosphonic acid). The obtained data were used in
simulations to optimize separations by capillary electrophoresis. Simulations
correlated very well to experimental results. With the new method, the separa-
tion of glyphosate from interfering components like phosphate in beer samples
was possible.

KEYWORDS

analyte mixtures, conductivity detection, dissociation constant, simulation, transformation
products

1 | INTRODUCTION

One of the key parameters of ionizable organic and inor-

Article Related Abbreviations: AcOH, acetic acid; AMPA,
aminomethyl phosphonic acid; C*D, capacitively coupled contactless
conductivity detection; HMPA, hydroxymethyl phosphonic acid; MCPA,
2-methyl-4-chlorophenoxyacetic acid; NH4;AcO, ammonium acetate

ganic compounds is their acidity (acid dissociation) con-
stant, in the negative decadic logarithmic form indicated as
pK,. From a pharmaceutical and (eco)toxicological point
of view, it influences their solubility, sorption, dissolution
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original work is properly cited.

© 2022 The Authors. Journal of Separation Science published by Wiley-VCH GmbH

1128 WWW.jss-journal.com

J Sep Sci 2022;45:1128-1139.


https://orcid.org/0000-0001-6865-1043
mailto:carolin.huhn@uni-tuebingen.de
http://creativecommons.org/licenses/by/4.0/
http://www.jss-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjssc.202100952&domain=pdf&date_stamp=2022-01-13

GRAF ET AL.

rate, reaction kinetics, complexation, transfer across bio-
logical membranes, the speed of reaching the site of action,
metabolism, protein binding, or receptor interactions. It is
therefore one of the first parameters to be determined in
the development of an active agent [1]. For their metabo-
lites, especially for (microbial) transformation products in
the environment, the knowledge on ionization constants
is limited. Metabolites are often more acidic than their pre-
cursors, as metabolism has the goal of increasing water sol-
ubility in order to remove substances from the organism.

To determine pK, values, any physicochemical measure
can be used which is affected by the pH. Potentiometric,
spectroscopic, electrophoretic, or solubility-based meth-
ods, as well as theoretical methods, were used [2-6]. Poten-
tiometric titrations are most often used because of their
short analysis time (~20 min), but they have high require-
ments for the analyte’s purity and fairly high LODs mostly
around 0.5 mM [3, 4]. UV-visible (UV-Vis) spectrophotom-
etry is more sensitive and can be applied when the spec-
tra of neutral and ionized forms differ from each other in
wavelength or intensity. Extreme pH values are accessible
[3]. The chemical shift induced by ionization is utilized by
nuclear magnetic resonance spectroscopy. Its great advan-
tage is its applicability for mixtures including structurally
related impurities. It is also possible to determine individ-
ual pK, values of functional groups, even in case of similar
chemical shifts. The major drawbacks of this method are a
systematic error when using constant volume titration [5,
6] and the expensive equipment.

For mixtures, capillary electrophoresis (CE) is well
suited because it is a separation technique and the elec-
trophoretic mobility of an ion is a function of the pH.
Already in 1991, Beckers et al. used CE-UV to determine
absolute mobilities and pK, values [7]. The advantages of
using CE for pK, determination are its applicability for a
broad range of analytes as a sufficient solubility in water
is probably the only relevant criterion for analytes’ physic-
ochemical properties (depending, of course, on the detec-
tion method applied). The sample can be impure, the sol-
ubility in water can be low, prior knowledge of the analyte
concentration is not required and the sample consumption
islow. Further, the high degree of automation enables mul-
tiplexed assays [8, 9]. Two illustrative examples demon-
strated CE’s capabilities in pK, determination: (1) the iden-
tification of the main tautomer of 5-azacytosine deriva-
tives, a potential antiviral agent, in combination with den-
sity functional theory calculations [10] and (2) the pos-
sibility to identify the effect of substituent positions on
the charge of drugs under physiological conditions [11].
Two major strategies evolved: (1) the pK, of monopro-
tic acids or bases can rapidly be determined from two
CE runs at different pH by injecting the analyte together
with a reference compound of similar pK, (ApK, < 1).

The runs are performed with the substances fully or par-
tially ionized in the background electrolyte (BGE) [12]. (2)
However, for compounds with more complex speciation
due to several acidic and/or basic functional groups, this
method cannot be applied. Then, pH-dependent mobil-
ity measurements are required. In most studies, the ionic
strength was kept constant over the entire pH range in
order to avoid changes in electrophoretic mobility caused
by effects other than the pH [13, 14]. For mobility and
pK, determinations at very acidic conditions, the mea-
sured effective electrophoretic mobilities were corrected to
constant ionic strength using Debye-Hiickel-Onsager the-
ory [15-17]. Recently, Maly et al. developed the software
AnglerFish which corrects the electrophoretic mobilities
for ionic strength effects at all pH values [18].

In this study, the negative decadic logarithmic thermo-
dynamic acidity dissociation constants (pK;) and limiting
electrophoretic mobilities (u;;,) of various, mostly acidic
herbicides like 2-methyl-4-chlorophenoxyacetic acid
(MCPA), glufosinate , and glyphosate with its impressive
pH speciation including its transformation products were
determined at pH 1.25-12.02. The extremely wide pH range
was enabled due to correcting electrophoretic mobilities
concerning ionic strength effects by the AnglerFish
software. Capacitively coupled contactless conductivity
detection (C*D) was used to enable their analyses despite
the lack of a chromophoric system. The new data were
finally used to optimize CE separations by simulations.

2 | MATERIALS AND METHODS

2.1 | Chemicals

We included herbicides, their transformation prod-
ucts, and other ionizable substances as model analytes:
glyphosate (analytical grade), aminomethyl phosphonic
acid (AMPA, 99 %), glycine (= 98 %), glyoxylic acid
monohydrate (98 %), 4-methylmorpholine (>99.5 %),
2-methyl-4-chlorophenoxyacetic acid (99.2 %), oxamic
acid (> 98 %), and sarcosine (> 98 %) were purchased from
Sigma-Aldrich (Steinheim, Germany). Glufosinate ammo-
nium was purchased from Fluka (Buchs, Switzerland),
N-acetyl aminomethyl phosphonic acid (N-acetyl AMPA)
(95.5 %) and hydroxymethyl phosphonic acid (HMPA,
98.6 %) from Dr. Ehrensdorfer (Augsburg, Germany),
and N-acetyl glyphoate (95 %) from Toronto Research
Chemicals (Toronto, Canda).

Chemicals for BGEs were acetic acid (AcOH, 100%),
aqueous ammonia solution (NH,OH) for LC-MS 25%,
ammonium acetate (NH,AcO, > 98%), formic acid (98-
100%), phosphoric acid 85% (suprapur), p-toluenesulfonic
acid (>98%), tricine (>99%) from Merck (Darmstadt,
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Germany), and 2-(N-morpholino)ethane sulfonic acid
monohydrate (>99.5%) from Fluka. Beta-alanine and 3-
(N-morpholino)propane sulfonic acid (>99.5%) were pur-
chased from Alfa Aesar (Karlsruhe, Germany). Lithium
hydroxide monohydrate (98.5-101.5%) was delivered by
Sigma-Aldrich.

Capillaries were conditioned using hydrochloric acid
32% (Thermo Fisher Scientific, Schwerte, Germany),
methanol (for LC-MS), and solutions of sodium hydroxide
(>98.0%, Merck). Propan-2-ol (for LC-MS) used in the
sheath liquid was ordered from Carl Roth (Karlsruhe,
Germany). Double-distilled water from a purification
system from ELGA LabWater (Celle, Germany) was used
in all solutions.

2.2 | Selection of analytes

We chose glyphosate as a challenging model analyte
because of its many functional groups. In addition, it
has no chromophore system precluding the use of spec-
trophotometric techniques as well as UV-Vis detection in
CE. As glyphosate is the herbicide most heavily applied
worldwide, also its transformation products from different
degradation pathways are of interest [19, 20]. Glyphosate
is either transformed into AMPA and glyoxylic acid by
glyphosate oxidoreductase or into sarcosine and phos-
phate by carbon-phosphorus lyase. Further, glyphosate
can be acetylated to N-acetyl glyphosate by glyphosate N-
acetyltransferase in genetically modified crops which fur-
ther degrades to N-acetyl AMPA. Glycine originates either
from glyoxylic acid or sarcosine [21-26]. Another metabo-
lite, rarely detected, is HMPA, which was observed in sur-
face water [24]. Due to their similar physicochemical char-
acteristics, the herbicides glufosinate and MCPA as well
as oxamic acid, formed during ozonation from the her-
bicide chloridazon [27], were also included in this study.
N-Methylmorpholine was included as a neutral to basic
model compound. Its pKy and u;;,, are of interest since it is
a promising BGE compound for CE but no data are avail-
able for simulation in literature.

2.3 | Instrumentation and methods

CE-C*D was performed using a Prince 560 capillary elec-
trophoresis system from Prince Technologies (Emmen,
The Netherlands) with WPrince 7.1.02.10.01 software. For
conductivity detection, a commercial C*D, an ET120 C*D
Headstage for capillary electrophoresis, and an ER225
Contactless Conductivity C*D System, all from eDAQ
(Denistone East, Australia), were used. The optimum
settings for the detector were determined with the C*D-

Profiler, which is part of the PowerChrom 2.8.3 control
software. The best settings for the C*D were a frequency
of 300 kHz, an amplitude of 100%, and an activated head
stage gain. These settings were applied when using BGEs
in the pH range between 4 and 10. Higher frequencies
(up to 1200 kHz) and lower amplitudes were necessary for
other pH values. Fused silica capillaries were purchased
from Polymicro Technologies (Phoenix, AZ, USA).

CE-MS was performed with a 7100 CE coupled via a
commercial sheath liquid CE-ESI-MS interface, equipped
with a platinum needle, to a 6150 single quadrupole mass
spectrometer, all from Agilent Technologies (Waldbronn,
Germany; Santa Clara, CA, USA). A coaxial sheath liquid
flow, composed of 0.1% formic acid in 50% v/v propan-2-ol,
was provided during analyses. It was supplied via splitter
(1:100) by a 1200 series isocratic pump (Agilent Technolo-
gies) at a flow rate of 5 uL/min. The MS was operated
in selected ion monitoring mode using the following
operation parameters: capillary voltage, 3500 V negative;
nebulizer pressure, 5 psi (during injection 1 psi); drying
gas flow, 11 L/min; and drying gas temperature, 150°C.
The exact masses of the pseudomolecular ions [M-H]" of
the 12 acidic model analytes (see Table 1) were monitored
simultaneously with an optimized fragmentor voltage
of 125 V. The peak width was set to 0.3 min. Nitrogen
gas was supplied by an NGM 44-LC/MS generator (cmc
instruments, Eschborn, Germany). The control of the CE
and MS instruments, as well as the data acquisition, were
performed by ChemStation Rev. C. 01.05 software (Agilent
Technologies).

The pH measurements were conducted with a WTW
inoLab pH 7110 equipped with the pH-electrode SenTix
81. A 3-point calibration of the pH meter was carried
out with buffers at pH 4.01, 7.00, and 10.01 from Carl
Roth (Karlsruhe, Germany). Filtration of solutions was
performed with 45 um PTFE filters (Macherey-Nagel,
Diiren, Germany).

2.4 | Design of experiment and data
evaluation

The determination of pK; and uy;,,, values was performed
by the free software AnglerFish [18]. Besides experimen-
tally determined effective electrophoretic mobilities of the
analytes in BGEs of different pH, it requires the BGES’
composition and initial estimates of the pK; and p;,,,. Esti-
mates of the pK; values were obtained via the website
chemicalize.com from ChemAxon [28].

pH values in the range of pH 1 to 12 were selected with
an increment of about 0.3 using the software PeakMas-
ter [29]. The BGEs for the pH range 2-12 (ionic strength
10 mM; pH 12.02: 12 mM) were adopted from the model
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BGE:s described in the AnglerFish software [18]. For lower
pH, BGEs with an ionic strength of 15 to 68 mM were
used. After preparation, the pH values of the BGEs were
controlled using a pH-electrode. The solutions were used
immediately for CE measurements.

The effective electrophoretic mobility u.; was calcu-
lated from triplicate runs using the migration times ¢, of
each analyte and the detection time of the injection zone
with water as the electroosmotic flow (EOF) marker tpop.
Using PeakMaster, we verified that the eigenmobility of the
injection zone was negligible for all BGEs selected in our
study [30]. The migration path length [, was determined
as the distance between the inlet and the detector position
(legs = 33.3 cm) minus the length of half the sample plug
(Is;, = 0.3 cm) and the BGE plug (Iggg = 1.6 cm) injected
behind the sample. The plugs’ lengths were calculated via
Hagen-Poiseuille’s law assuming that the solutions’ vis-
cosity equals the one of water at 25°C (0.891 mPa s). The
electric field strength E)was 300 V/cm. The effective elec-
trophoretic mobilities were then calculated as per = 1, X
(tm ' ~tror 1) X EL. To compensate for slight errors in the
preparation of the BGEs, the actual concentration of the
weak base was recalculated by AnglerFish based on the
measured pH.

2.5 | Samples, BGEs, and electrophoretic
separations by CE-C*D

The BGEs were prepared from aqueous filtered stock solu-
tions. Each buffer consisted of lithium hydroxide and a
second compound to achieve the desired pH. The final
concentrations, the intended and measured pH values are
given in Table S1. BGEs with pH > 8 were degassed at 50
mbar for 10 min prior to their use to reduce CO,/carbonate
concentrations. To avoid excessive currents for separations
below pH 1.7, some parameters had to be adapted. They
are added in parentheses in the following workflow. The
samples were prepared from aqueous 10 mM analyte stock
solutions and diluted with BGE. Analyte concentrations
were 385 to 455 uM of each analyte and 75 -90% v/v BGE.
Due to its low solubility in water, the MCPA concentra-
tion was limited to 96 uM. Separations were performed in
a bare fused silica capillary with 50(25) um id and 50 cm
length. The effective length was 33.3 cm. Prior to its first
use, the capillary was purged with methanol, 1 M aqueous
hydrochloric acid solution, 1 M aqueous sodium hydrox-
ide solution, and water for 30(60) min, each at 1 bar. At
the transition between two BGEs, the capillary was flushed
with 1 M aqueous sodium hydroxide solution and water,
5(10) min each, and 20(40) min with the new BGE at 1(2)
bar. Prior to each analysis, the capillary was flushed at 1(2)

bar with BGE for 5(10) min. The sample was injected for
7.2(21) s at 50(100) mbar followed by injecting a BGE plug
for 18(36) s at 50(100) mbar. The separation was driven
by a voltage of 15.0 kV (slope 6 kV/s) and a pressure of
70(150) (350 at pH < 1.7 for N-acetyl glyphosate, N-acetyl
AMPA) mbar. The temperature was set to 25°C. Depend-
ing on the BGE’s pH, the separation was achieved within
4-18 min. For the verification of simulations using a BGE
at pH 9.5, the BGE plug injected after the sample plug was
elongated to 1 min and the conditioning prior to each run
was altered to rinsing subsequently with 0.1 M aqueous
sodium hydroxide solution for 2 min, water for 1 min and
BGE for 3 min, each at 1 bar.

2.6 | Samples, BGEs, and electrophoretic
separation by CE-MS

The BGE for CE-MS (pH 6.1) contained 20 mM NH,OH
and 20.78 mM AcOH. It was prepared from filtered stock
solutions 0of 100 mM AcOH and 100 mM NH,AcO in water.
The model samples were prepared from aqueous 10 mM
analytes stock solutions in aqueous 10 mM NH,AcO.
The degassed beer (SUPERFREUNDE - Pils; SUPERFRE-
UNDE, Hamburg, Germany) was filtered with a 45 um
PTFE filter (Macherey-Nagel, Diiren, Germany). The final
injected solution contained 80:20 v/v beer:water, 10 mM
NH,4AcO, and spiked analyte. Separations were performed
in a bare fused silica capillary with 50 wm id and 60 cm
length. The capillary tip was sanded with 4000-grit sand-
paper to an angle of 45° to improve the electrospray pro-
cess. Prior to the first use, the capillary was purged with
water and BGE for 10 min, each at 1 bar. The capillary was
rinsed with BGE for 7 min at 1 bar between two runs. Sam-
ples were injected for 10 s at 50 mbar followed by a BGE
plug injection for 7 s at 50 mbar. The separation was per-
formed at 15.0 kV and pressure support of 70 mbar. The
temperature was set to 25°C.

2.7 | Simulations using PeakMaster

The free software PeakMaster [29] was used to simulate
CE separations. In order to select suitable separation con-
ditions, the migration time of neutral species was first
roughly estimated by using the EOF mobility in bare fused
silica capillaries. After an experiment under the previously
selected conditions, the migration time of water was deter-
mined and entered into PeakMaster to adjust the simulated
electropherograms. Water was a suitable EOF-marker as
the simulations showed a negligible eigenmobility of the
injection zone for the selected BGE compositions.
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RESULTS AND DISCUSSION

31 |
methods for the determination of
thermodynamic acidity constants and
limiting electrophoretic mobilities

Choice of separation and detection

The selected analytes, compare Section 2.2, are mostly
acids and have a negative charge over a wide pH range.
Therefore, in capillaries with a negatively charged surface,
such as bare fused silica capillaries, the movement of
the EOF and the migration of the analytes take place in
opposite directions. Ideally, the effective electrophoretic
mobility of the analyte is determined from the migration
times of the analyte and the EOF recorded in the same
run. This requires either the reversal of the EOF by a
positively charged capillary surface or a reversal of the
separation voltage together with a counter-flow (EOF +
pressure) high enough to bring both analytes and EOF
marker to the detector. The use of a coated capillary to
achieve a positively charged capillary surface was not
considered because of the insufficient stability of coatings
over a wide pH range [31].

There are also some restrictions regarding the detec-
tion methods: only one of the model analytes has a chro-
mophore group, so only indirect UV-Vis detection would
be an option, requiring a probe ion in the BGE. Mass spec-
trometry was not considered as a detection method since
influences on pH and migration velocities by ions from the
sheath liquid of the CE-MS interface cannot be excluded
completely [32]. We chose to use CE-C*D with a positive
separation voltage and pressure support of usually 70 mbar
and a bare fused silica capillary as described in Section 2.5.

3.2 | Determination of thermodynamic
acidity constants and limiting
electrophoretic mobilities

The pH dependence of the effective electrophoretic mobil-
ities of all analytes including the fit by Anglerfish software
isshown in Figure 1. The error bars of the determined effec-
tive electrophoretic mobilities were too small to be shown
in the figure. Despite some challenges during the detection
of peaks, see Section 3.3, excellent electrophoretic mobility
data at a high resolution were acquired for analytes with
challenging properties proven by R? > 0.98 of the fit for all
analytes. This allowed determining precisely pKy and uin,
data by the AnglerFish software (see Table 1). A narrow
gradation in pH helped to identify the analyte peaks and
reduced the influences by outliers and undetectable ana-
lyte peaks on the results.

3.3 | Influences on peak detection

The most challenging task during the evaluation was
the low resolution between the peak caused by the EOF
marker and the analyte when the effective electrophoretic
mobility of the analyte was close to zero. In addition, some
analyte peaks were not observed at specific pH values due
an insufficient conductivity difference between the BGE
and the analyte (e.g. AMPA pH 3.54-4.17; glufosinate pH
2.65 + 3.24; MCPA pH 5.35-8.32; oxamic acid pH 2.65-
3.24,4.48, 4.77; glyoxylic acid pH 1.86; glycine pH 8.99,
10.525; N-acetyl AMPA pH 1.80, 2.66, 3.03). The most crit-
ical analyte in this regard was oxamic acid in the range
from pH 2.65 to 3.24 since its pKj is 1.9. Further, distor-
tions of the peaks by superposition with system peaks (e.g.
glyphosate pH 11.35, 11.67; AMPA pH 11.05, 12.02; HMPA
pH 9.93-11.87) were observed. At pH 7.41, HMPA and
oxamic acid comigrate. To reduce comigration of analytes,
several runs were made with subsets of analytes, or ana-
lytes were excluded, when no changes in the effective elec-
trophoretic mobility were expected in a specific pH range
(glyoxylic acid at pH 9.93 and 10.25; oxamic acid pH > 8.4;
MCPA pH > 11.35).

The mobility of phosphate was measured in the pH
range of 3.8-10.8 as well as in a tosylate BGE at pH 2.1.
Data for N-methylmorpholine were evaluated between pH
4.5 and 9.7 as only one pK; was predicted. For both ana-
lytes, a lower pH increment was used where no significant
mobility change was expected (compare Figure 1) to reduce
experimental effort.

3.4 | Comparison of thermodynamic
acidity constants data and limiting
electrophoretic mobilities data to literature
data

The pK; values determined in our study are in excel-
lent agreement with available data from literature or
simulation, see Figure 2. No distinct deviation between
the literature data and the identity function pKj;(CE-
C*D) = pK, (lit) were observed. As expected, the deviations
in the simulation data were clearly the greatest.

To judge the quality of our uy;;,, data, we calculated the
relative deviation between literature data and our data and
compared it to the relative error of the fit function provided
by AnglerFish, see Table 2. For glyoxylic acid and phos-
phate, the relative error of the fit is similar to the relative
deviation corroborating no significant difference between
literature data and our results. In contrast, a significant dif-
ference is given for glycine because the relative deviation
is approximately twice the relative error. Compared to the
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FIGURE 1 pH-dependent change in the effective electrophoretic mobilities (points) and fits by AngerFish (lines) of (A) glyphosate and
its transformation products (abbreviations see Table 1) including experimental and literature (-lit) data for phosphate as well as of (B) other
model analytes at an ionic strength of 10 mM (pH > 2). Vertical lines indicate pH values suitable for separations which were tested

TABLE 1 Thermodynamic acidity constants pKy and limiting electrophoretic mobilities ;,, (10° m2V-s?) for different charge numbers
of +1 to —3. Only the higher absolute charge numbers relevant for the specific pK; are indicated. Abbreviations of the model analytes are
given as used in figures

Model analyte R? +1 -1 -2 -3
Glyphosate and its transformation products
Glyphosate 0.998 Miim - 26.4 + 0.1 455 + 0.1 60.1 + 0.3
(GLP) pK® - 2.25 + 0.01 5.77 + 0.02 10.55 + 0.05
Aminomethyl phos 0.999 Miim - 27.2 + 0.1 45.0 +£ 0.2 -
phonic acid (AMPA) pK? - 5.51 + 0.01 10.31 + 0.03 -
Glyoxylic acid 0.979 Miim - 39.1 + 0.5 - -
(GLA) pK? - 3.22 + 0.06 - -
Sarcosine 0.997 Hiim 36.5 + 0.5 263 + 0.3 - -
(SAR) pK? 2.02 + 0.02 10.00 + 0.02 - -
Glycine 0.996 Miim 373 + 1.0 351 + 0.8 = =
(GLY) pK: 2.35 + 0.05 9.81 + 0.05 - -
N-Acetyl glyphosate 0.989 Hiim - 261 + 1.0 484 + 0.6 62.7 +£ 0.5
(NGLP) pK?2 - 114 + 0.13 3.97 + 0.11 7.80 + 0.24
N-Acetyl AMPA 0.982 Wi = 28.7 + 0.4 49.4 + 0.4 =
(NAMPA) PK? - 141 + 0.07 7.40 + 0.08 -
Hydroxymethyl phosphonic 0.990 Miim - 314 + 0.2 528 + 04 -
acid (HMPA) pK? - 1.57 + 0.03 7.77 + 0.07 -
Phosphoric acid 0.979 Miim - 33.7 £ 1.2 59.7 + 1.3 n.d.
(P;) pK? - 1.98 + 0.16 7.39 + 0.17 n.d.
Model substances
Glufosinate 0.997 Miim 211 + 0.9 233 + 0.2 433 + 0.4 -
(GLU) pK? 1.88 + 0.07 2.90 + 0.07 9.87 + 0.05 -
MCPA 0.990 Wi - 262 + 0.1 - -
pK? - 2.96 + 0.02 - -
Oxamic acid 0.990 Miim — 40.8 + 0.3 — —
(OXA) pK?¢ - 1.90 + 0.02 - -
Ammonia 0.992 Hiim 68.4 + 0.8 - - -
pK? 9.35 + 0.05 - - -
N-Methylmorpholine 0.994 Miim 382 £+ 0.5 - - -

(NMM) pK? 7.49 + 0.04 - - -
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FIGURE 2 Graphical comparison of pK; values determined by CE-C*D (pK:(CE-C*D)) in this study with simulated (unfilled symbols)
and literature (filled symbols) data in the pK, range of (A) 0.75-4.25 and (B) 5.25-11.5. If pK3(CE-C*D) = pK,(lit) then these points are on the
identity function (diagonal line). Solid/dashed lines indicate analytes and their higher absolute charge number for the specific pK; (in
parentheses) on the left/right axis. For abbreviations see Table 1. Raw data and literature values with references are summarized in Table S2

TABLE 2 Comparison of our data and literature data for limiting electrophoretic mobilities f;,, (10° m?V7's?) including the relative
error of the fit function and the relative deviation between our results and literature data

Model analyte +1 -1 -2 -3
Glyoxylic acid CE-C*D 39.1+0.5
literature 39.6 [33]
rel. error/rel. deviation (%) 1.3/1.3
Glycine CE-C*D 373+ 1.0 351+0.8
literature 39.5 + 0.4 [34] 37.4 [35]
rel. error/rel. deviation (%) 2.7/5.6 2.3/6.1
Phosphate CE-C*D 33.7+1.2 59.7+1.3 n.d.
literature 34.6 [36] 61.4 [33]
35.1[33] 71.5 [33]
rel. error/rel. deviation (%) 3.6/2.6 2.2/2.8
3.6/4.0
Ammonia CE-C*D 68.4 + 0.8
literature 76.2 [36]
rel. error/rel. deviation (%) 1.2/10.2
literature, our data show a lower ;,,, for both the anionic 3.5 | Optimization of electrophoretic
and cationic species. separations and their experimental

The py;, for ammonia in literature is more than 10%  verification

higher compared to the value calculated from our CE-C*D

data. The reason for this is the short migration time of less ~ To find suitable separation conditions providing ideally
than 1.7 min for NH,* at all pH levels (EOF,,,, =4.2min).  baseline separation of all analytes, it is necessary to first
This can certainly be improved by using methods designed  select a pH, where all target analytes show sufficient differ-
for cations, for example, our method with lower pressure  ences in their effective electrophoretic mobilities. Further,
support. In connection with uncertainties in migration it is beneficial, if all analytes have a mobility high enough
time, migration path length as well as the actual separation to ensure separation from neutral matrix compounds. The
voltage curve, this can lead to noticeable uncertainties simplest way to estimate suitable pH values is by plotting
in the calculated effective electrophoretic mobility. All  the effective electrophoretic mobility of the analytes as well
other determined values have lower uncertainties since  as potentially interfering components (here: phosphate
the underlying migration times were significantly longer. [32]) against the pH as done in Figure 1. To achieve stable
Using phosphate as an example, Figure 1A shows the good  separation conditions and high migration time repeatabil-
agreement between the data from our study and the data ity a pH should be chosen where the slopes of the curves in
from the literature. the u(pH)-plot are low (ideally zero) to avoid a significant
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Experimental and simulated electropherograms after injection of the sample for 0.12 min at 50 mbar (~6.4 mm sample plug)

at (A) pH 9.5 or pH 9.28 and (B) pH 5.0. The following parameters were used for (A) and [B]: sample concentration of 250 uM in 20 % BGE
[500 uM in 1% BGE, 125 uM MCPA]. BGE: 8.3 mM AcOH + 21.8 mM NH,OH [10 mM AcOH + 20 mM NH,AcO], separation voltage: 15 kV
[and 70 mbar]. Bare fused silica capillaries with a length of 50 cm and an id of 50 um were used. Detection: C*D at 300 kHz [800 kHz], 100%
[60%] amplitude, head stage gain on, low pass: 5 Hz [off], L. = 33.3 cm, Ly, = 28 cm [30.5 cm]. For (A) simulation for pH 9.5 is offset by
+40 mS/m. After 20 measurements the pH was changed from pH 9.5 to 9.28 partly due to CO, dissolution (2.5 mM H,CO; based on pH

change). For abbreviations see Table 1

mobility change by minimal pH changes in the BGE. Addi-
tionally, moderately acidic conditions are advantageous as
the BGE composition is not altered due to the dissolution
of CO, from air into the BGE forming carbonate.

As can be seen from Figure 1A, glyphosate itself
as well as most of its metabolites are charged over a
wide pH range. However, below pH 9, one of the two
main metabolites of glyphosate, AMPA or sarcosine,
is uncharged prohibiting their separation from neutral
matrix components. For this reason and because of the
sufficient differences in effective electrophoretic mobility
of all metabolites, a pH of 9.5 was chosen for CE-C*D
measurements, but with the disadvantage that the BGE’s
pH may change due to CO, dissolution. We also carried
out CE-C*D separations at pH 5.0 and CE-MS at pH 6.1,
including only analytes charged at the respective pH.

3.51 | CE-C*D measurements at pH 9.5

A comparison of the simulated and experimental electro-
pherograms from conductivity data of a separation of sar-
cosine, AMPA, glyoxylic acid, glyphosate, N-acetyl AMPA,
HMPA, N-acetyl glyphosate, and phosphate ata pH of 9.5 is
shown in Figure 3A. In the simulation, the signals caused
by sarcosine and HMPA show a slightly lower migration
time than in the experimental electropherogram revealing
a relative error of 8 and 3%, respectively. In this case, the
comparatively high deviation for sarcosine is caused by the
strong dependence of its effective electrophoretic mobility
on the pH as can be seen from Figure 1A. For AMPA and
glyoxylic acid, simulation and experiment corresponded
well (relative error 2%). No peak caused by glyphosate was
observed in the experimental electropherogram although

the simulation showed a small change in conductivity.
Obviously, this change was too small to be recorded by
C*D for this BGE composition. Unfortunately, an impu-
rity comigrated with glyphosate, which was also present in
blank measurements. Migration times of N-acetyl AMPA
and N-acetyl glyphosate were identical between simula-
tion and experiment. However, in comparison to the simu-
lation, the peak of N-acetyl glyphosate was twice as intense
(both in peak height and peak area). This can be traced
back to a partial overlap with the peak from phosphate.
The phosphate signal itself was larger than expected pre-
sumably due to the mineralization of some analytes. This
increase was only observed when injecting analytes with
a phosphonate group. We included phosphate in the sim-
ulated electropherogram using our data (inorganic phos-
phate [P;]) and literature data (P;-1it). It is evident that the
data from the literature deviate more from the experimen-
tal electropherogram.

To judge the influence of CO, dissolution on the pH
in alkaline BGEs, the BGE’s pH was measured prior to
and after 20 CE runs. Inlet and outlet vial solutions were
merged to compensate for pH changes due to electrolysis.
The measured pH of 9.28 indicated that 2.5 mM H,CO;
was present from the atmospheric CO, as calculated by
PeakMaster. With this composition, the separation was
simulated again resulting in the third electropherogram in
Figure 3A. Comparing both simulations and the C*D data,
no differences in the peaks of sarcosine, glyphosate, and
N-acetyl AMPA were observed. While the peak of HMPA
was positive in the simulation for pH 9.5 and the C*D data,
it was negative for the simulation for pH 9.28. Simulation
data for pH 9.28 better correlated with the experimental
data for glyoxylic acid, while the simulation data for pH 9.5
better correlated for AMPA. The system peak appearing
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FIGURE 4
(c =25 uM, each) for 10 s X 50 mbar (~7.3 mm) in water (curve of [P;-H]™ offset by —1524; SAR and GLY only in simulation) and (C) beer as
well as (D) the unspiked beer sample. All samples contained 10 mM NH,AcO. Injected beer samples were diluted to 80% v/v beer by the

Time (min)

(A) Simulated and (B) experimental electropherograms by CE-MS analysis after injection of a mixture of analytes

aqueous solutions added. Separations were performed at 15 kV and 70 mbar pressure in a bare fused silica capillary with a length of 60 cm and
an id of 50 um at pH 6.1 in 20 mM NH,AcO and 0.78 mM AcOH, see also Sections 2.3 and 2.6. For (A) the migration time of uncharged

substances was set to 5.5 min. For abbreviations see Table 1

in the simulation for pH 9.28 due to H,CO; in the BGE
corresponded well with a peak visible in the C*D traces.
All in all, the simulation at a pH of 9.5 aligned better with
the C*D data revealing that the pH change cannot be fully
explained by CO, dissolution in the BGE.

To summarize, a separation of the analytes glyphosate,
AMPA, N-acetyl glyphosate, N-acetyl AMPA, glyoxylic
acid, sarcosine, HMPA, and phosphate can be performed
successfully at a pH of 9.5. As predicted by simulation, the
analytes were well separated, except the peaks for N-acetyl
glyphosate and phosphate. However, glyphosate could not
be detected due to insufficient conductivity differences to
the BGE, which would be solvable by using a BGE with
another coion, for example, formiate. For trace analysis,
MS detection can be applied as the BGE compounds are
volatile.

3.52 | CE- C*D measurements at pH 5.0

To detect glyphosate and overcome the dissolution of CO,,
CE-C*D measurements were carried out at pH 5.0. We
separated a mixture of herbicides and degradation prod-
ucts, namely: glyphosate, MCPA, glufosinate as well as
AMPA, HMPA, phosphate, and oxamic acid. A good cor-
relation between the simulated and experimental electro-
pherogram is visible in Figure 3B. The maximum relative
migration time difference does not exceed 2% for all ana-
lytes. A 2.4% shorter migration time in the experiment
compared to the simulation for AMPA can be attributed to
the strong mobility dependency of AMPA at the selected
pH as can be deduced from Figure 1. The relative migra-
tion time difference for phosphate (1.3 %) using our data
(P;) versus literature data (P;-lit) (2.9 %) between simula-

tion and experiment clearly shows that the data obtained
in this study allow a better prediction of its migration time.
For oxamic acid, the difference in its mobility to the BGE
coions was too low to result in a signal.

3.5.3 | CE-MS measurements at pH 6.1

In addition to CE-C*D, CE-MS analysis was performed
for all metabolites of glyphosate. To avoid the influence
on the BGE’s pH by CO, dissolution, acidic conditions
were chosen with the drawback that glycineand sarcosine
are not separated from neutral substances. The simula-
tion by PeakMaster (Figure 4A) showed a complete sep-
aration of all metabolites of glyphosate except glycineand
sarcosine which are uncharged at pH 6.1 (see Figure 1).
MCPA and oxamic acid were also included in the sim-
ulation, revealing no superposition with other analytes.
The simulation was successfully reproduced by CE-MS
with regard to the migration order for an aqueous sam-
ple but impressively also in a spiked beer sample, see Fig-
ure 4B,C. Both glycineand sarcosine were not included in
the samples since no separation from neutral compounds
was predicted. In the unspiked beer sample, only a peak
for phosphate was visible, compared to Figure 4D. Slightly
longer migration times for all analytes were observed
when injecting (un)spiked beer samples. These may be due
to adsorption of matrix components and thus a reduced
EOF, which would necessitate optimized rinsing steps.
Other reasons are field amplification phenomena or tran-
sient sample-induced isotachophoresis. Despite fragmen-
tor voltage optimization, both N-acetyl AMPA and N-
acetyl glyphosate showed in-source decay as the masses
of [M-H] for AMPA and glyphosate were observed at the
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migration times of their acetylated derivates. Differences
between the electropherograms in Figure 4A,B are mainly
caused by coupling CE to MS via the sheath liquid inter-
face: ions from the sheath liquid migrate into the capillary
and influence the separation conditions since the sheath
liquid’s composition is different from the BGE [32]. Base-
line separation and a good migration time precision with
an RSD below 1.4% for all analytes were reached for an
aqueous standard analyte mixture (2.5 uM (n = 3) or
25 uM (n = 6)). The peak area precision did not exceed
an RSD of 16% (n = 3;c = 2.5 uM) or 20% (n = 6; ¢
= 25 uM). It was possible to achieve a LOQ of 0.25 uM
(~42 pg/L) for glyphosate with an injection over 15 s at
100 mbar when only glyphosate was measured in selected
ion monitoring mode, see electropherogram in Figure S1.
See et al. described similar LOQs for CE-C*D at a pH of
6.3 for glyphosate and AMPA in spiked tap water samples
at comparable separation conditions [37]. In comparison,
when analyzing water samples, a non-derivatization nor-
mal phase LC-MS method with SPE pretreatment achieved
LOQs in the range of 20 ng/L for glyphosate, glufosinate,
and AMPA [38]. HILIC-LC-MS methods showed LOQs of
20 ug/kg for glyphosate and some of its degradation prod-
ucts in peas and soya cake [39].

4 | CONCLUDING REMARKS

In this study, we successfully established a universal CE-
C*D method to record electropherograms of analytes over
a large pH range (pH 1.25-12.02) which was applied to
analytes being strong acids up to moderate bases. Besides
acceptable solubility in water, there are no particular
restrictions with regard to the type of analytes amenable:
the number of dissociation states is only limited by the
pH steps per pH range, there is no need for a chro-
mophore as in other CE methods [40, 41] or for apply-
ing UV-Vis spectrophotometry. In combination with the
free software AnglerFish [18], the negative decadic loga-
rithmic thermodynamic acidity constants (pK3) and lim-
iting electrophoretic mobilities (u;;,) of analytes can be
determined from CE-C*D data even in buffers of varying
ionic strength. The BGEs were prepared from just ten com-
mon buffer chemicals. We performed separations in BGEs
of up to 36 different pH values for different herbicides to
obtain effective electrophoretic mobility data with a very
high resolution over a large pH range. With our resolution
of three pH steps per one pH unit, the minimum resolved
pK; difference was one and enabled the characterization
of analytes with complex pH-speciation. Migration times
of EOF and analytes are determined simultaneously with
our method so effective electrophoretic mobilities can be
determined with high precision. The analysis by CE-C*D

can easily be automated and its analyte consumption is
extremely low (approximately 1 pg). The method presented
here is very cost-effective with the simultaneous injec-
tion of several analytes. Analytes can be characterized also
with impurities present. The possibility to add an inter-
nal standard for quality control is another advantage of
our procedure.

For many of the model analytes, pK; and u;;,, were
determined for the first time. In literature, the separa-
tion conditions are often determined in an experimental
approach, sometimes based on available pK pK,data [32,
37, 42]. By simulation, it was easy to find optimal sep-
aration conditions for up to nine chemically very simi-
lar analytes at different pH values and verify them exper-
imentally. We were able to separate glyphosate and all
its transformation products except glycine by CE-C*D at
pH 9.5. Furthermore, MCPA, oxamic acid, and glyphosate
with all its transformation products except sarcosine and
glycine were analyzed in aqueous samples as well as in
a spiked beer sample by CE-MS at pH 6.1. For aqueous
samples good migration time precision with a maximum
RSD of < 1.4% (n = 6) was observed. When monitoring
glyphosate in selected ion monitoring mode, a LOQ of 0.25
UM (~42 pg/L) was reached.
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This Supporting Information includes in Table S1 an overview of the composition of all

BGEs used for pKa and uim determination including their desired and measured pH.

In Table S2, a comparison is made between the pKa values determined in our study
and data available from literature or simulation data. It is the raw data for Figure 2A

and B of the manuscript.

A CE-MS electropherogram monitoring only glyphosate in SIM mode is shown in

Figure S1 when injecting analytes at a concentration close to the limit of quantification.



Table S1. Composition of BGEs at different desired pH values (pHdesired) and the measured
pH values of the BGE (pHmeas). All concentrations are given in mM.
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1.25 1.26 | 68 515.00
1.54 1.54 | 33 152.8
1.86 1.73 | 15 41.85
2.07 9 19.64
2.07* 210 | 13| 145 5.00
2.37 10 15.13 5.00
2.37* 242 | 10 9.7 5.00
265 265| 10 12.65 7.30
3.03 10 10.92 8.70
3.24 10 39.11 9.30
3.24* 10 | 9.93 9.30
3.54 354 | 10 24.83 9.70
3.85 10 83.35 9.90
4.16 10 45.79 10.00
4.48 4.51 10 27.15 10.00
4.77 10 18.90 10.00
5.08 10 14.30 10.00
5.35 10 60.00 10.00
5.63 10 36.60 10.00
5.97 10 2213 10.00
6.27 10 87.58 10.00
6.56 6.58 | 10 49.69 10.00
6.83 10 31.02 10.00
7.10 10 21.42 10.00
7.41 748 | 10 59.74 10.00
7.72 10 34.42 10.00
8.04 10 21.63 10.00
8.32 10 16.06 10.00
9.00 10 65.48 10.00
9.30 922 | 10 37.57 10.00
9.67 10 43.48 10.00
9.93 10.01 10 28.08 10.00
10.25 10 18.43 10.00
10.53 10 14.16 10.00
10.80 10 11.59 10.00
11.05 11.09| 10 9.95 10.00
11.35 10 8.01 10.00
11.67 10 494 10.00
12.02 12.02 | 12 11.73

* alternative composition, it was used when the conductivity difference between the analyte and the

default BGE was too low to be detect by C*D



Table S2. Comparison of acidity constants pKa. Data from our study are highlighted in bold and
data from simulations in italic. Simulated data were obtained via the website chemicalize.com
from ChemAxon (Budapest, Hungary) and ACD/Labs software (Toronto, ON, Canada).
Literature data based on the database in PeakMaster [1, 2], on potentiometric titrations (pt),
quantum calculations (qc) or from literature, where the techniques was not given (n.g.), was
included. In addition, the ionic strength I is given, where possible. Only the higher absolute

charge numbers relevant for the specific pKs are indicated. For abbreviations see Table 1.

Analyte Method +1 -1 -2 -3
CE-C‘D - 2.25+0.01 5.77£0.02 10.55%0.05
Sim chemicalize -0.58 2.95 6.96 9.56
Sim ACD/Labs 1.22+0.1 n.d. n.d. 10.30+0.3
n.g. [3] 2.34 5.73 n.d.
GLP n.g. [4] 0.78 2.09 5.96 10.98
n.g. [5] 0.8 2.3 5.3 11.0
pt [6] <2 2.6 5.6 10.6
pH-metric [7] 0.88+0.07 2.22+0.02 5.87+0.01 10.89+0.01
pt [8] 2.32+0.03 5.86+0.02 10.86+0.03
NMR [9] 2.11+£0.02 5.42+0.01 10.06 +0.02
CE-C*D n.d. 5.51+0.01 10.31%0.03
Sim chemicalize -0.2 6.97 9.94
Sim ACD/Labs 1.48+0.1 n.d. 9.93+0.3
AMPA n.g. [4] . 2.4 5.9 10.8
change in pH during
titrations / = 0.09 M [10] 1.85 5.35 10.0
pt [11] 2.35+0.05 5.9+0.05 10.8+0.05
n.g. [5] 1.8 54 10.0
CE-C*‘D 3.22+0.06
Sim chemicalize 2.61
Sim ACD/Labs 2.61+0.54
PeakMaster [1, 2] 3.34
n.g. [12] 3.337
GLA pt/=1MJ[13] 2.91
pt/=0.5M]J[14] 2.98
pH metric [15] 3.46+0.06
n.g. [16] 3.3
pt I=1MJ[17] 3.13+0.1
CE-C*D 2.02+0.02 10.00%0.02
Sim chemicalize 2.06 10.35
SAR Sim ACD/Labs 2.3610.1 10.20+0.7
pt [18] n.d. 10.21
n.g. [19] 2.18 9.97
CE-C*D 2.35%0.05 9.81%0.05
Sim chemicalize 2.31 9.24
GLY Sim ACD/Labs 2.43+0.1 9.64+0.13
PeakMaster [1, 2] 2.32 9.78
pt/=0.5M[14] 2.47 9.70
CE-C‘D 1.14%0.13 3.97+0.11 7.8010.24
NGLP Sim chemicalize 1.55 3.83 8.20
Sim ACD/Labs n.d. n.d. n.d.
CE-C*D 1.4110.07 7.40+0.08
NAMPA Sim chemicalize 1.55 8.08
Sim ACD/Labs n.d. n.d.




Analyte Method +1 -1 -2 -3
CE-C‘D 1.57%0.03 7.77%£0.07 n.d.
HMPA Sim chemicalize 1.36 7.91 14.83
Sim ACD/Labs 2.58+0.1 n.d. n.d.
CE-C*D 1.98+0.16 7.39%0.17 n.d.
Sim chemicalize 1.80 6.95 12.90
Sim ACD/Labs 1.97+0.1 n.d. n.d.
PeakMaster [1, 2] 2.16 7.21 12.67
n.g. [12] 2.12 7.470 12.360
Pi n.g. [20] 2.12 7.21 12.67
n.g. [21] 2.12 7.21 12.30
n.g. /=022, 23] 2.148 7.198 12.375
n.g./=0.1M]J[22, 23] 1.92 6.71 11.52
thermometric titration
[24] 2.18 7.20 12.32
CE-C‘D 1.88%0.07 2.90+0.07 9.87+0.05
Sim chemicalize 1.86 2.73 9.58
GLU Sim ACD/Labs 2.22+0.1 n.d. 9.71+0.2
n.g. [3] 2.0 n.d. 9.8
n.g. [25] >0.8 >29 >9.8
CE-C‘D 2.96+0.02
Sim chemicalize 3.36
Sim ACD/Labs 3.14+0.1
MCPA qc [26] 3.00
n.g. [3] 3.73
n.g. [27] 3.04
n.g. [28] 3.1
CE-C*‘D 1.90%0.02
OXA Sim chemicalize 2.48
Sim ACD/Labs 1.60+0.2
Estimate [29] 1.48
CE-C*D 9.35%0.05
Sim chemicalize 8.86
NHs PeakMaster [1, 2] 9.25
n.g./=0M]J22] 9.245
n.g. /= 0.1M[22] 9.26
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Figure S1. CE-MS electropherogram based on single ion monitoring of [M-H]" of glyphosate
after injection of a mixture of the analytes AMPA, MCPA, N-acetyl AMPA, HMPA, phosphate,
glyphosate, glyoxylic acid, oxamic acid and N-acetyl glyphosate (¢ = 0.25 yM) in an aqueous
solution of 10 mM NHsOAc for 15 s x 100 mbar. Separations were performed at 15 kV and
supported by a pressure of 70 mbar in a bare fused silica capillary with a length of 60 cm and
an id of 50 ym at pH 6.1 in an aqueous BGE made of 20 mM NH4OAc and 0.78 mM AcOH.
The data were smoothed using a seven-point moving average function.
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Capillary electrophoresis-mass spectrometry often lacks sufficient limits of
detection for trace substances in the environment due to its low loadability.
To overcome this problem, we conducted a feasibility study for column-
coupling isotachophoresis to capillary electrophoresis-mass spectrometry. The
first dimension isotachophoresis preconcentrated the analytes. The column-
coupling of both dimensions was achieved by a hybrid capillary microfluidic
chip setup. Reliable analyte transfer by voltage switching was enabled by an
in-chip capacitively coupled contactless conductivity detector placed around
the channel of the common section between two T-shaped crossings in the
chip connecting both dimensions. This eliminated the need to calculate the
moment of analyte transfer. A commercial capillary electrophoresis-mass spec-
trometry instrument with easily installable adaptations operated the setup. Prior
to coupling isotachophoresis with capillary zone electrophoresis-mass spectrom-
etry, both dimensions were optimized individually by simulations and verified
experimentally. Both dimensions were able to stack/separate all degradation
products of glyphosate, the most important herbicide applied worldwide. The
first dimension isotachophoresis also removed phosphate, which is a critical
matrix component in many environmental samples. Enrichment and separation
of glyphosate and its main degradation product aminomethylphosphonic acid
by the two-dimensional setup provided an excellent limit of detection of 150 pM

(25 ng/L) for glyphosate.

Article Related Abbreviations: AMPA, aminomethylphosphonic acid; AUX, auxiliary vial housing; C*D, capacitively coupled contactless
conductivity detector; GLP, glyphosate; IN, inlet position of the CE instrument; LE, leading electrolyte; OUT, outlet position of the CE instrument;
SAR, sarcosine; TE, terminating electrolyte; tITP, transient ITP.
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INTRODUCTION

The LODs in CZE are not sufficient for trace analysis of
substances in the environment due to the very low sample
loadability. Therefore, different online sample preconcen-
tration techniques were described [1-3]. Among them,
the most robust, powerful, and universal preconcentration
method uses ITP, which is based on a discontinuous elec-
trolyte system. Analytes with a mobility inside the mobility
window spanned by the leading (LE) and terminating (TE)
electrolyte are sandwiched between them and adjusted in
their concentrations to the leading ion. Ionic macrocon-
stituents in the matrix can be removed by modifying this
mobility window. Compared to CZE, ITP provides a clearly
higher loadability [4]. Transient ITP (tITP) is performed
in a single capillary and is accomplished through a coion
that temporarily serves as a leading or terminating ion. The
tITP stack dissipates to zone electrophoresis separation
over time. Alternatively, ITP and CZE are conducted in two
steps, first performing ITP and second, CZE in the same
capillary. This requires removing the LE or the TE prior
to the CZE step [5-7]. Higher flexibility, for example, in
the choice of different capillary inner diameters and differ-
ent electrolytes can be achieved by column-coupling ITP to
CZE. Theoretical considerations [8-12] and examples [2, 3]
for all strategies can be found elsewhere.

The first applications of column-coupled ITP/CZE were
described by Kaniansky and Marak [13] using an adapted
column-coupled ITP/ITP setup originally developed by
Everaerts et al. [14, 15]. The modular, hydrodynami-
cally closed setup with two capillaries of different inner
diameters, each equipped with one capacitively coupled
contactless conductivity detector (C*D) and an additional
UV-visible detector in the second dimension [14-17], was
used in its commercialized version in about forty publica-
tions, the most recent of the major contributing authors
are [18-22]. This setup was mostly used with a T-S-T sys-
tem where the TE served as the BGE in the CZE step
[13, 23]. Column-coupled ITP/CZE was also hyphenated to
LIF in a setup developed and applied by Mikus et al. for
ultrasensitive detection of fluorescing compounds in mul-
ticomponent matrices [24]. In 2010, Foret et al. coupled the
commercial ITP/CZE setup with an MS hydrodynamically
transferring the analytes to the MS [25]. This setup was
applied by Pietansky et al. to determine pheniramine [26,
27], varenicline [28], and serotonin [29] in urine.

Earlier attempts of combining column-coupled
ITP/CZE to MS used two high voltage supplies and a
narrow capillary (CZE) inserted into a wider capillary
(ITP). The electrokinetic transfer between both dimen-
sions required all ITP separation potentials to be offset by
+2 kV relative to the MS. After the analyte transfer, the ITP
capillary was flushed with LE to provide a homogeneous
BGE for the second dimension CZE [30, 31]. A similar
fluidic setup was used by Peterson et al., who applied the
voltage continuously from the TE vial to the MS while
the ITP was flushed back and forth over the splitting
point by injecting LE from a side channel. A UV-visible
detector mounted just before the splitting point timed the
injections [32].

In several publications, Neusiif} et al. described column-
coupling methods with final detection by MS. Different
valves made from polyether ether ketone and a pol-
yaryletherketone/polytetrafluoroethylene composite were
used for interfacing. Depending on the separation modes
coupled, at least two CE instruments were used, and up
to two intermediate detectors (UV/C*D) were mounted in
front of the valve to calculate the arrival of analytes in the
valve and transfer them to the second dimension via valve
switching [33, 34]. Several studies used ITP/CZE fully inte-
grated on microfluidic chips with conductivity detection at
each column [35-37]. Further column-coupling strategies
applied with other combinations of separation modes are
reviewed elsewhere [17, 38].

Previous studies of our group showed that column-
coupling setups benefit from a straight separation path
with homogeneous surfaces and similar dimensions in
both columns and the interface [39]. Our ITP-C*D/CZE-
MS setups published so far, used an adapted CE-MS instru-
ment and focused on cationic analytes (mostly peptides)
using the LE also as BGE in the second dimension CZE-
MS forming a so-called L-S-L system which is less common
in ITP/CZE compared to T-S-T systems [39]. Intermediate
on-chip C*D detection on the common section between
both dimensions enabled reliable analyte transfer in a
non-aqueous ITP-C*D/CZE-MS [40]. A commercial CE-
MS instrument strongly modified by an external multivial
holder and a custom-made multiport high voltage source
was developed to allow a free choice of the BGE in the CZE
dimension (BGE-S-BGE format) [40].

In this study, we address both instrumental and method-
ological aspects of a new ITP-C*D/CZE-MS setup to
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achieve sensitive analysis of anionic analytes. We com-
bined the previous achievements by Kler et al. with an
improved interface technology suggested by Sydes et al.
[39-41] to achieve a user-friendly and compact 2D setup: A
hybrid capillary microfluidic glass chip approach was used
on a single adapted commercial CE-MS instrument. All
components including the capillary-chip connections were
modular and flexibly installed. No calculations or prelim-
inary evaluation steps to successfully transfer the analytes
were needed in our setup since we integrated an interme-
diate in-chip C*D placed directly on the common section
of both dimensions formed between two T-crossings.

Anionic herbicides such as glyphosate (GLP) were
selected as model analytes since their analysis is still chal-
lenging in environmental samples [42]. The lack of a
chromophoric system and their high charge and polarity
make them difficult to be analyzed by chromatographic
methods. In addition to GLP, we also included its metabo-
lites in this study (for analyte selection, see [43]) to
demonstrate the broad applicability of the ITP method.

Commonly, GLP is analyzed by LC-MS/MS on Cl18
columns after a rather laborious derivatization step and
solid phase extraction. Other chromatographic methods
were used [44, 45] including anion exchange chromatog-
raphy and hydrophilic interaction liquid chromatography
[46, 47]. GLP can also be determined directly by coupling
CZE to C*D, MS, or indirect UV or use ITP-C*D. After
derivatization, also CZE-LIF and CZE-UV are applicable
[48].

To optimize the separation conditions, the pK, values
and limiting electrophoretic mobilities for GLP and its
metabolites were used to simulate optimal separation con-
ditions for CZE-MS [43]. A focus was set on simultaneously
removing phosphate as the most critical matrix compo-
nent, which we intended to exclude from the ITP stack
[49, 50]. Finally, ITP-C*D/CZE-MS measurements were
conducted to analyze GLP in aqueous samples.

2 | MATERIALS AND METHODS

2.1 | Chemicals

The chemicals used for analysis were aminomethylphos-
phonic acid (AMPA) (99%), barium hydroxide octahydrate
(Ba(OH),) (> 98%), glycine (GLY) (>98%), glyoxylic acid
monohydrate (98%), GLP (analytical grade) and sarco-
sine (SAR) (>98%), sodium phosphate dibasic heptahy-
drate (Na,HPO,, inorganic phosphate) (>99%), potas-
sium hydroxide (KOH) (>85%), ammonium carbonate
((NH,4),CO0:s3), all purchased from Sigma-Aldrich (Stein-
heim, Germany). Dr. Ehrensdrofer (Augsburg, Germany)
supplied N-acetyl AMPA (99.5%) and hydroxymethylphos-

phonic acid (98.6%). The used N-acetyl GLP (NGLP)
(95%) was purchased from Toronto Research Chemicals
(Toronto, Canada). Proline (>99%), was ordered from
Fluka (Buchs, Switzerland). Ammonia solution for LC-MS
(25%) and formic acid for LC-MS (98%) were purchased
from Merck (Darmstadt, Germany). The sheath liquid was
prepared with propan-2-ol (LC-MS grade) from Carl Roth
(Karlsruhe, Germany). Deionized water was purified by
an ELGA LabWater (Celle, Germany). Glufosinate, oxamic
acid, and 2-methyl-4-chlorophenoxyacetic acid were only
included in simulations.

2.2 | Instrumentation

2.2.1 | CE-mass spectrometry

For ITP-MS and CZE-MS, a 7100 CE was coupled to a 6150
single quadrupole mass spectrometer via a sheath liquid
CE-ESI-MS interface, all supplied from Agilent Technolo-
gies (Waldbronn, Germany or Santa Clara, CA, USA). A
sheath liquid flow was provided during analyses via a
splitter (1:100) by a 1200 series isocratic pump (Agilent
Technologies). The MS simultaneously monitored the [M-
H]~ masses in selected ion monitoring mode with equal
dwell times using the following operation parameters
unlike otherwise stated: capillary voltage 3500 V negative;
nebulizer pressure 5 psi; drying gas flow 10 L/min; dry-
ing gas temperature 150°C; fragmentor voltage: 125 V; peak
width 0.3 min. Nitrogen gas was supplied by an NGM
44-LC/MS (CMC Instruments, Eschborn, Germany). The
control of the CE and MS instruments and the data acquisi-
tion were performed by ChemStation Rev. C. 01.05 software
(Agilent Technologies). All measurements were performed
in a bare fused silica capillary from Polymicro Technolo-
gies (Phoenix, AZ, USA) with an inner diameter of 75 um.
The lengths are given in the figure captions. The cap-
illary tip in the ESI sprayer was sanded with 4000-grit
sandpaper to an angle of 45° improving the electrospray
process. This instrumentation was also the base for the 2D
ITP-C*D/CZE-MS setup.

2.2.2 | Fluidic setup used for
ITP-conductivity detection coupled to CZE-MS

Starting with the achievements of Kler and Sydes [39-41], a
new setup was established. A scheme is given in Figure 1A
and photos of the realized setup are given in Section S1.
The core element of the fluidic setup was a microfluidic
fused silica chip produced with selective laser-induced
etching technology from LightFab (Aachen, Germany),
see Figure 1B,C. The chip included a double T-shaped
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Trigger CE-MS

(A) Scheme of the ITP-C*D/CZE-MS setup with four capacitively coupled contactless conductivity detectors (C*Ds) (one

in-chip) and ESI-MS detection; gray box: microfluidic chip, amber: capillaries, green: compressed air (P) supplied by the CE instrument

(Pcean) or the external laboratory pressure system (P.,,), black: electric circuit, the green text indicates adaptions to the commercial CE-MS.

(B) Front and (C) back view photo of the fused silica chip including a double T-shaped microfluidic structure to transfer analytes between two

dimensions (common section) and a C*D geometry around it. (D) Photo of the open 3D printed CE cassette with the fluidic setup including
(a) C*D-OUT, (b) in-chip C*D, and (c) C*D-MS. The capillaries are labeled according to the capillary ends

microfluidic structure (id: 100 um) giving a 4 mm long
common section of the dimensions with a volume of 31 nl.
The section was surrounded by a chip-integrated geome-
try of a C*D consisting of two tubular and one disk-shaped
cavity filled with conductive silver paint. Capillaries were
connected to the four ports of the chip with fittings and
sleeves, all fixed in a mount. The lengths (in cm) of the
capillaries were 65.0 (OUT), 13.5 (IN, id: 50 pm), 65.0 (MS),
and 27.8 (AUX), for abbreviations, see Figure 1 and Sec-
tion 2.2.3. Capillary ends were sanded to an angle of 90°
at the chip side to ensure tight connections and the lowest
possible dead volumes. The commercial CE-MS cassette
was replaced by a 3D printed cassette to house the chip
interface and provide maximum flexibility regarding its
positioning while ensuring an easy installation in the CE,
see Figure 1D. Further details can be found in Section S2.

2.2.3 | Adaptions to the commercial CE-MS
instrument for 2D applications

When upgrading the commercial CE-MS instrument for
2D applications, we desired to make as few changes as

possible to the standard CE-MS setup. Thus, the four cap-
illaries inserted into the chip interface were installed as
follows: 1) The ITP (1st dimension) was performed from
the CE’s outlet (OUT) to the auxiliary vial housing (AUX)
which was installed in a recess of the CE’s insulation plate.
2) The CZE-MS separation (2nd dimension) was performed
from the CE’s inlet position (IN) to the MS as in stan-
dard CZE-MS, compare Figure 1A. Therefore, the sample
injection must be accomplished from OUT. This was well
possible using the autosampler with a small adaptation of
the CE’s pressurization system for the vials. Further details
can be found in Section S3.

2.2.4 | Detection setup

The in-chip C*D used the electronics and software devel-
oped by Graf et al. [54] in the configuration with a
preamplifier. The display data were smoothed by a ten-
point moving average function. For maximum insight into
the separation process, three optional openC*Ds were used
[51], which were named according to the capillary ends,
compare Figure 1A. The C*D-OUT was mounted 4.5 cm
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in front of the first T-crossing to monitor the filling of
the capillaries and the LE-TE boundary. The C*D-MS
was placed 8.0 cm behind the second T-crossing in the
chip and aided to see if a transient ITP remained after
voltage switching. Just before the ESI sprayer, the C*D-
ESI was placed (12.7 cm in front of the capillary end).
It was used to detect counterions possibly migrating into
the BGE from the sheath liquid changing its composition
[52] or a possible counter-ITP migrating from the MS to
the chip interface [53]. Further details can be found in
Section S4.

2.3 | Solutions and electrophoretic
separation

2.3.1 | Solutions and samples

The final composition of the LE, also serving as BGE in
the CZE dimension, was 10 mM (NH,),CO3 and 115 mM
NH,OH (pH 10.2) in water. The aqueous TE solution con-
tained 10 mM KOH and 135 mM NH,OH. All samples were
dissolved in LE. The sheath liquid was made of 0.1% formic
acid in 50% v/v propan-2-ol and provided at a flow rate of
5 pl/min.

232 |
MS

Settings for CZE and ITP coupled to

For one-dimensional measurements on a single capillary,
the capillary was purged prior to its first use with BGE
or LE for 5 min and between runs for 1.5 min at 1 bar
each. Samples were injected as stated in the figure captions
and were followed by a BGE or TE plug injected for 5 s at
50 mbar. Settings for the MS are given in Section 2.2.1 or
the figure captions.

ITP-C*D/CZE-MS measurements are described in Sec-
tion 3.2.

2.4 | Simulations of capillary zone
electrophoresis and isotachophoresis

The optimization of the CZE and ITP was performed by
simulations with the software PeakMaster [55] and Spresso
[56] using the pK, and mobility data we published pre-
viously [54]. The EOF in CZE simulations was estimated
from the EOF mobility in bare fused silica capillaries. Due
to pressure application in experiments, the migration time
of the sample plug with uncharged matrix components was
used as an EOF marker to adapt the simulations.

3 | RESULTS

3.1 | One-dimensional methods

Prior to column-coupled ITP/CZE, both CZE and ITP
methods were developed independently based on pre-
liminary simulations with PeakMaster and Spresso, see
Section 2.4, and then validated by CZE-MS and ITP-MS
measurements.

3.1.1 | Capillary zone electrophoresis-MS

As predicted by simulations, see Figure 2A, a BGE with
a pH of 10.2 allowed a baseline separation of all ana-
lytes by CZE-MS, especially of GLP and its two main
metabolites AMPA and SAR (see also discussion in [43]),
compare Figure 2B. Due to insufficient ionization effi-
ciency in the ESI process, glyoxylic acid was not detected.
Separations at lower pH values were discarded due to
insufficient robustness to small pH changes, especially for
SAR and glycine, see [43]. The relatively high effective
electrophoretic mobility of the slowest target ion SAR also
simplified the search for a suitable terminating ion in the
first-dimension ITP. When monitoring only AMPA, GLP,
and SAR, LOQs were estimated to be 5 and 2 uM for GLP
and AMPA, respectively, while SAR was hardly detectable,
see Section S5.

3.1.2 | Isotachophoresis-MS
First-dimension ITP simulations focused on preconcen-
trating all target ions, which required a pH > 9 of the
electrolytes on the one hand, and on the other hand on
ensuring that the mobility of the leading ions was lower
than that of phosphate ions to exclude them from the ITP
stack. This should allow removing phosphate in the first
dimension by front-cutting in ITP/CZE. Phosphate is crit-
ical since it is widely present in environmental samples
but is also used to extract GLP from soils and sediments
[50, 57]. Aiming at an L-S-L system for the 2D separation,
MS-compatible electrolyte components had to be used.
All desired features could be combined at a pH of the
LE of 10.2 using formate or carbonate as leading ions
and proline as terminating ion, see Figure 3A. The fast-
migrating N-acetyl GLP could not be included in the ITP
stack. Advantageously, both, phosphate and chloride were
removed successfully migrating zone electrophoretically
in the LE.

Experiments with formate as the leading ion showed
that carbonate ions from atmospheric carbon dioxide,
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(A) Simulated electropherogram for the separation of a mixture of aminomethylphosphonic acid (AMPA), glyoxylic acid

(GLA), glyphosate (GLP), glufosinate (GLUF), glycine (GLY), hydroxymethylphosphonic acid (HMPA), 2-methyl-4-chlorophenoxyacetic acid
(MCPA), N-acetyl AMPA (NAMPA), N-acetyl GLP (NGLP), oxamic acid (OXA), Na,HPO, as inorganic phosphate (P;) source and sarcosine
(SAR) (c = 50 uM, each) dissolved in BGE, and the corresponding (B) experimental electropherogram of a subset of analytes (highlighted in
Figure 2A). The pseudo molecular [M-H]~ ions were recorded by MS in selected ion monitoring mode after injecting the sample for

5's X 30 mbar and separation by CZE at +10 kV and —10 mbar pressure at the inlet. The aqueous BGE was made from 10 mM (NH,),CO; and
115 mM NH,OH, pH 10.2; The bare fused silica capillary had a length of 60 cm and an inner diameter of 75 um. Drying gas was supplied at

11 L/min. The data curve of GLY in (B) was amplified by a factor of ten. No GLA signal was recorded. The [SAR-H]~ trace showed a signal
from an impurity marked with an asterisk. For abbreviations, see Section 2.1

dissolved in basic solutions, impaired ITP separations.
The addition of barium hydroxide to the TE success-
fully reduced this interference and further allowed to
omit proline in the TE since hydroxide proved suitable
as a terminating ion. This was possible because the elec-
trophoretic mobility of hydroxide was low using the weak
base ammonia as the counterion in ITP under basic condi-
tions. This is possible, because its mobility is proportional
to the mobility of the counterion in the TE zone, for details
see [58].

We decided to use carbonate in the LE, as phosphate ions
were better separated from the ITP stack due to a higher
difference in effective electrophoretic mobilities as com-
pared to formate. The high buffer capacity was another
advantage. Potassium hydroxide was sufficient as TE with
hydroxide ions serving as terminating ions. This avoided
barium salts precipitating in the ESI interface.

The isotachopherogram given in Figure 3B shows the
successful separation of phosphate (¢ = 5 mM) as an
interfering ionic macroconstituent from a selection of the
model analytes (GLP, AMPA, and SAR (c =100 puM, each)),
which cover the full mobility range of the ITP stack. All
analytes migrated in the migration order predicted by sim-
ulations for this ITP electrolyte system. The detection of
analytes in the low nanomolar range is shown in Figure 3C.
However, at these low concentrations, the length of the
individual analyte zones in peak mode ITP was so small
that the analyte zones were no longer detected sufficiently
separated for precise quantification as quenching effects
become likely [15, 53].

3.2 | ITP-conductivity detection coupled
to CZE-MS

In order to demonstrate the applicability of the new 2D
setup, we focused on GLP and AMPA as the most impor-
tant analytes present in environmental and food samples.
For these analytes, a good comparison with literature
data is possible. Future studies will also include degra-
dation products and will demonstrate the applicability to
environmental samples.

The ITP-C*D/CZE-MS method can be divided into four
steps: A) preparation of runs, B) column-coupled ITP-
C*D, C) analyte transfer and D) column-coupled CZE-MS.
These steps are presented in the panels in Figure 4. Traces
of C*D and MS detection as well as the current during
voltage application are shown in Figure 5A,B for an injec-
tion of GLP and AMPA at a concentration of 50 nM. The
zero point of the time scale was set to the application of
voltage to the CZE-MS step, thus for ITP negative time val-
ues are given. More methodological details on the steps in
ITP-C*D/CZE-MS can be found in Section S6.

Step A) Preparation of runs

First, the entire setup was flushed with LE = BGE from
AUX, see Figure 4A.

Step B) Column-coupled ITP-C*D

After injecting the sample at OUT, the ITP step was
started by applying +12 kV to AUX with respect to OUT
and MS and application of 70 mbar to OUT.

In Figure 4B, the target analytes reached the first
T-crossing, while faster/slower matrix ions (Mg/M)
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FIGURE 3 (A)Simulated ITP with the analytes: aminomethylphosphonic acid (AMPA), glyoxylic acid (GLA), glyphosate (GLP),

glufosinate (GLUF), glycine (GLY), hydroxymethylphosphonic acid (HMPA), 2-methyl-4-chlorophenoxyacetic acid (MCPA), N-acetyl AMPA
(NAMPA), N-acetyl GLP (NGLP), oxamic acid (OXA), Na,HPO, as inorganic phosphate (P;) source sarcosine (SAR), and chloride (C17)

(c =1mM, each) at a pH of 10.2 in the leading electrolyte (LE). LE: 10 mM carbonate, terminating electrolyte (TE): 5 mM proline (Pro),
counterion: 135 mM NH; (B, C) Mass traces of [M-H]~ ions recorded by ESI-MS after ITP separation. A sample mixture of (B) 100 uM AMPA,
GLP, SAR, and 5 mM Na,HPO, (P;) dissolved in 135 mM NH,OH or (C) 5nM AMPA, GLP, and SAR dissolved in LE was injected for (B) 10 s or
(C) 20 s at 100 mbar and separated by ITP at (B) -12 or (C) -14 kV and (B) 75 or (C) 80 mbar pressure support. (B, C) LE: 10 mM (NH,),CO;,
115 mM NH,OH; TE: 10 mM KOH, 135 mM NH,OH. The bare fused silica capillary had a length of (B) 50 or (C) 65 cm and an inner diameter
of 75 um. The MS’ capillary ESI voltage was set to (B) —3500 V or (C) -4000 V and the peak width of the MS was set to (B) 0.15 or (C) 0.05 min
to achieve optimal settings for low analyte concentrations and narrow peaks in (C). For abbreviations, see Section 2.1

migrated zone electrophoretically in the LE/TE. The
isotachophoretic condition in the first dimension was
verified by the current decreasing continuously at con-
stant voltage, see Figure SA (negative time range) and by
a strong sudden change in conductivity recorded by the
C*D-0OUT at -2.0 min, see Figure 5B. This conductivity
step was due to the LE-TE boundary with the stacked
target analytes passing the detector in front of the chip
interface.

Due to the permanent electrical connection of the MS
interface to ground, an EOF was also present from AUX
to MS, leading to a constant bulk flow of LE through the
capillary to the MS. This ensured that anions originating
from the sheath liquid did not enter the migration path as
can be seen from the absence of a conductivity change in
C*D-ESI [52]. Tons entering this migration path during the
ITP step were also flushed to the MS.

Step C) Analyte transfer

The in-chip C*D on the common section between the
two dimensions allowed a reliable transfer of the analytes
between the ITP and the CZE dimension by voltage switch-
ing. When the LE-TE boundary passed the in-chip C*D, see
Figure 4C, a strong change in the in-chip C*D data was
observed, see Figure 5A at -1.5 min. Now, the ITP method
was stopped setting the applied pressure and voltage to
zero (dashed vertical line in Figure 5A). Matrix compounds

migrating slower than the TE (M) and faster than the
LE (My) were removed prior to the CZE separation since
they were not transferred to the second dimension but
remained in the OUT or AUX capillary.

Step D) Column-coupled CZE-MS

The CZE separation started by applying +15 kV to IN,
see Figure 4D. Except TE co-transferred upon voltage
switching, the CZE-MS migration path was only filled
with LE. Accordingly, after the dissolution of the tITP
L-S-L stack, zone electrophoretic separation starts. No pro-
nounced conductivity change was detected by the C*D-MS,
which verified that the ITP quickly resolved. Only a low
amount of TE was co-transferred to the CZE-MS dimen-
sion. No conductivity change was observed by C*D-ESI,
demonstrating that the bulk flow was high enough in each
step to prevent anions from the sheath liquid entering the
capillary.

AMPA and GLP were detected at 19.5 and 24.6 min. The
two large peaks observed in the m/z 168 trace for [GLP-H]~
were recorded with similar intensity in each measurement,
even in blank runs. Experiments indicated that they origi-
nate from leachates of the seal debris that was carried into
the interface during capillary mounting.

A short time span between the detection of the LE-
TE boundary by the in-chip C*D and stopping the ITP
step is beneficial for the second dimension CZE-MS to
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FIGURE 5 Dataacquired during ITP-C*D/CZE-MS. Injection at 100 mbar for 20 s of glyphosate (GLP) and aminomethylphosphonic
acid (AMPA) at a concentration of (A+B) 50 nM or (C-E) 500 pM each dissolved in the leading electrolyte (LE). In panel (A) the ITP, transfer,
and CZE steps are indicated in purple. (A, C) Solid curves: capacitively coupled contactless conductivity detector (C*D) traces of the detectors
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lower the amount of co-transferred TE. This time span
also depends on the amount of analytes/matrix compo-
nents present in the ITP stack. This is shown by comparing
two ITP/CZE-MS runs in Figure 5A,B versus Figure 5C,D,
which only differed in the concentration of the sample. The
run with a sample concentration of 500 pM (Figure 5C)
was stopped 11 seconds earlier and, therefore, virtually no
TE was observed in the CZE-MS dimension proven by
the absence of a conductivity dip in the data of the C*D-
MS compared to the run after injecting a 50 nM sample
(Figure 5A).

During the CZE-MS step, the LE was transported from
IN to OUT driven by the EOF, which is observed by the
C*D-OUT revealing a strong conductivity change upon
the TE-LE boundary passing at 1.2 min and the increasing
current up to a certain limit during the CZE separation,
see Figure 5B (positive time range). Therefore, the TE and
the slower matrix ions (M) were pushed back to OUT,
preventing their continuous transfer to the MS capillary
by suctions effects caused by the EOF in the IN-MS path
and the CE-ESI-MS interface. The faster matrix ions (My)
were trapped in the AUX capillary caused by its floating
potential preventing EOF and ion migration.

4 | DISCUSSION

This feasibility study showed that it is possible to perform
column-coupling ITP-C*D/CZE-MS in a hydrodynami-
cally open migration path on a single, adapted commercial
CE-MS setup with only minor additional components. This
was achieved using a modular hybrid capillary microflu-
idic chip approach that clamped capillaries with fittings
instead of gluing them as in our previous approaches
[40]. The use of butt-end connections between capillaries
and fluidic channels possible due to the high precision in
selective laser-induced etching provided the lowest pos-
sible dead volumes and allowed a uniform separation
path completely made from bare fused silica. No capil-
lary coatings were required, instead, the system operated
at high EOF conditions. The double T-shaped microfluidic
structure formed a common section between both sepa-
ration dimensions defining a fixed transfer volume of 31
nl. This transfer volume is easily scalable by changing
the dimensions of the common section in different chip
interfaces which is easily possible thanks to the selective
laser-induced etching technology. This technology allowed
circular cross-sections of the fluidic structure in contrast to
other chip technologies, where a cross-section mismatch
is present when coupling capillaries. In comparison with
mono T-shaped microfluidic structures as used in [39], the
double T-shaped structure allowed to remove ionic matrix

components with higher mobilities than the target ana-
lytes such as phosphate and chloride. This setup forced
their migration towards AUX and thus prevented their
migration into the CZE-MS dimension. Future studies will
investigate if multiple heart cuts refilling the common
intersection are possible when an ionic macroconstituent
has electrophoretic mobility in between those of analytes,
similar to the work of Peterson et al. [32]. However, for
environmental samples, the main macroconstituents are
inorganic ions, which mostly have a very high effective
electrophoretic mobility, making the L-S-L approach with
front cutting an ideal solution. An alternative approach
to transfer a fixed volume between two fully separated
dimensions was presented by the Neusiifl group using a
valve with four or eight ports with transfer volumes of 4-
20 nl [33, 34, 59]. Our approach has the advantage that
dead volumes are minimized as low as technically possi-
ble for capillary-interface couplings. No current and liquid
leakages as observed for the valve-based system (due to
mechanical and electrical wear) were observed. The valve’s
inner surface was different from the capillaries evoking
internal pressures due to EOF mismatches. In our setup,
the applicable voltage was not limited, whereas the valve
allowed a maximum of 25 kV [33, 34]. On the other hand,
our setup does not allow us to independently operate the
separation dimensions, which are not hydrodynamically
separated.

In our study, an in-chip C*D with tubular electrodes sur-
rounding the dimensions’ common section was used for
the first time. It enabled a reliable analyte transfer between
the ITP and the CZE dimension by voltage switching, aided
only by some support from the suction effect of the ESI
interface. The use of a detector directly on the common
section eliminated the need to calculate the arrival time of
the analytes at the transfer point based on their migration
speed as in most other setups [15, 34, 39, 59]. This is advan-
tageous, especially for first dimension separations, where
the migration speed changes over time such as ITP oper-
ated at a constant voltage as applied here. Effects on EOF
velocities, changes in buffer pH, and so forth, are thus con-
sidered automatically, giving rise to higher robustness of
the setup. This will also aid in applications to samples with
a higher matrix load in the future.

Using an L-S-L system (LE is also the BGE of the
CZE separation), enabled us to build a compact setup
that was housed completely in a single CE instrument.
Previous attempts of our group with a similar fluidic
setup and a BGE dedicated to separating cationic analytes
required an additional external high voltage supply, a mul-
tivial holder, and manual (de)blocking of capillaries [40].
Other 2D attempts used a second CE instrument, an addi-
tional high voltage supply [30, 31, 33, 34, 59], or required
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pumps or syringes for liquid handling in hydrodynami-
cally closed setups with membranes and a hydrodynamic
analyte transfer when coupled to MS [15]. After the fill-
ing of our setup with LE, no further flushing steps of
sections of the capillary network as in [30-32] were neces-
sary, especially prior to the CZE separation, which proved
advantageous regarding band broadening.

All adaptions to the CE-MS setup were modular and
allowed to flexibly be installed in the CE instrument itself.
This compact setup allowed to use short capillaries. A 3D
printed cassette avoided mechanical stress to the fluidic
system as well as an easy installation in the CE instru-
ment similar to single capillary applications. Switching
between 1D and 2D applications was thus fast and easy.
Two capillaries connected to the CE’s autosampler allowed
maximal flexibility and especially automation. All liquid
handling with flushing steps was computer-controlled and
implemented by pressurization of the respective vial. In the
current setup, the analyte transfer was conducted manu-
ally restricted especially due to constraints given by the CE
software.

Thanks to individual optimization of both, the CZE,
and the ITP step, the first ITP/CZE-MS measurements
were conducted without an intense optimization phase
and revealed a remarkably low LOD (S/N = 3) of 150 pM
(25 ng/L) for GLP improving LODs of the individual
method by a factor of 10 000. GLP was successfully sep-
arated from AMPA as predicted by the individual CZE-MS
analyses, see Figure 5D,E.

Regarding the concentration range, analyses up to an
analyte concentration of 50 uM (5.5 mg/L AMPA and
8.5 mg/L GLP) were conducted. The RSD of the peak area
(n = 3) for a sample with a concentration of 500 nM was
11% for AMPA and 20% for GLP. The precision of the
migration times was very good with 1.1% and 2.8%. In the
future, further optimizations reducing the analysis time
are intended using higher separation voltages and shorter
capillaries (possibly up to a factor of two compared to the
setup presented here). The LODs can further be enhanced
by using higher injection volumes or using ITP capillaries
with larger ids. For comparison, under optimized CZE-
C*D conditions with a field-enhanced sample injection,
See et al. reached a four times higher LOD of 100 ng/L
for GLP [60]. For electrophoretic methods with C*D, lower
LODs were only demonstrated using offline preconcen-
trating methods. For example, dynamic supported liquid
membrane tip extraction was used by See et al. achieving
an LOD of ~50 ng/L [61]. See et al. combined electromem-
brane extraction with large volume sample stacking to
improve the LOD to 64 ng/L [62]. Horciciak et al. pre-
sented a chip-based column-coupling ITP-C*D/CZE-C*D
setup and reached a LOD of 2.5 ug/L in a BGE-S-BGE elec-

trolyte system [50]. CZE-MS without derivatization and
preconcentrating steps provided an LOD of 5 ug/L for
GLP in our laboratory [49]. Only with chromatographic
techniques, for example, LC-MS/MS in combination with
derivatization and solid phase extraction with an enrich-
ment factor > 300, an LOD below 1 ng/L was reached [63].
Our method revealed the lowest published LOD for GLP
using electrophoretic separations without any additional
offline pre-concentration step.

In future work, the ITP-C*D/CZE-MS will be applied
to all degradation products of GLP except for N-acetyl
GLP, which should be well possible given the results of
simulations and single dimension ITP-MS and CZE-MS
experiments. The possibility of simultaneously removing
phosphate as the most critical interfering matrix com-
pound will be investigated with surface water samples and
soil extracts.
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S1 Overview over the ITP-C*D/CE-MS setup

Figure S1. Photos of the ITP-C*D/CZE-MS setup. (A) Top view and (B) front view on the setup
place inside the CE with open top cover and removed front cover.

S2 Fluidic setup

The core element of the hybrid capillary microfluidic setup was a microfluidic chip. In
addition to microfluidic structures, it also included the geometry of a capacitively
coupled contactless conductivity detector (C*D). Fused silica capillaries extended the

microfluidic structure to be compatible with regular CE equipment.

S2.1 Fluidic chip

The custom-made microfluidic fused silica chip was produced from a solid block of
fused silica according to CAD drawings with selective laser-induced etching
technology from LightFab (Aachen, Germany). Figure S2 shows photos of the chip
and Figure S3 the corresponding technical drawing. The microfluidic channel structure
was double T-shaped and had an inner diameter of 100 yum. The geometry of a C*D
was placed between both T’s and consisted of two tubular and one disk-shaped cavity.
These cavities, the bone-shaped deepening (see Figure S3) and the two circular
funnels attached to the cavities were filled with conductive silver paint (Art-Nr.: 5900,
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Busch, Viernheim, Germany) after cleaning them with propan-2-ol and methanol,
followed by a drying step. All fluids and the paint were introduced by applying reduced
pressure (850 mbar) at the bottom of the chip (Figure S3, bottom drawing). Figure S4
shows a photo of the setup used for this task. By polishing the top of the chip using a
4000-grit sandpaper and cleaning its bottom side, it was ensured that there was no

electrical contact between all three cavities, compare Figure S2B.

A B

Figure S2. Photos of the microfluidic chip manufactured by selective laser-induced etching
technology prior (A) and after silvering (B) of the C*D structure.
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Figure S3. Microfluidic chip with double T-shaped microfluidic structure (id: 100 ym) and
cavities for in-chip C*D detection on the common section between the T crossings in the center
of the chip. (Scale 5:1).



' Figure S4. Setup to introduce fluids in the C*D
structure of the microfluidic chip. It consists of a
50 ml centrifuge tube with two holes drilled in its
lid. To one of them a 1 mL syringe cylinder was
installed airtight to attach the hose of a vacuum
pump. The microfluidic chip was place on top of
the other hole in the lid which was covered by
some layers of Parafilm ensuring airtightness
between the chip and the centrifuge tube lid. A
punched hole in the film allowed the connection of
negative pressure to the C*D structure. The glass
bottle was used as stand.

S2.2 Assembly of the microfluidic interface

To mount the capillaries and the in-chip C*D to the microfluidic chip the parts shown
in Figure S5 were required. A technical exploded drawing of the interface is given in
Figure S6. All capillaries were prepared by sliding a fitting and a sleeve (F-331, F-242;
IDEX Health & Science, Lake Forest, IL, USA) on them. Further sealing was achieved
using a piece of nitrile butadiene rubber (d = 2 mm, / ~ 1.5 mm) which was threaded
in using a cannula (od: 0.8 mm). The capillary ends, which are to be connected to the
chip, were ground to an 90° angle with a 4000-grit sandpaper while flushing with water.

A capillary ready to be mounted to the chip is shown in Figure S5c and its enlargement.

To assemble the interface, the housing of the microfluidic chip (f) was placed in the
orientation given in Figure S5 on top of the poly(methyl methacrylate) (PMMA) bottom
cover (g) so that the four threaded M3 holes in the corners were aligned. Prior to install
the microfluid chip (k) inside its housing with the bone-shaped and silvered side facing
the viewer, the inlay (I) was placed inside the recess to ensure that the housing’s holes
aligned exactly with the microfluid structure of the chip. The four capillaries were
mounted in the chip as shown in the bottom view of the assembly in Figure S5n. The
capillaries were first fitted to the capillary mounts of the chip which were in a line. The
fittings were only lightly tightened. After placing the stainless-steel shielding (j), to

avoid direct coupling of the excitation with the pick-up electrode of the C*D, on top of



chip, the in-chip C*D detection head (e) was placed in its mount (d) and screwed on
top of the chip housing with the Allen screws (h) after sliding the rubber rings (i) over
them. Two of the golden spring contact pins of the C*D detection head were place on
the bone-shaped silvered surface while the other two were align to the two circular
funnels of the chip. The C*D detection head was wired to the supply unit of the C*D
(b). The supply unit transmitted the data wirelessly to the master device of the C*D (a)

which was connected to the computer. Technical drawings of the microfluidic chip

housing, the C*D’s mount, the stainless-steel shield and the PMMA inlay are given in
Figure S6-S10

Figure S5. Overview of all parts for the microfluidic chip interface including the electronics of
the in-chip C*D. (a) Master device of the C*D, (b) supply unit of the C*D, (c) capillary with
mounted sealing, sleeve and fitting, (d) C*D’s mount, (e) C*D detection head, (f) microfluid
chip housing, (g) bottom cover, (h) Allen screws (M3 x 20) and (i) rubber rings (3 x 1 mm) to
slide on the Allen screws to attach the C*D’s mount to the chip housing, (j) stainless steel
shielding, (k) microfluidic chip with silvering, (1) inlay and (m) Allen screws (M3 x 10) to mount
the assembly to the cassette or bottom cover, (n) bottom view of the assembled interface
without bottom cover.



Figure S6. Exploded drawing of the microfluidic chip interface without capillaries and screws.
Labels see Figure S5.
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Figure S7. Technical drawing (scale: 1:1) of the microfluidic chip housing made from PMMA.
Except from the thread length, all 10-32 UNF holes with conical tip were identical at the four
small sides of the housing.
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Figure S8. (A) Technical drawing of the C*D’s mount which was placed on top of the
microfluidic chip housing and screwed in place by two M3x20 screws. (B+C) Technical
drawing of the bottom cover without (B) and with (C) countersunk screw heads used only
during the mounting procedure of the capillaries. Scale: 1:1, all parts were made from PMMA.
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Figure S9. Technical drawings (scale: 5:1) of (A) the stainless-steel shield paced on top of the
bone-shaped side of the microfluidic chip and (B) PMMA inlay (depth: 3.5 mm) placed on the
opposite of the chip inside the recess of the chip housing.

A




S3 Adaption of the CE-MS instrument for 2D applications

When upgrading the commercial CE-MS instrument for 2D applications, it was desired
to make as few changes as possible to the commercial CE-MS instrument. A scheme
with all adaptations to upgrade the CE-MS instrument to an ITP-C*D/CE-MS setup is
shown in Figure 1A of the manuscript. To reduce the number of adaptions, the CE-MS
separation dimension was performed from the CE’s inlet position (IN) to the MS as in
regular CE-MS. This means that the first dimension ITP was performed form the CE’s
outlet (OUT) to a vial in the auxiliary vial housing (AUX) added to the setup. Therefore,
the sample injection must be accomplished from the CE'’s outlet. This was well
possible using the autosampler. However, the built-in precise compressed air system
of the CE normally used for injections is only connected to the inlet position. To enable
pressurization of the outlet vial, the compressed air supply of the inlet was split, and
two software-controlled solenoid valves connected it either to IN or OUT or both, see
Section S3.1.1 for details. The compressed air system was connected to the vials via
a prepuncher, which also ensured the access of the electrodes and capillaries to the
vials. Vials were sealed to maintain the applied pressure when the vial handler was in
the top position. In the load position of the vial handler, a gap between the prepuncher
and the electrode was present. By the CE’s software, the outlet could just be set to the
load position. Therefore, an elongated prepuncher was developed to seal the outlet
vial already in the load position, see Section S3.1.2. At the inlet, the vial is lifted some
millimeters to close this gap while applying pressure.

The auxiliary vial housing was an airtight container for a vial and equipped with an
electrode and a compressed air connector to allow pressurization and application of
high voltage to a vial. It was placed in a recess of the CE’s insulation plate. The
insulation was necessary, because the MS is set to ground and OUT can only
withstand low voltages. Otherwise, flashovers can occur between the electrode and
the CE’s housing. Further information is given in Section S3.2.



S3.1 Modifications at the outlet

S3.1.1 Pressure split device

The pressure split device to connect the CE pressurization system to IN and OUT
consists out of two units as can be seen in Figure S10A. The corresponding electrical
circuit and a scheme of the wiring are shown in Figure S10B and C. A part list is
provided in Table S1. The valve unit was installed just beneath the isolation plate in
the CE. It had one compressed air supply port which was connected to the tubing of
compressed air for the inlet in standard CE-MS. The supplied compressed air
controlled by the CE was split and connected to two solenoid valves, allowing to
choose if it is fed to IN, OUT or both. A plastic case on the valve unit housed the
electronics for an optional LED stripe and a D-Sub 9 socket to connect the valve unit
with the relay unit. The LED was attached via a hook-and-loop fastener under the
insulation plate at the left inside and enabled an improved lightning of the vials to check
their filling levels. This was useful since the valves and the plastic case mounted on a

metal plate blocked the CE’s integrated lightning for the vials.

The relay module allowed to switch the 12 V DC power supply of the solenoid valves
by relays which were computer-operated via an Arduino Nano integrated in the unit.
The module could control up to four valves or three valves plus the dimmable LED
strip. The relay module must be supplied via a 12V AC/DC adapter and was connected

via USB to a computer. The D-Sub 9 cable was connected to the valve unit.
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Figure S10. (A) Photo of pressure split device consisting of the valve unit (center) with the
LED strip (left) and the relay unit (right). (B) Electrical circuit of the device. Flyback diodes
were connected across the solenoid to eliminate voltage spike accruing when the supply
current is interrupted. (C) Scheme of the wiring.
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Table S1. Part list of the pressure split device consisting of the valve and the control unit

Name Part Manufacturer/Supplier
Valve unit

Straight push in fitting M 5-3mm IQSM M53 Sang-A / Landefeld
T push in fitting M 5-3mm IQSMTL M53 Sang-A / Landefeld
Elbow push in fitting M 5-3mm IQSML M53 Sang-A / Landefeld
Flangeless Nut Teflon 1/8in P-345X IDEX

Flangeless Ferrule P-300X IDEX

Flangeless connector P-620 IDEX

Solenoid valve MFH-3-M5 (4450) Festo

Solenoid caoil MSFG-12 (4526) Festo

Silencer M 5, sintered bronze SD 50 Landefeld

Schottky diode 1A 40V DO-41

1N5819

ST MICROELECTRONICS

ABS-case, 40 x 40 x 20 mm

1551PBK

Hammond Manufacturing

D-SUB 9 sockets female

Reichelt

LED stick
NeoPixel-Stick with 8 WS2812 Adafruit
Voltage regulator 25-7.5V to 5V 1A BA17805FP-E2 Rohm Semiconductor
: PSS 254/3W :
3-Pin PCB connector assembly PSK 254/3W Reichelt
Resistors and capacitors Mouser / Reichelt
Control unit
Shell case 77 x 95 x 30 mm 1593BB Hammond Manufacturing

Relay module

DEBO RELAIS 4CH

sertronics

Arduino Nano Arduino
Plug-in power supply 25W 12V /2,08 A GST25E12 Mean Well
Barrel connector panel jack, id: 2.1 mm  HEBL 21 Reichelt
D-SUB 9 socket (male) Reichelt

S3.1.2 Elongated prepuncher

To ensure airtightness of the outlet vial in its load position, an elongated stainless steel

prepuncher was designed and manufactured by the workshop closing the gap

between the prepuncher and the electrode. Photos and a technical drawing are given

in Figure S11. If no sealing was desired, a polypropylene vial with a small hole drilled

in its neck was used or no vial was loaded.
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Figure S11. (A) Photo of the elongated stainless-steel prepuncher (left) and the commercial
prepuncher (right). The hose fitted to the prepuncher’s fittings was connected to the pressure
supply of the CE. (B) Top view of the elongated prepuncher. (C) Technical drawing (scale: 2:1)
of the elongated prepuncher. The prepuncher was manufactured from two turned parts, the
part with the sharp tip and the fitting for the hose. Both were glued together.

S3.2 Auxiliary vial

S3.2.1 Auxiliary vial housing

The auxiliary vial housing allowed to house a single vial and to pressurized it with
compressed air and connect it to high voltages up to 30 kV. Photos of the assembled
auxiliary vial housing and its single parts are given in Figure S12. The technical
drawings are presented in Figure S13. The auxiliary vial housing consisted of a PMMA
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housing, a screwable bottom piece made from polyoxymethylene (POM) to place the
vial in the housing and a 3D printed housing mount made from polylactic acid (PLA).
The top of the vial housing had a threaded hole to mount a standard electrode from
an Agilent 7100 CE (part number: G7100-60007, Agilent Technologies, Waldbronn,
Germany). The end of the threaded hole had to be conical to ensure that the inner part
of the electrode was pushed slightly upwards. This compressed the bushing in the
electrode and sealed the capillary against the electrode. Prior to installing the
electrode, a ring cable lug connected to the high voltage supply was pushed onto the
thread of the electrode. The vial housing was equipped with a push-in fitting M 5 - 3mm
(IQSM M53, Sang-A) to install the hose from the pressure controller, see Section
S3.2.2. Alternatively, the pressure could also be supplied from the CE if the hose
connected normally to IN from the pressure split device was connected to AUX
disabling pressurization of IN. To reach an airtight sealing, a sealing ring (22 x 2 mm)
was placed on the bottom piece. By exchanging the bottom piece either a 1.5 ml vial
as used in the 7100 CE or a 4 ml vial could be place in the vial housing. The housing
mount was z-shaped and was attached via Allen screws to the vial housing. The
housing mount rested on support elements in a rounded rectangular recess
(40 x 60 mm, R =1 cm) in the CE’s insulation plate located 27 mm apart from its front
edge and 20 mm from its right edge. Thread inserts were fitted to install a support
element underneath the left side of the recess, see Figure S14. This type of
attachment ensured that all capillary ends were place at the same height and ensured
easy access to exchange the AUX vial manually. The insulation plate was further

equipped with 3 mm PMMA plates to prevent flashovers between the auxiliary vial and

) Oq.

evmmesg h 0 M

the CE’s housing, see Figure S14.

Figure S12. Assembled auxiliary vial (a) and overview of its parts. Allen screws (M3 x 10) (b)
attached the housing mount (c¢) to the vial housing (f) which was equipped with the
electrode (d) and the push-in fitting (e). A 1.5 ml or 4 ml vial (g) could be places in the bottom
piece (i) or (j). Sealing was achieved with ring (h).
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Figure S13. Technical drawing (scale: 1:1) of
the PMMA vial housing (A), the POM bottom
pieces for a 1.5 ml (B) or a 4 ml (C) vial and
the housing mount from PLA (D,scale 1:2)
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Figure S14. Photo from the bottom of the modified insulation plate with the recess, the support
element (fastened with two screws, blue) and the PMMA plates glued to the insulation plate.

S3.2.2 Pressure controller unit

To control the pressure supplied from the laboratory installation when applied to the
vial in the auxiliary vial housing, a commercial pressure controller from Parker
(Cleveland, OH, USA) was purchased. It had an internal vent, an effective orifice of
0.76 mm and a pressure range of up to 15 psig. To adjust and monitor the pressure
by a computer, electronics were designed to convert digital data to the analog input of
the pressure controller and vice versa. A photo of the setup is given in Figure S15.
The schematic diagram of the electronics circuit and a scheme of the PCB layout are

shown in Figure S16 and all parts are listed in Table S2.
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Figure S15. Photo of the pressure controller
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Figure S16. (A) Schematic diagram of the pressure controller unit’s circuit. R5 is a jumper to
enable an alternative power supply of the digital-to-analog-converter via the Arduino. R3 and
R4 are reserved. (B) Scheme of the pressure controller electronics PCB layout.

Table S2. Part list for the pressure controller unit.

Part

Part number

Manufacturer/Supplier

Pressure controller + metric adaptor

990-005103-015
OEM-EP Miniature
Electronic Pressure
Controller

Parker

Straight push in fitting M 5-3mm

IQSM M53

Sang-A

Mini-ABS-Case, 60 x 35 x 20 mm

Reichelt

Plug-in power supply unit, 27 W, 24 V,
1.12A

RND electronics

Low dropout voltage regulator

MCP1804T-C0021/0T

Microchip

Ultraprecision, low noise voltage
References

ADR425ARMZ

Analog Devices

16-Bit digital-to-analog converter

AD5662ARMZ-1

Analog Devices

4 Channel 16-bit analog-to-digital
converter

ADS1115IDGST

Texas Instruments

Arduino Nano

Arduino

Barrel connector panel jack,
id=2.1mm

HEBL 21

Reichelt
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S3.2.3 Switching box

A switching box made from a junction box (100 x 100 mm) was used to connect either
IN or AUX to the CE’s high voltage supply. In the upper half of the box a screw
(M8 x 15) with two nuts was installed to connect the ring cable lug of the CE’s high
voltage supply to the box. The same screw was connected to a short cable with a
cinch plug which can be linked either to a cinch socket connected to IN or to AUX. In
the lower half of the box, separated inside the box by a piece of plastic from the high
voltage regime, a similar setup is installed to disconnect the ground potential from
OUT. Here, a screw (M4 x 15) with three nuts were used. The box was fixed to the
insulation plate with a plastic bracket and plastic screws so that the CE’s top cover

could still be closed.

.

Figure S17. Photos of the switching box (gray) fixed to the insulation plate. In the configuration
shown, the high voltage was connected to IN and OUT was connected to ground.
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S3.3 3D printed CE cassette

A 3D printed cassette, adopted from the commercial CE cassette for the 7100 CE,
was printed from polylactic acid. It was designed to provide more space to flexibly
mount all elements while maintaining fast and easy installation. Both sides of the
cassette were hold together by rod magnets (4 mm od, height: 10 mm) (S-04-10-AN,
Supermagnete, Gottmadingen, Germany). The AUX port was placed in such a way

that there was no collision with the air conditioning ducts in the CE’s top cover.

Figure S18. Photos of the opened (A) and closed (B) 3D printed cassette. On the bottom part
of the cassette (A) the chip interface with on-chip C*D (a) and two on-capillary C*Ds (b) were
mount. The capillaries are labeled with the ports of the setup they are connected to.
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S3.4 Software

A software to control the self-developed equipment was written in Python 3. A
screenshot of the interface is depicted in Figure S19. Both manual control or the use
of a timetable was possible regarding the two valves, the pressurization of the auxiliary
vial and the LED strip. To synchronize the commercial software of the CE and the
software to control the self-developed equipment, a trigger module presented
previously [1] was used to monitor the start and end of the MS measurements. It was

connected to the remote port of the CE and included a pass through to the MS.

Connection

Valves |COM10 ~ | Pressure |COM13 ~ | Trigger |COM12 ~
Pressure

Set 1000 5| mbar for 300 5 | Apply Pressure || Apply Flush |

Setp (mbar) Actual p (mbar) Countp (s} SetPoint (V) Controll (v}
0 N.A. N.A. 0.00 -0.06

Valves
[ Valve 1 ]l Valve 2 ][ Valve 3 ][ Valve 4 ]@ D

Timetable
Elapsed Seconds 0fs [ GO I I Stop ] 0fs

| Add Line | | Sort l [Load'ﬁmetablel [Save'ﬁmetablel

Time (=) Setting Value Delete

Connected to valves

Figure S19. Screenshot of the Python software to control the pressure split device, the
pressure controller, the LED strip and handle the CE’s trigger signal.

20



S4 Conductivity detection

The detection setup consisted of four capacitively coupled contactless conductivity
detectors (C*D). The C*D electronics mounted to the microfluidic chip based on the
previously published CDCD [1] and allowed to detect the transition from LE to TE
which is necessary to transfer reliably the ITP stack to the CE separation. The three

on-capillary C*Ds based on the openC*Ds published by Francisco and do Lago [2].

S4.1 On-chip C*D

The on-chip C*D based on the previously published CDCD [1]. The only modifications
were the replacement of the electrodes by spring contact pins (811-S1-006-10-
016101, Preci-Dip, Delémont, Switzerland) to connect the C*D geometry in the
microfluidic chip with the electronics. Due to space constraints, the connectors
between the detection head and the supply unit were mounted to the opposite side of
their printed circuit boards (PCB) compared to the already published design. The
schemes of the top and bottom of the modified detection head’s PCB are given in
Figure S20. The Python software used to record the data was refined by adding the

option to apply a moving average function to the raw data to smooth the real-time plot.
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Figure S20. Scheme of the top (A) and bottom (B) of the detection head’s PCB. The two dark
red vertical bars on the right side indicate a plated-through slot. After removing the part on the

right, the plating allowed soldering the copper shielding wrapped around to electronics to
ground.
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S4.2 Modified openC*Ds

The on-capillary C*Ds were built according to Francisco and do Lago [2]. The layout
of the detection head was changed to reduce its size from 21.1 x 30.5 mm? to
18.2 x 29.1 mm? while keeping its circuit and assembly. The vias used as tubular
electrodes had a diameter of 0.5 mm. Around the vias, a circular area (radius: 5 mm)
was kept free from the grounding plane. The PCBs used for shielding had a 1 mm hole
above the electrodes and pads to solder the boards together and ensure the
grounding. The supply unit, compare Figure S21, was redesigned to receive start/stop
trigger signals by connecting pin 7 of the Teensy 2.0 microcontroller board
(PJRC,Sherwood, OR, USA) to ground. Additionally, a DC/DC-converter (TBA 1-0519,
Traco Power, Baar, Switzerland) was added to the supply unit’s circuit allowing to
power the C*D completely via the USB port of the microcontroller board. For some
applications, the C*D was placed next to the high voltage source of the CE. Therefore,
it was decided to power the setup via a power bank and send the data wirelessly via
a Bluetooth HC-06 module (connected to the JP2 port) to the PC avoiding flashovers.
The wireless data transmission and the changed trigger signal handling required a
slightly modified software on the Teensy compared to the one provided by Francisco
and do Lago [2]. A 3D printed adapter was made from polylactic acid (PLA) to avoid
mechanical stress to the capillary by the openC*D place directly on top of the CE-MS
interface. The slotted cylindrical part surrounded the CE-MS interface and allowed to
access its sheath liquid port. The C*D electrodes were aligned to the fitting of the

CE-MS interface. A technical drawing is given in Figure S22.
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Figure S21. Schematic diagram of the supply unit’s circuit of the openC*D with the possibility
to add a HC-06 Bluetooth module to JP2 for wireless data transmission while supplying the
entire setup by the Teensy’s USB port with a power bank.

Figure S22. Technical drawing of a 3D printed adapter which enables the placement of up to
two openC*D heads on top of the CE-ESI-MS interface. Scale 1:2.
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S5 CE-MS electropherogram in the LOQ range
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Figure S23. Electropherogram of the pseudomolecular [M-H] ions of sarcosine (black), AMPA
(red) and glyphosate (blue) (c = 5 uM, each) recorded by ESI-MS after separation by CE at
+15 kV, other conditations as given for Figure 2B.

S6 Methodological details to ITP-C*D/CZE-MS

In this section some additional details for the individual steps of the ITP-C*D/CZE-MS

are presented.

Preliminary remarks

All solutions were prepared in plastic containers or vials to prevent glyphosate sorption
and leaching of ionic components. The liquid levels of the vials were adjusted so that
the electrodes (shorter than the capillaries) were only immersed in liquids to which

voltage was applied and dipping steps were included where necessary.

Step A) Preparation of runs

The entire setup was flushed with LE from AUX at 1 bar for 5 min to ensured that no manual
vial change at AUX was required throughout the entire method, as this end of the channel

network was not connected to the CE’s autosampler.
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Step B) column-coupled ITP-C4D

Prior to the start of the ITP method, the CE’s pressure regime was connected to OUT, the high
voltage was connected to AUX. OUT and MS were electrically connected to ground, and the

potential of IN was left floating.

The ITP method started by injecting the sample for 20 s at 100 mbar at OUT. After dipping
steps, vials with LE and TE were loaded to IN and OUT, respectively. A pressure of 70 mbar
was applied to OUT during the entire ITP separation which started with a delay of 0.4 min by
setting the voltage to +12 kV at AUX, compare Figure 4B. Therefore, a TE plug was injected
behind the sample. Anionic analytes migrating towards OUT were transported to AUX by
external pressure and a high EOF. The MS’ nebulizer pressure was set to 1 psig during the
ITP step reducing suction effects by the ESI, while all other MS settings were set as given in

Section 2.2.1 of the manuskript.

Step D) column-coupled CZE-MS

Prior to the start of the CZE dimension, the pressure regime and the high voltage of the CE
were connected to IN. OUT and MS were connected to ground, and the potential of AUX was

left floating.
The CZE separation started without a vial change by applying +15 kV to IN. No pressure

support was necessary in this step, compare Figure 4D. To aid analyte transfer to the MS
capillary through the suction of the ESI source, the nebulizer pressure was set to 20 psig for
0.5 min and was then reduced to 5 psig. Anions migrated towards the chip, but were
transported to the MS by the high EOF.
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