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Summary

Ensuring reasonable energy prices, establishing reliable supply chains, ensuring the availability
of resources and, last but not least, taking environmental protection into account are global
challenges of the future. Corresponding challenges also play an increasingly central role in
everyday analytical laboratory work. The search for countermeasures to these challenges is also
becoming increasingly prevalent in the analytical laboratory. Miniaturization as one of the
cornerstones of Green Analytical Chemistry (GAC) can help save resources in the form of
solvents, energy and laboratory space, especially in the field of capillary liquid chromatography
(cLC), without reducing the integrity of analytical data and even increasing sample throughput
in the process. Despite advances in cLC development and research in recent years, and the
disruptive nature of the technology, market penetration has still not been achieved. This is partly
because there is a persistent assumption that the systems are unsuitable for routine operation
due to a lack of robustness. In addition, although the number of commercial systems is
increasing, current research is often not consistently implemented for example by sticking to
the modular concept. This creates unnecessary capillary paths, increases the extra-column
volume, which results in peak band broadening and thus poorer chromatographic efficiency.
Therefore, the aim of this work is to investigate the influence of different factors on the extra-
column band broadening in cL.C, to lower barriers for the implementation of cLC and to develop

a new system.

The first part of the PhD thesis was mainly devoted to quantifying the influence of different
extra-column volumes on peak band broadening and served to answer open questions in the
current literature. To start, the influence of injection volume and pre-column volume was
investigated for both isocratic and gradient elution as a function of retention factor.
Subsequently, the focus was shifted to the influence of the post-column volume. For this
purpose, different commercially available concentration-dependent and mass flow-dependent
detector systems were investigated. In addition, the ratio of the column inner diameter to the
system volume on the band broadening during isocratic and gradient elution was compared.
The knowledge gained from the previous research was used in the second part of the thesis to
advance the development of new separation phases based on bead cellulose and a portable
measurement system for on-site monitoring of contaminants in aqueous matrices based on on-

line enrichment and cL.C coupled with ion mobility spectrometry.
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Zusammenfassung

Die Sicherstellung akzeptabler Energiepreise, die Etablierung zuverlédssiger Lieferketten, die
Verfiigbarkeit von Ressourcen und nicht zuletzt die Beriicksichtigung des Umweltschutzes sind
globale Herausforderungen der Zukunft. Entsprechende Herausforderungen spielen auch im
analytischen Laboralltag eine immer zentralere Rolle. Die Miniaturisierung ist einer der
Eckpfeiler der Green Analytical Chemistry (GAC) und kann vor allem im Bereich der Kapillar-
Fliissigkeitschromatographie (cLC) dazu beitragen, Ressourcen wie Losemittel, Energie und
Laborfliche zu sparen, dabei die Integritit der analytischen Daten beizubehalten und den
Probendurchsatz zu steigern. Trotz der Fortschritte in Entwicklung und Forschung im Bereich
cLC in den letzten Jahren und der disruptiven Natur der Technologie ist eine vollstindige
Marktdurchdringung immer noch nicht gelungen. Dies liegt zum einen daran, dass sich
hartnédckig die Annahme hélt, dass cLC aufgrund fehlender Robustheit fiir einen Routinebetrieb
ungeeignet ist. Zum anderen nimmt die Anzahl kommerzieller Systeme zwar zu, haufig wird
die aktuelle Forschung aber nicht konsequent umgesetzt und beispielsweise an modularen
Konzepten festgehalten. Dadurch werden unnétige Kapillarwege geschaffen, das
AuBersdulenvolumen erh6ht, welches wiederum zu Peak Bandenverbreiterung fiihrt und damit
geringerer chromatographischer Effizienz. Ziel der Arbeit ist es, die Einflussfaktoren auf die
AuBersdulenbandenverbreiterung in der cLC zu untersuchen sowie die Hiirden zur Nutzung von

cLC zu senken und ein neues System zu entwickeln.

Der erste Teil der Doktorarbeit widmete sich vor allem der Quantifizierung des Einflusses
verschiedener AuBer-Sdulen Volumina auf die Peakbandenverbreiterung und diente der
Beantwortung offener Fragestellungen in der aktuellen Literatur. Zu Beginn wurde der Einfluss
des Injektionsvolumens und des Vorsdulenvolumens sowohl fiir die isokratische als auch die
Gradientenelution in Abhédngigkeit vom Retentionsfaktor untersucht. Im Anschluss lag der
Fokus auf der Bestimmung des Einflusses des Nachsdulenvolumens. Hierzu wurden
verschiedene kommerziell verfiigbare konzentrationsabhdngige und massenflussabhéngige
Detektorsysteme untersucht. Zusétzlich erfolgte der Vergleich des Verhiltnisses des
Sauleninnendurchmessers zum Systemvolumen auf die Bandenverbreiterung in Bezug zur
isokratischen und Gradientenelution. Der Erkenntnisgewinn der vorangeschrittenen Forschung
wurde im zweiten Teil der Doktorarbeit genutzt, um die Entwicklung neuer Trennphasen auf
Basis von Perlcellulose voranzutreiben und ein portables Messystem fiir die vor Ort
Uberwachung von Kontaminanten in wissrigen Matrices auf Basis der Online-Anreicherung

und cLC gekoppelt mit [onenmobilitétsspektrometrie zu entwickeln.
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Chapter 1 General Introduction

Parts of this chapter were adapted from: T. Werres, J. Leonhardt, M. Jager, T. Teutenberg, Critical
Comparison of Liquid Chromatography Coupled to Mass Spectrometry and Three Different Ion
Mobility Spectrometry Systems on Their Separation Capability for Small Isomeric Compounds,
Chromatographia. 82 (2019) 251-260. https://doi.org/10.1007/s10337-018-3640-z.

1.1 History of Chromatography from Classical Antiquity via Modernity to Future

Chromatographic techniques are among the most fascinating, important, and flexible tools of
the analytical chemist, capable of separating and analyzing the most complex mixtures into
their individual components. Especially liquid chromatographic (LC) techniques are to be
emphasized here. LC methods are used in almost all areas of chemical laboratory work and
include forensic analysis [1-3], environmental analysis [4, 5], quality control [6, 7] and many
more. The origin of LC is often dated back to ancient history. For example, in Exodus 15:22-25
Moses [8] is said to have used ion exchange chromatography to make undrinkable water
drinkable [9]. Some readers believe that the first descriptions of chromatographic processes are
also to be found in the writings called "Naturalis historia" by Pliny the Elder and Pliny the
Y ounger, which were published from 77 AD onwards. But on closer examination the cases that
were described can easily be identified as false and are based more on an interpretation clouded

by today's experience or simple retellings of hearsay [10, 11].

The botanist Mikhail Semyonovich Zwet is considered the father of chromatography as it is
known today [12]. In his publications from 1903 onwards, he laid the fundaments of
chromatography. Thus, in the first publication of the series, he described the separation of
chlorophyll a and chlorophyll b on the stationary phase inulin using the mobile phase ligroin.
The work of Synge and Martin [13—15], published in the 1940s, significantly refined and
expanded upon the basic principles [16], and their efforts were rewarded with the Nobel Prize
in chemistry in 1952 [17]. The first commercially available instruments appeared in the form
of gel permeation chromatography in 1964 by Dow chemical [18], the first high performance
liquid chromatography system (HPLC) in 1967 by Waters [19], and an ion exchange
chromatography system in 1975 by the Dionex group [20]. The triumph of this technology
finally began with the establishment of reversed phase stationary phases [21], which made
separations more robust and made it possible for the first time to separate very similar molecules
[22, 23]. Since the 1980s, HPLC has been one of the standard analytical methods and it is hard

to imagine an analytical laboratory without it.

The continuous development of hardware in pump technology as well as column technology

since the establishment of HPLC as a standard method has enabled further milestones to be set.



History of Chromatography from Classical Antiquity via Modernity to Future

Two trends have been observed around particle-based stationary phases. On the one hand,
where at the beginning analytical separation columns were packed with particle diameters
around 100 um [13], the first commercial columns were packed with particles around 30 um
[24, 25]. Nowadays, sub 2 um particles are becoming increasingly popular [26, 27]. In first
publications, sub 1 um particles are already being used [28]. On the other hand, with the
reduction of the system volumes the inner diameter (ID) of the separation column has been
continuously reduced, so that even 1.0 mm ID columns are used on optimized conventional
HPLC [29, 30]. In addition, the selectivity of columns could be further increased by smaller
particle size distributions [31, 32], manifold stationary phase modifications like hydrophilic
interaction liquid chromatography (HILIC) [33] or mixed mode phases [34] and the growing
understanding of the physical laws of column packing [35, 36]. Driven by these advances, pump
technology also continued to develop. While in 1972 the M-6000, the first pump specifically
designed for HPLC, was able to generate about 400 bars [37], around 2004 the capacity was
increased to 1,000 bar and ultra-high performance liquid chromatography (UHPLC) was born
[38]. Modern UHPLC systems can operate at up to 1,300 bar, some even reach specifications
of 1,500 bar [39, 40]. A timeline of the discussed developments of HPLC can be found in Figure
1-1.
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Figure 1-1: Timeline of the developments in chromatography described in chapter 1.1
beginning in antiquity and ending in current times.

Some research groups postulate an advancement of the maximum pressure for future HPLC
systems up to 3,000 bars [41]. The arguments in favour of such systems are often faster analyses
[42]. To ensure this, very high flow rates of up to 8§ mL/min are used [43]. However, in addition

to the high solvent consumption, other problems occur, such as frictional heating in the column
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[44]. In addition, modern columns cannot withstand these pressures, and their operating lifetime
is drastically reduced at pressures above 1,000 bar. It remains to be seen whether these predicted
expectations for the future are realistic, especially since there is already technology available
that offers a smarter way of performing rapid analysis without having to rely on ultra-high

pressures or compromising resolution and peak capacity.

1.2 Miniaturized Liquid Chromatography: Infinite Potential but Unloved

Conventional LC is no more than a marginal note in this work and the spotlight belongs to its
smaller siblings, the micro- (LLC) and nano-LC (nLC). These techniques make it possible to
perform extremely fast, highly complex analyses. However, before miniaturized LC reached its
current state, several hurdles had to be overcome. Which laws and dynamics apply to the
diffusion-controlled mass transfer of solutes on a capillary scale? How must a column be
dimensioned and how do you manufacture it? How must the periphery be designed to ensure

sample application and detection while reducing band broadening?

In 1966 Pretorius and Smuts proposed the first time the use of columns with small ID for fast
analysis [45]. In 1967, the pioneering work of Horvath et al. followed [46]. They investigated
peak broadening in columns without stationary phase and an inner diameter of about 0.3 mm
and for separation they used particle packed capillaries of 1.0 mm ID. Only nearly a decade
later, further developments picked up again, mainly due to the contributions of Tsuda and
Novotny, who modified an LC system and detector to minimize band broadening [47]. In
1978-79, publications appeared on band broadening of packed columns [48, 49], band
broadening [47] and fabrication of open tubular (OT) columns [50], and applications of these
achievements [51]. In 1983, Jorgenson and Guthrie proposed the theory that smaller ID will
lead to more efficient columns [52]. The theory was supported by experimental data from
Folestad et al. in 1978 [53]. Thereafter in 1988, efficiency studies on miniaturized columns
followed [54], and in the following year, a paper on the fabrication of packed capillary columns
[55]. With these two publications it could be proven that a reproducibility is given, and
fabrication of miniaturized separation columns was possible. The technology was ready for
commercial use. At the latest with the invention of electrospray ionization (ESI) [56] and the
first concepts of miniaturized ESI interfaces [57], the interest in a continuous development of

the technique increased.

The most important achievements that enable extremely fast analysis with miniaturized LC are
the combination of very small tubing diameters and the reduction of the column and particle

diameter [58]. This allows high peak capacities and peak capacity production rates to be

10



Miniaturized Liquid Chromatography: Infinite Potential but Unloved

achieved even with short analytical separation columns and with fast gradients as shown in
Figure 1-2 [59]. Thanks to modern pLC systems with small extra-column volumes, columns
with an inner diameter of 1.0 mm form the link between conventional and miniaturized LC.
Classically, 0.1-0.3 mm ID separation columns are used in pLLC with flow rates between 1-
100 pL/min. The term nLC is used for column ID < 0.1 mm and flow rates < 1 uL/min [60, 61].
The term capillary liquid chromatography (cLC) can be used as an umbrella term for pnLC and
nLC.
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Figure 1-2: Comparison of peak capacity (black) and peak capacity production rate (light
grey). Characteristically, the peak capacity increases with longer gradient times. The peak
capacity production rate reaches a maximum at around 60 s. Data were generated on a
microbore C18 column with dimensions of 50 x 0.3 mm. Redrafted from [59].

Optimized puLC systems nowadays have gradient dwell volumes in the low puL range [62—64].
As a result, gradients arrive on the column practically with the injection of the sample plug,
cycle times are reduced and band broadening due to isocratic plateaus is avoided. By reducing
the column ID, high linear flow rates at low absolute flow rates can be achieved with
significantly lower solvent consumption [64]. This can be illustrated very well by an example

calculation comparing a typical pharmaceutical method with the equivalent of a pLC and nLC
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Chapter 1

method. Equation 1-1 can be used to calculate a constant linear flow rate, and thus reproducible

chromatography, between two columns with different ID and constant length.

2 Equation 1-1

column ID,,,,, _
* Lold = Fnew

column ID 4

Where F,;; is the flow rate of the current method and F,,,, the flow rate for the transferred
method. Even today, separation columns with an ID of 4.6 mm with a flow rate of 1 mL/min
are still applied [65-67]. Assuming a full utilization of the system (24/7), this corresponds to a
solvent consumption of 10,080 mL per week. To generate the same sample throughput at an
identical linear flow rate with a 0.3 mm ID column, a flow rate of 4 uL/min would have to be
used. The weekly consumption of solvent is thus 42.9 mL. With the solvent consumption of the
conventional method, the pLC could be operated for 235 weeks or 4.5 years. If the comparison
is made between LC and nLC, where columns with 0.075 mm ID are widely used the results
are even more impressive [68—70]. At a flow rate of 0.2 uL/min, the weekly consumption would
be 2.7 mL. To reach the solvent consumption of the conventional method, such a system would
have to be operated continuously for 3,762 weeks or 72 years. The comparison between HPLC
techniques and solvent consumption is illustrated in Figure 1-3. This low solvent consumption
also has the advantage that the use of specially formulated and expensive solvents, e.g.

deuterated solvents, is a viable option.

| Conventional LC |

2 L Solvent D 4.6mm ID Additional Drawbacks ———
Bottles 1.0 mL/min » Solvent Cost
[:] 10 L Waste/\Week
D + Storage Cost
+ Waste Disposal
Micro LC
50 mL Solvent 0.3mm ID Additional Operaﬂon Time
Bottles — | 4.0 uL/min
. nn 1 42.9mL Waste/Week
= 2022 2026

| Nano LC
1.5 mL Solvent 0.075mm ID Additional Operation Time

Vials 0.2 yL/min LA [ =
: 2.7 mL Waste/Week 5
i ' 2022 | &> | 2094

Figure 1-3: Visual comparison of solvent consumption and possible operating time of
conventional HPLC, pLC and nLC.
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Drawbacks of Miniaturized Systems

The reduction of the column dimension brings two further advantages. The development of new
separation phases can be very time-consuming and cost intensive. Depending on the synthesis
protocol, only a few grams of the new phase remain for the packing process after preparation.
By reducing the ID of the column from 2.1 to 0.5 mm, the amount of phase material required
to pack a column can be reduced by a factor of 17. This is shown in Table 1-1 on the example
of the preparation of cellulose bead columns used in Chapter 6. Miniaturization thus enables
the comparison of several approaches and modifications when synthesising new stationary
phases. In addition, the heat generated through friction at high linear flow velocities and high
pressures can be better dissipated by the small dimensions of cLC columns [71, 72]. Thus, the
so-called frictional heating plays only a minor role on the miniaturized scale [73]. In
conventional LC, the resulting temperature gradients in the column bed have a negative effect
on performance [74]. The mitigation of this phenomenon is the subject of many publications
and the reason for new technical developments [75—77]. This fact also speaks against the further
development of systems with higher pressure resistances up to 3,000 bars.

Table 1-1: Comparison of the required amount bead cellulose for packing a separation
column with a porosity of 0.7 as a function of ID and length.

Length Inner diameter Volume column Mass cellulose beads
cm mm mm? mg
5 2.10 173.2 157.6
5 0.75 221 20.1
5 0.50 9.8 8.9

Despite these advantages, cLC is only widely used in the fields of life sciences because these
techniques are necessary due to the limited sample volume [78—80]. In other fields, the German
proverb applies: "Was der Bauer nicht kennt, frisst er nicht!" which roughly translates to "What
the farmer doesn't know he doesn't eat! . Thus, similar to the time of Zwet in 1903, users are
not open to innovations and prefer applying methods and techniques they are familiar with.
However, a paradigm shift might be foreseen. A large part of the user’s reticence can be traced

back to the propagated disadvantages of the technology.

1.3 Drawbacks of Miniaturized Systems

The technology of cLC does not only offer advantages. However, many disadvantages of cLC
have been overcome and some of the frequently recited disadvantages can be written off as
prejudices. Among the classically recited disadvantages are: the poor quality of the packed bed,

a significantly reduced column loadability, reduced sensitivity, lack of robustness and the
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generally difficult manual handling of the systems as well as the vulnerability to band

broadening due to increased influence of extra-column volume.

1.3.1 Packing Quality of Miniaturized Columns

The frequently criticized quality of packed miniaturized columns is a prejudice. By the end of
the 1980s it was proven that reproducible production of miniaturized columns is possible
[54, 55]. Since then, the understanding of the packing process has steadily improved, extensive
research on the fabrication of capillary columns has been done and methods for the evaluation
of the columns are available [35]. Using confocal laser scanning microscopy, the quality of the
column beds of columns with ID of 75-10 um was evaluated in detail, showing that the porosity
of the packing at the wall increases with increasing IDs, leading to lower performance in this
zone [81, 82]. The influence of different frits for capillary columns was also investigated. For
example, the studies by Franc et. al. showed that the choice of frit already has a significant
influence on the separation efficiency [83]. This is an underestimated factor especially for self-
produced columns. Nowadays, columns are commercially available from various

manufacturers which are characterized by excellent performance and reproducibility.

The opposite is more likely to be the case. cLC opens the possibility of applying completely
new column technologies that are not feasible on a conventional scale and could lead to massive
efficiency increases in the future. In the early days of cLC, OT columns were used but due to
lack of suitable LC systems were quickly replaced by packed columns [58]. With technological
advances in detection techniques and sample injection, this technology is making a comeback
in the form of Porous Layer Open Tubular (PLOT) and Wall Coated Open Tubular Columns
(WCOT). A major advantage of OT columns is that they do not exhibit eddy diffusion, normally
accounting for a large portion in column band broadening [84, 85]. Furthermore, OT columns
theoretically achieve 10 times higher plate counts than packed columns when considering
kinetic limits [85]. Currently, PLOTSs are more suitable for liquid chromatographic applications
because they have a larger usable ID range of 5-100 um and a larger surface area for analyte
retention due to the porous stationary phase layer [86]. PLOTSs have a higher permeability than
monolithic columns, allowing even higher flow rates and longer columns to increase efficiency
[87]. For example, in the work of Forster et. al. separations have been successfully performed
with PLOT columns that achieved a plate number of 170,000 [86]. In work by Hara, plate
counts for an unretained substance of 1,000,000 were achieved for a 2.6 m x 0.05 mm column
[88]. WCOTs have very low sample loadability due to their non-porous, thin liquid film, but in
theory have the potential to be the most efficient column technology currently known [89]. But
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it is only when extremely small ID of 2 um are used that the true potential of the OT columns
is revealed. Extremely fast analyses are possible, e.g., the separation of 6 amino acids in 700 ms
and of a protein digestion in one minute [90]. High-efficiency columns with 10 million plates
per meter were also described [91]. However, both OT variants are still far away from being
ready for the market, mainly due to the low loadability, the high demands on the HPLC systems

and lack of protocols for manufacturing.

The situation is different for micro pillar array columns (WPAC), which are already
commercially available and are mainly used for proteomics, lipidomic, metabolomics and the
analysis of biopharmaceuticals [71, 92, 93]. The design of uPAC is fundamentally different
from the classical column and leaning to a chip approach. The technique is characterized by the
fact that pillars on which a layer of the porous stationary phase is located are arranged
perpendicular to the flow in perfectly spaced rows. The 200 cm uPAC™ has a dimension of
2m x 0.315 mm x 0.018 mm, the pillars have a diameter of 5 um and are spaced at 2.5 um
resulting in a bed channel porosity of 59%. Again, no eddy diffusion takes place and plate
numbers of 400,000 per column can be achieved [94]. Baca et al. coupled 4 of these columns
and achieved a maximum plate number of 1.2 x 1076 and a peak capacity of 1,815 at a gradient
time of 2,050 min [95]. This technique is therefore particularly suitable for the analysis of

highly complex samples and less so for rapid analysis.

1.3.2 Loadability of Miniaturized Columns

With downsizing of column dimensions, the amount of available stationary phase also
decreases. Therefore, the poor loadability of the columns applied in cLC is indeed a
disadvantage. A clear distinction must be made between volume overloading and mass
overloading. The latter occurs when too much substance is introduced to the column and the
equilibrium between mobile and stationary phase is disturbed [96, 97]. Depending on the type
of isotherm, either a peak with reduced retention time and significant tailing occurs or the
retention of the peak increases but shows significant fronting [98]. Depending on the
circumstances there are only two valid options to prevent mass overload. If the mass
overloading problem exists in relation to the target analyte, the sample can be diluted [99]. If
the problem persists in the ultra-trace analysis, the matrix must be specifically depleted and the
target enriched. This can be done offline using solid phase extraction methods (SPE) e.g., for
the analysis of hormones in water with highly specialized materials like molecular imprinted
polymers (MIP) [100]. Alternatively, online methods are also available, such as the use of

trapping columns [101].
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Volume overload occurs when the injection volume is set too high [63]. Unlike mass overload
this only affects the band broadening and not the peak shape. According to a rule of thumb, the
injection volume for packed columns should not exceed 10% of the effective column volume

. The effective column volume (V, ¢f) can be calculated according to Equation 1-2.
[102]. The effecti 1 1 Verr be calculated di E ion 1-2
Verr =r2*m*L*e Equation 1-2

Where r is the radius of the column, L the length of the column and € the porosity of the
stationary phase. The equation shows that the injection volume depends to the square on the
ID. However, in many real applications, the injection volume must be chosen > 10% of the Ve s ¢
to achieve a sufficient response in the detector [102]. Different methods for band focusing were
developed, which also allows large volume injection for cLC columns. The simplest way is to
choose an injection solution that is weaker than the mobile phase [63]. Like what is described
for mass overloading, online enrichment can also be performed on different stationary phases.
In the column-in-valve approach, such concentration steps can already be obtained in the
switching valve before the transfer to the analytical separation column [103, 104]. Due to the
compact dimensions of the cLC columns, temperature can also be used for focusing. In this
case, the column is cooled down to a few degrees at the inlet and then heated up very fast within
a few seconds to release the analytes [105]. Through the work in Chapter 3, an extensive
investigation of the loading capacity of cLC columns was carried out. Here, it was highlighted
which factors should be fulfilled in order to enable large volume injection without loss of

efficiency.

1.3.3 Low Sensitivity of Miniaturized Systems

Due to the low injection volume, it is automatically assumed that the sensitivity of cLC systems
must be inferior. However, quite in contrast, under certain conditions, the sensitivity of cLC
systems can even be significantly higher than that of conventional LC [106]. Especially in
combination with mass spectrometry (MS), cLC is “a marriage in heaven” that meets the
sensitivity requirements in bioanalytical applications. Today, ESI is a gentle and universal
method for the ionization of a wide range of analytes. However, the main weaknesses of this
technique are competing ionization reactions in the ion source and the dependence of

desolvation on ionization yield. Both drawbacks are mitigated by cLC.

Due to the low column ID there is less radial dilution of the molecules, the injection plug

remains more concentrated, there is direct correlation between the column ID and the signal
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intensity [107]. This also leads to a further reduction of the column ID in conventional LC. The
extent to which this approach can be implemented was investigated in Chapter 5. Due to the
small injection volume, less matrix is introduced into the mass spectrometer, competing
ionization is reduced, the ionization efficiency increases, the signal to noise ratio increases and
limits of detection improve [ 108—110]. In addition, the low introduction of matrix also increases
the operating time of the system, and the cleaning intervals of the ion source and the
quadrupoles can be extended [111]. Due to the low flow rates, a complete desolvation of the
solvent can be guaranteed, lower gas flow temperatures can be used, and thus temperature-
labile substances will not undergo in-source fragmentation [112]. A further promising approach
in the coupling of cLC and MS is the possibility to position the column directly at the source,
post-column band broadening is thereby significantly reduced. In one very promising approach,

the emitter itself was packed with the stationary phase [113, 114].

1.3.4 Robustness and Handling of Miniaturized Systems

The frequently criticized lack of robustness and the generally difficult handling of cL.C can be
traced back to a common source of error, the untrained user. Unlike in conventional LC, careless
handling, such as poorly cut capillaries, unclean connections, or the use of incorrect method
parameters, can contribute to a measurable loss of chromatographic efficiency and a significant
lack of robustness. Classic factors attributed to lack of robustness, such as clogging, can also

be eliminated by simple changes in behavior.

If tubing is manufactured in-house from fused silica capillaries, two main factors need to be
considered. Cutting should be done with special diamond cutters to obtain an acceptable cut
edge. This edge should then be polished to ensure a dead volume free joint [115]. Alternatively,
pre-cut, and polished capillaries can be purchased. Connections must be made with great care,
double sleeves should be avoided. If capillaries are not screwed properly, dead volumes can
occur where the mobile phase is stagnant. In addition, turbulence can occur on the bad
connection. Both effects contribute negatively to the overall band broadening [115, 116]. If
unions are used to connect individual components, the bore should correspond to the capillary

diameter used.

The robustness of cLC systems can also be significantly improved by simple measures. To
prevent clogging of the capillaries and especially the column inlet frit, samples and solvents
should be filtered [117]. To prevent outgassing and thus spike signals in the detector, solvents

must be degassed [118]. Injection volumes must be adjusted to the respective column
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dimensions. The ideal injection volume of a 2.1 mm column corresponds to a loading of a
0.3 mm column of 480%. If these ratios were mirrored on the 2.1 mm column, the injection
volume would be 576 pL and would also lead to significantly less robust measurements. To
avoid clogged emitter tips, the temperature of the source should be cooled down to room

temperature before the flow is stopped.

In summary, working with miniaturized systems is more demanding but far from impossible.
New developments in peripherals make it possible to eliminate a large part of the sources of
error. In addition, it can be assumed that with increasing market share, handling will also be

significantly simplified.

1.3.5 Band Broadening and Extra-Column Volume in Miniaturized Systems

Band broadening due to increased influence of extra-column volume is a well-known challenge
in cLC [119, 120]. Reducing the extra-column volume is the most effective method to
significantly increase chromatographic performance [121]. All system components contribute
to band broadening [63, 115, 122, 123]. Since there is a linear correlation between peak variance
and band broadening for a Gaussian peak, the peak variance has been accepted as a general
parameter in the literature and is frequently used applying different methods [63, 115, 124—
130]. Provided that the individual system components do not influence each other, the total

system variance (aszystem) can be represented as a simple sum equation as shown in Equation

1-3[122, 131].
GSZYSfem = Uilei +0éon + Jtzub + O—fzrit + Gczolumn bea T Jc%etector Equation 1-3

Here aiznj is the influence of the injector on the band broadening, o2, the influence of the

connectors consisting of unions and fittings, o2, the influence of the tubing and 67, ¢ecror the

influence of the detector. Unlike usually presented, the variance of the column 62 ,,,,, Was

deliberately divided into the single factors afzn-t of the column frit and 62, peq fOr the

column bed. As already described the choice of the frit and the corresponding swept volume

can have a significant impact on the separation efficiency [83]. Several methods are available

to determine the influence of the frits [132—134]. Even though it would be more correct to speak
2

of the extra-column bed variance, the methods are very complex, therefore o;,,mn 1s usually

used and all other factors are defined as the extra-column variance.

The simplest method to reduce the influence of 62, can be achieved by reducing the ID of the

connecting capillaries [122]. However, this also increases the backpressure and thus the demand
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on the system. A reduction of the band broadening by o7, ; can already be achieved by the choice

of the right injection method [63]. Many investigations have shown that a metered injection is
preferable to a full loop injection [63, 119, 135]. For 62, reduction of unions should be the
first priority, if their use cannot be avoided dead volume free connectors should be used [136].
If their use is necessary, the bore should be chosen to match the ID of the tubing [115]. For
bores and fittings applies, the closer to the tubing outer diameter the better, as this minimizes
the negative influence on the separation efficiency in case of unclean connections [136].
Through the comprehensive study of commercially available detectors as presented in Chapter
4, factors were identified which, when optimized, significantly minimize the influence of
0% oroctor- Nowadays, all known detector types have now been downscaled to the dimensions
of cLC [115]. Also, conventional detectors can be made usable with cLC systems by special
interfaces, e.g., the exchange of the emitter capillary in many MS systems is sufficient to make
the technique compatible with uLC [59, 115]. In addition, methods for on-column and on-
capillary detection are available that do not contribute to band broadening and can be used, for
example, as an additional source of information before coupling with other means of detection

[137, 138].

1.3.6 The Interplay of Progress and Regress

The described influences have been the subject of many publications since the 1970s.
Nevertheless, the knowledge is not consistently implemented in the commercially available
systems. As a result, modern commercial cLC systems often have the same dimensions as their
conventional counterparts. In comparison, the miniaturization of transistors and the modular
design of integrated circuits in microchips in electronics show the potential that consistent
implementation has for steadily increasing efficiency and user acceptance. This approach has
been so successful that there will be an estimated 7.69 billion smartphone subscriptions by 2027
[141]. A stringent realization and implementation of miniaturization has so far failed to
materialize in the field of instrumental analytics. For example, threads in valves of column
hardware for cLC have been optimized to 1/32" threads in order to reduce the influence of
improper connections; the new systems rely on 1/16" threads again. This makes the use of
special dead volume free fittings necessary and prevents a miniaturization of the valve

interfaces due to the need of bigger bores and fittings.

Another example is the optimization of the tubing pathways. With the new systems, the post-

column volume has been reduced to an absolute minimum, making it possible, e.g., to place the

19



Chapter 1

column in an oven directly in front of the MS interface [142]. However, this progress has come
at the cost of increasing the pre-column volume by the same amount, making modern systems
unsuitable for isocratic measurements or analytes with little retention on the stationary phase.
The main problem of these developments is that miniaturization is not thought through. Usually
only the flow path is miniaturized, the dimensions of the systems hardly differ from the
conventional systems or even exceed them in some cases. Design takes precedence over
function with clear disadvantages for chromatographic efficiency and acceptance of the systems
by the end user. The introduction of modular system components starting in 1968 with stand-
alone UV detector and pumps is considered a milestone in the history of HPLC [143, 144].
However, this basic idea stands in the way of modern, future-oriented miniaturization. Modular
thinking in individual modules for pumps, autosamplers, column ovens and detectors leads to
unnecessarily long capillary paths between the individual modules, which in turn leads to an

increase in the extra-column volume, resulting in additional band broadening [119, 145].

In conclusion, the industry's preference to use “standard” HPLC and UHPLC, as well as the
trend in conventional LC to shorten columns and reduce particle diameters to advertise faster
analysis without real efficiency gains, is the main reason why miniaturized systems have not

yet become the new gold standard.

1.4 With Miniaturization into a More Efficient and Greener Future

One of the greatest challenges of modern times is to cope with the hunger for resources driven
by constant economic growth. The annually published Earth Overshoot Day of the Global
Footprint Network allows an estimation of the resource consumption, it indicates when the
annually naturally regenerable resources of the planet Earth are exhausted [146]. The data show
a clear trend, the available resources are consumed increasingly faster, the Earth Overshoot Day
is reached sooner every year, and this pattern is only broken by global crises such as the recent
Corona pandemic as illustrated in Figure 1-4. What the Corona pandemic also showed clearly
is that an economic standstill leads to a significant reduction in resource consumption, but the
socio-economic consequences are serious, so innovation should be the means of choice [147,
148]. Already today, modern processes in industry need to be resource-saving, sustainable, cost-
optimized and still offer high efficiency, and sooner or later this trend will also have to be
reflected in the analytical laboratory. Miniaturization is the tool to fully meet these

requirements.
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Figure 1-4: Representation of the Earth Overshoot Day from 1970 to 2022. The various
crises that have led to a significant reduction in resource consumption are marked.

Over the past quarter century, understanding of the massive impact of human actions on the
environment has grown and is undisputed in the scientific community [149-152].
Environmental issues are also at the top of the list of concerns among the general population
[153, 154]. For Generation Z in particular, issues such as renewable energy, abandoning fossil
fuels, and climate change are of utmost importance, as demonstrated by the protests called
Fridays for Future that have occurred in over 150 countries since 2018 [155, 156]. With the
definition of the 12 principles of green chemistry by Anastas and Warner in 1998, the
development of sustainable methods was initiated [157]. In 2013, the 12 principles of green
analytical chemistry (GAC) were defined, which are also known as SIGNIFICANCE [158].
The principles of waste avoidance, energy conservation, user protection and miniaturization are
inherently covered by cLC [101]. Figure 1-5 shows the results of an "exact match" search in
the web of science core collection for "green analytical method", "environmentally friendly

method" and "green analytical chemistry" and illustrates the increased research interest in GAC.
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Figure 1-5: '"exact match'" analysis for the words 'green analytical method",
"environmentally friendly method" or "green analytical chemistry" in the web of science
core collection. Data is illustrated for the last 25 years.

As already mentioned, cLC contributes to a massive reduction in solvent consumption and can
therefore also mitigate the consequences of geopolitical events [64]. The first major acetonitrile
crisis occurred in 2009, which also drove research into alternatives in instrumental analytics
[159—161]. A similar effect is also looming in 2022, driven primarily by the continuing supply
bottlenecks of the Corona pandemic and the Ukraine war leading to reduced acetonitrile
availability on the world market. For example, the price of natural gas has increased fivefold
within a year based on Title Transfer Facility (TTF) prices [162]. Acetonitrile can be produced
from propene by the SOHIO process [163]. Among other things, propene is obtained by steam
cracking of natural gas with an approximate yield of 15%. From 1 t of natural gas, 150 kg of
propene are obtained, which in turn yields 15 kg or 19 L of acetonitrile [164].

Particularly in view of the fact that the cost of wholesale electricity on the stock exchange has
increased fourfold in quarter four of 2021 compared to the average from 2015-2020 and has
continued to rise since then [165]. Complete miniaturization reduces energy consumption and
can also be of economic interest [101]. This can be vividly illustrated by the often
underestimated costs of laboratory air [166]. The German Federal Institute for Occupational
Safety and Health (BAuA) recommends an air exchange rate in the laboratory of 25 m?/m?h,
which is equivalent to approximately 8 changes per hour for a ceiling height of 3 m [167]. If

we now imagine a small HPLC laboratory with a ground area of 60 m? and an operating time
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of 24/7/365 and assume that the costs for the exchange of 1,000 m® are 2 €, the costs for the
laboratory air per year alone amount to 26,280 €. Replacing conventional HPLC systems with

cLC systems opens up two options.

Option 1: If the laboratory space is maintained, more systems can be accommodated in the same
space with complete miniaturization. Although this does not reduce the cost of laboratory air,
it can significantly increase the productivity of the laboratory by parallelizing analyses and

increasing sample throughput.

Option 2: Alternatively, by changing to miniaturized systems, laboratory space could be
reduced while maintaining the same productivity. This would have two economic advantages:
the cost of laboratory air could be reduced accordingly and the maintenance costs, which are 5-
8 times higher than for office space, would be eliminated. If the freed-up space is now converted
into recreation rooms for employees and the laboratory workplaces are moved to the cloud,
employee satisfaction can be increased. Studies have shown that this is associated with reduced
sick leave, increased productivity and fewer resignations [168, 169]. The discussed options are

shown in Figure 1-6 as an example of a classic HPLC laboratory.
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Figure 1-6: a) A classic HPLC laboratory with workstations for data evaluation on the
individual systems. b) Illustration of option 1: significant increase in possible processing
through parallelization. c¢) Illustration of option 2: laboratory space can be significantly
reduced through the use of fully miniaturized cLC systems with equal sample processing
rates and elimination of laboratory workstations through data analysis in the cloud. Free
space can be used for recreation areas or additional office space.
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Regardless of the option chosen, the BAuA states that the air exchange rate can also be reduced
or natural ventilation can be used if a risk assessment is available [167]. Since cLC is operated
with only minimal amounts of solvent, such measures are realistic, potentially reducing the cost
for laboratory air further. Other economic factors that have not yet been taken into account are
the reduced costs of waste disposal, lower electricity consumption and savings in air

conditioning due to lower waste heat from the systems.

1.5 The Future is (Almost) Now.

The final sub-chapter could easily be found in a well-stocked bookstore in the science fiction
section. This is mainly due to the difficulty of extrapolating current trends and developments
into the future. Nevertheless, two developments can currently be observed which, in
combination, could lead to fully miniaturized total analysis systems (LTAS) in the coming
years. Firstly, the continuing developments of Lab-on-Chip systems (LOC) which miniaturize
individual laboratory functions and transfer them to a microfluidic chip. Secondly, the
increasing use of additive manufacturing in the chromatographic field. This is also supported

by the increasing number of publications on portable HPLC systems.

A major concern with classical laboratory HPLC analysis is the time gap between sample
collection and analysis. The classical approach involves sampling in the field followed by
preparation and analysis in the laboratory [170]. During this time, samples can change
chemically, or the target can be degraded, in addition there is a delay in reaction and action
[101]. To reduce response times, special trucks are used, which are equipped with full
laboratory equipment and allow on-site monitoring [171]. However, these are expensive
solutions that cannot be implemented on a large scale. Based on this context, intensive work is
being done on the development of portable HPLC systems [172]. In particular, the development
of UV LEDs based on AlGaN with a peak output of 341 nm, first described in 2001, and the
work of Adivarahan et al. on a 278 nm deep-UV LED, as well as the further development in
the Semiconductor Ultraviolet Optical Sources (SUVOS) Program of the American military,
have laid the foundations and contributed to the establishment of small battery-operated UV
detectors [173—175]. Several systems applying such deep-UV LEDs are reported [115, 138,
176]. Furthermore, considerable progress has been made in miniaturization to meet the
requirements of pressure stability, reproducibility, and freedom from pulsation resulting in e.g.
high pressure electroosmotic pumps, piston pumps and even zero electrical power pumps [ 138,
177, 178]. All these developments in detail have led to a number of miniaturized systems being

developed for field use like the hand-portable HPLC with broadband spectral detection from
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Chatzimichail et al. [172, 179]. In the meantime, the first fully miniaturized HPLC systems
have become commercially available [180, 181]. Our own efforts to develop a new system that

takes advantage of on-site sample preparation and analytics are detailed in Chapter 7.

LOC systems are the next step in miniaturization and are considered the most important trend
in the miniaturization of chromatographic systems [90]. In the past, some impressive
performances have used LOC techniques. Piendl et al. created an FS chip for multiple heart-
cutting HPLC/MS. With the developed chip transfer cross a particularly dead volume free
connection between both separation phases was possible [182]. In another publication of the
same group, the coupling of an HPLC chip with a miniaturized IMS and the separation of a
mixture of four antidepressants succeeded in complete resolution in a 2D-plot in less than 20 s
[183]. Furthermore, first proposes for creating 3D HPLC LOCs with ultra-high peak capacities
and peak production rates were made in 2015 [184]. The development of LOCs with classical
manufacturing approaches is costly and complex and requires expensive equipment. For
chromatographic applications, it is important that the materials used are resistant to organic
solvents to prevent dissolution or destruction of the chip structures [185]. Today mainly quartz
and fused silica are used in LOC, due to the good light transmission and mechanical stability
as well the resistance against the most common organic solvents. However, one of the main
disadvantages is that these materials are very fragile. The production of LOC in polymers is
also taking place, the dominant substrate here is polydimethylsiloxane (PDMS). The main
drawback of this substrate is the low-pressure stability and the hydrophobicity causes
nonspecific absorption [186, 187]. Regardless of the material, the systems are mainly
manufactured using classical production methods. Microfluidic channels are milled, etched, or
drilled into a base body [188]. These channels are then sealed with a lid using a complex
bonding process. A further disadvantage of this approach is that several months can elapse
between design and production. Another difficulty is the introduction of the stationary phase;
for particulate phases, auxiliary channels are usually used, which then must be sealed
afterwards. Monolithic phases can be synthesized on chip or are fabricated offline in a mould
and afterwards integrated into the chip prior to the bonding process. Another difficulty is the
implementation of the chip-to-world connection which allows connecting the chip with further
peripherals like pumps or detectors [189, 190]. To reduce the problems described above, LOC

systems are increasingly being manufactured using 3D printing [191].

Additive manufacturing is experiencing a noticeable surge in the chromatographic community
[192]. Due to the low access hurdles and the comparatively low acquisition costs, the

technology also enables small workgroups to manufacture new systems. Hardly any field
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experiences such a rapid development as 3D printing in the last years, new techniques like
Computed Axial Lithography (CAL) are developed at regular intervals [193, 194]. Also in the
chromatographic community, the field is becoming increasingly important. Additive
manufacturing is given its own sessions at the most important conferences. Large European
funded projects combining chromatography and 3D printing such as the recently completed
Separation Technology for A Million Peaks (STAMP) project of the University of Amsterdam
are being funded [195]. In the meantime, all system components of an HPLC can be
manufactured by 3D printing. For example, pneumatic switching valves and pumps as well as
valves for fluidic circuits have already been manufactured. Various experiments on printing
columns have also been carried out. The studies of Salmean et al. dealt with the optimal bed
formation and geometries of the stationary phase and could show that additive manufacturing
is not limited by the complexity of the design, and more efficient beds based on regular
monolithic architectures are possible [196]. As already mentioned, 3D printing is also used in
LOC, the dominating technology is stereolithography, which is a layer-by-layer
photopolymerization of liquid resins. The problem with this method is that the resin used is
difficult to remove from the printed cavities. In addition, there is the risk of incomplete
polymerization and thus contamination of samples. The bottleneck holding back 3D printing in
analytical chemistry is the problem of resolution vs. time. To address the described problems
of current LOCs, a flexible additively manufactured LOC system is developed in an own

research project which is introduced in Chapter 8.
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Chapter 2 Aims & Scope

In the introduction, an overview of the current state of cLC was given, but at the same time
existing shortcomings in the current literature were pointed out and reference was made to the
own research of this thesis. Besides, it was made evident that there is a discrepancy between
the manifold advantages of the technology and the actual range of application in present-day
instrumental analytics. The thesis pursues three main aims: the characterization and
quantification of the influence of different components of cLC on peak broadening, thereby a
reduction of the entry barriers for the utilization of miniaturized systems and the application of
the obtained knowledge for the development of new miniaturized separation systems and
stationary phases. With the defined goals, the thesis can be differentiated into two main parts,

the research consisting of Chapters 3-5 and the developments covered in Chapters 6-7.

In Chapter 3, the focus was on a major shortcoming of cLC, the loadability of the stationary
phase. The investigation was conducted extensively for isocratic and gradient separations. The
goal was to quantify the major influencing factor of pre-column band broadening and to derive
simple guidelines to reduce the influence of the injection volume on the overall performance of

the cLC.

While pre-column band broadening can be partially negated by focusing on the separation
column, this is not the case for post-column band broadening. By defining the parameters in the
previous chapter, a comprehensive investigation of commercial cLC detectors was carried out
in Chapter 4. This enabled the quantification of the influence of detector designs on the band
broadening, and thus one of the greatest negative factors influencing chromatographic

efficiency.

Chapter 5 explores the influence of the relationship between extra-column volume and the
effective-column volume on the efficiency. The focus of the investigations was on the 1.0 mm

ID columns, which represent the cross-over between cLC and conventional LC.

Chapter 6 exploited the advantage that only small amounts of stationary phase are required for
the preparation of a cLC separation column in order to promote the effective and cost-efficient

development of new stationary separation phases based on bead cellulose.

Finally, the insights achieved in Chapters 3-5 were used to develop a novel system in form of
a portable device for on-site detection of pollutants in aqueous matrices based on online
enrichment nano-HPLC ESI-IMS in Chapter 7. The scope and structure of the thesis is shown
in Figure 2-1.
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Chapter 3 The influence of injection volume on efficiency of microbore
liquid chromatography columns for gradient and isocratic

elution

This chapter was adapted from: T. Werres, T.C. Schmidt, T. Teutenberg, The influence of injection
volume on efficiency of microbore liquid chromatography columns for gradient and isocratic elution, J.
Chromatogr. A. 1641 (2021) 461965. https://doi.org/10.1016/j.chroma.2021.461965.

Abstract: The injection volume and the associated column volume overload is one of the most common
issues in miniaturized chromatography. The injection volume should not exceed 10% of the effective
column volume. A further reduction of the injection volume leads to an increase in chromatographic
efficiency. However, the signal intensity must be above a certain threshold to reach the ideal balance
between chromatographic efficiency and sensitivity. This study examined the general influence of the
injection volume for both isocratic and gradient elution, depending on the retention factor and peak
standard deviation. For this purpose, substances of different polarity were selected to represent a broad
elution spectrum. Besides the model analyte naphthalene, these were mainly pharmaceuticals. For all
measurements a microbore column with an ID of 300 um and packed with 1.9 um fully porous particles
was used. For isocratic elution, the injection volume was varied between 4 and 16% of the effective
column volume. The retention factors were adjusted between 2 and 10. For gradient elution, the injection
volume was varied between 4 and 160% of the effective column volume. The observed effects were
further investigated using the gradient kinetic plot theory. In isocratic elution, a loss in plate height up
to 50% was observed for components that elute near the void time. A significant reduction of the
chromatographic efficiency was noticed up to a retention factor of 4. In gradient elution, a reduction in
peak capacity could only be observed if the injection volume exceeded 40% of the effective column
volume. For some substances, only a slight loss in peak capacity was noticed even with a volume
overload of 160%.
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3.1 Introduction

The requirements for chromatographic methods in analytical chemistry are becoming
increasingly complex [1, 2]. The number of samples and substances to be analyzed is also
increasing every year, pushing routine laboratories to their capacity limits. In environmental
analysis, for example, multi-analyte methods are becoming a common practice as they enable
a significant increase in time efficiency and productivity [3, 4]. For the analysis of complex
samples, an optimization for all target analytes is virtually impossible. Therefore, the optimal
balance between signal intensity, sensitivity, chromatographic resolution of the individual

compounds and cycle time of the analysis method must be found.

One possibility to analyze many samples in a short period of time is the miniaturization of
chromatographic systems [5, 6]. Besides the significant reduction of solvent consumption, there
are other advantages of miniaturized systems that make them superior to UHPLC in
conventional dimensions [7]. By reducing the inner diameter (ID) of the separation column,
higher linear velocities can be achieved for a given flow rate. Moreover, the influence of
frictional heating can be almost neglected for miniaturized separation systems [5]. In UHPLC
and SFC, frictional heating is a topic that has received much attention for chromatographic
separation at very high pressures and has led to the development of new products, such as

vacuum jacketed columns [8—10].

Miniaturized HPLC is widely used in areas where only a small sample volume is available. This
includes but is not limited to health science and forensic applications [7, 11-13]. Despite these
advantages, miniaturized LC systems have not yet been established broadly in routine
laboratories. Apart from the users’ prejudices regarding stability and reproducibility of the
systems, the argument that miniaturized columns cannot be packed reproducibly has long been
refuted [14, 15]. Nevertheless, one of the major issues is the small effective column volume.
Due to the smaller column IDs and the resulting reduced column volume, peak broadening
quickly occurs by column volume or mass overloading [11]. While volume overloading leads
to a symmetrical peak broadening, mass overloading leads to a deviation from the Gaussian

peak shape by changing the distribution constant between mobile and stationary phase [16].

Although mass spectrometry is a technology widely available, UV detection is still most
prevalent in the pharmaceutical industry. However, UV detection has lower sensitivity when
compared to MS detection. To counteract this, the injection volume is increased to meet
sensitivity requirements but this is detrimental for resolution [17]. This is especially true for

applications in the field of pharmaceutical screening.
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Therefore, the aim of this study was to determine the general influence of the injection volume
in microbore columns with an ID of 300 um for both isocratic as well as gradient elution
depending on the retention factor and peak variance. The focus of this study is on RP, the
technique most commonly used in contemporary HPLC practice. For this purpose, substances
of different polarity were selected to represent a broad elution spectrum. The samples were
dissolved in a mobile phase that corresponded precisely either to the isocratic mobile phase or
the starting conditions of the solvent gradient to avoid solvent effects that could diminish the
chromatographic performance. The data were further analysed using the gradient kinetic plot

theory.

3.2 Materials and Methods

3.2.1 Experimental Setup

The experiments were carried out on an Eksigent ExpressLC Ultra system (Sciex, Dublin, CA,
USA). The system is equipped with a binary pneumatic pump that is able to generate a
maximum pressure of 690 bar with a total dwell volume of 1,500 nL, excluding the sample
loop. For sample loading, an HTS PAL autosampler (CTC Analytics, Zwingen, Switzerland)
was used. Sample injection onto the column was carried out by the integrated six-port-two-
position-valve and via external sample loops. For the isocratic experiments, a PEEKSil sample
loop with dimensions of 75 umx10 cm was installed. For gradient elution, the sample loops
were constructed using fused silica (FS) capillaries (Postnova Analytics, Germany) with an
outer diameter of 360 um and an inner diameter of 100 um. With the help of a diamond cutter,
the capillaries were cut to the length required for the desired injection volumes. For data
acquisition a 1260 Infinity II diode array detector WR (Agilent Technologies, California, USA)
with a cell volume of 100 nL was used. A data acquisition rate of 40 Hz and spectral band width
of 4 nm was chosen. A YMC-Triart C18 column with a length of 50 mm and an ID of 0.3 mm
packed with fully porous 1.9 pm particles with a pore size of 120 A was chosen (YMC Europe
GmbH, Dinslaken, Germany). The column was heated to 50 °C using the built-in static air oven
of the Eksigent ExpressLC Ultra system. The connection between the HPLC system, the
column and the DAD was done with the shortest possible pre-cut PEEKSIil capillaries with an

inner diameter of 50 pm which corresponded to a total length of 50 cm.

3.2.2 Chemicals

LC-MS grade water and acetonitrile (ACN) were used as mobile phases and were purchased

from Th. Geyer (Chemsolute, Renningen, Germany). To adjust the pH, formic acid (Sigma-
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Aldrich, Seelze, Germany) was added to a total volume concentration of 0.1% to the mobile
phase solvents. Acetone (Sigma-Aldrich, Seelze, Germany) was used to determine the gradient
dwell volume. The model compounds selected in this study are listed in Table 3-1. Uracil was
used to determine the column void time. The stock solution for every compound was prepared
in equal volume percentages of ACN/H,O with a concentration of 1 g L', Each standard was
dissolved in a solvent that corresponded precisely to the isocratic mobile phase or the starting
conditions of the solvent gradient. In order to eliminate the effects of column mass overloading,

the concentrations of the analytes were adjusted to the injection volume.

Table 3-1: Achieved minimum plate heights depending on the injection volume and
retention factor. Compounds sorted by retention factor (k) including organic volume
fraction (¢) and the effective column volume in %. All measurements were performed in
triplicate.

compound CAS number M purity provider Log P Gradient B Isocratic B
g mol" % ng ng
uracil 66-22-8 112.09 299 Fluka 0.86 0.13 0.13
metronidazole 443-48-1 171.16 =99 Sigma -0.02 0.50 0.50

sotalol 3930-20-9 272.36 =299 Dr. Ehrenstorfer 0.24 0.10 X

etoposide 33419-42-0 588.56 299 Sigma 0.60 0.10 0.50
carbamazepine 298-46-4 236.27 =98 Sigma 2.45 0.10 0.50
acetylsalicylic acid 50-78-2 180.16 =99 Sigma 1.19 0.10 0.50
naphthalene 91-20-3 128.17 =99 Sigma 3.30 0.10 0.10

3.2.3 Variation of the Injection Volume
As arule of thumb, the applied injection volume should not exceed 10% of the effective column
volume, which can be calculated according to Equation 3-1 [18].

Veerr =12 m-L-éer Equation 3-1

where 7 is the column radius, L the column length and & the total porosity.

A total porosity of 0.7 can be assumed for the used column resulting in an effective column
volume of 2.47 uL [19]. The injection was done by the integrated six-port-two-position-valve

which was operated in two different modes.
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Using the metered injection mode, the sample loop is completely filled. Afterwards, the sample
loop is switched into the flow path of the column for a defined time, depending on the flow rate
of the mobile phase. After the defined volume has been transferred to the column, the sample
loop is taken out of the flow path and the chromatographic run is started. In this way, the
injection volume can be adapted without changing the sample loop. For the injection volumes
of 400, 300, 200 and 100 nL the metered injection was used. To verify the reproducibility of
the metered injection method, a series of replicate measurements (n=12) at a flow rate of

25 uL/min and an injection volume of 100 nL was performed (See Figure 3-6).

In the first step of the full-loop injection mode, the entire sample loop is filled by the syringe
of the autosampler. Afterwards, the sample loop is switched into the flow path by switching the
six-port-two-position-valve. The chromatographic run starts and the entire sample volume is
transferred to the column. During the chromatographic run the sample loop remains in the flow
path and is continuously flushed by the mobile phase. Thereby, it contributes fully to the
gradient dwell volume. For the injection volumes of 4000, 3000, 2000 and 1000 nL the full-

loop injection mode was used.

3.2.4 Isocratic and Gradient Measurements

For the isocratic measurements, five separate experiments were carried out. The flow rate was
varied between 2 and 25 uL min’!. In order to investigate the influence of the injection volume
on the plate height depending on the retention factor independent of the substance, naphthalene
was selected as model analyte. The van Deemter analysis was performed for naphthalene at
retention factors of 2, 4 and 10. The other analytes were measured in a mix solution with an
organic volume fraction (¢) of 25% B. The minimum plate height of the very polar
metronidazole was determined at an organic fraction of 5% B. The column void time (t;) was
determined using uracil at an organic fraction of 95% B. Afterwards, the column was replaced

by a zero-dead volume (ZDV) union to correct for the system void time.

For the determination of the peak capacity, the flow rate was varied between 5 and 25 pL min
Uin 5-uL steps using a linear gradient from 5% to 95% B. In order to make use of the gradient
kinetic plot theory, it is necessary to keep the t,/t, -ratio as well as the ratio between the
gradient dwell time (t;) and t, constant. The t, values were determined as described for the
isocratic measurements. To determine t; a ZDV was installed and solvent B was replaced with
H>0 + 0.1% acetone to record the gradient profile. The resulting t; was corrected by the volume

of the connection capillary after the ZDV and the detector cell volume. The t,/t,-ratio was set
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to 20. To account for the change in the dwell volume due to the exchange of the sample loops
an additional isocratic plateau was programmed at the beginning of the chromatographic run.
For the investigated flow rate ranges, the resulting t; were between 2.33 and 7.00 min. The
specific timetables for the gradient measurements can be found in Table 3-3. Isocratic and

gradient measurements were performed in triplicate at a column temperature of 50 °C.

3.2.5 Software

Data acquisition was performed using Open LAB CDS Rev.C.0107.SR3 (Agilent
Technologies, California, USA). Further data processing was performed using OriginPro 2019b
(64-bit) 9.6.5.169 (OriginLab, Massachusetts, USA) and Microsoft Office Excel 2010.

3.3 Results and Discussion

3.3.1 Isocratic Measurements

Sufficient retention is required to achieve separation. According to the Purnell equation
retention factors > 5 no longer lead to a significant increase in resolution [20]. Against this
background, the elution strength of the mobile phase was selected to adjust the retention factor
between 2 and 10 for all components investigated. The retention factor (k) was calculated

according to Equation 3-2.

Equation 3-2

The retention time (tg) of the unretained marker uracil was used to determine the void time ().
The t, times were corrected for the system void time by replacing the column by a ZDV. The
plate height H was chosen to calculate the efficiency which can be derived from the van
Deemter equation (Equation 3-3). The van Deemter equation is a hyperbolic function in whose

vertex the highest efficiency is achieved.

B
H=A+ o + C *uy, Equation 3-3
0
here, A is the eddy diffusion, B the longitudinal diffusion, C the mass transfer and uo the linear

velocity.

H can be directly calculated from each individual peak in the chromatogram. In this study, it
was calculated using the peak width at half height. Table 3-2 summarizes the results for the

isocratic experiments.
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Table 3-2: Achieved minimum plate heights depending on the injection volume and
retention factor. Compounds sorted by retention factor (k) including organic volume
fraction (¢) and the effective column volume in %. All measurements were performed in
triplicate.

Huin/ pm
Compound k ® 400 nL 300 nL 200 nL 100 nL
16% 12% 8% 4%

naphthalene 2.0 0.61 11.2+£0.2 74+02 6.3+0.2 53+0.2
metronidazole 22 0.05 8.8+0.2 72+03 6.1+0.2 5.6 £0.1
acetylsalicylic acid 22 0.25 9.8+0.5 8.2+0.2 6.9+0.1 6.0+0.1
naphthalene 4.0 0.50 8.6+0.2 8.2+0.2 7.6+0.2 7.2+0.2
etoposide 6.2 0.25 5.0£0.2 5.1+0.1 51+0.1 47+0.2
carbamazepine 8.3 0.25 52+0.2 49+0.1 48+0.1 49+0.2
naphthalene 10.0 0.40 6.3+£0.2 6.3+0.2 6.3+0.2 6.3+0.2

The maximum standard deviations over all measuring points of the corresponding van Deemter
plot are given in Table 3-2. A comparison of the H,,;, immediately reveals different trends.
Sotalol could not be determined isocratically under the given chromatographic conditions
because the peak shape strongly deviated from a Gaussian shape (See Figure 3-7). Up to a
retention factor of 6.2 for etoposide, a reduction of H,,,;;, was observed by reducing the injection
volume to 100 nL. For an injection volume of 300 nL an increase in H,,;,, is only noticed up to
a retention factor of 4. For an injection volume of 200 nL, a loss of efficiency is still observed
for retention near the void time. The reason is the insufficient focusing of the early eluting
compounds at the column head. For naphthalene at k = 2.0 as well as metronidazole and
acetylsalicylic acid at k = 2.2, the loss in efficiency due to an increase in injection volume is
most pronounced. A visual comparison of the van Deemter plots of metronidazole and
carbamazepine, which represent an early and a late eluting compound, is illustrated in Figure

3-1.
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Figure 3-1: Van Deemter plots for A: metronidazole at a retention factor of 2.2 and B:
carbamazepine at a retention factor of 8.3. Flow rate: 2 — 20 pL. min'; mobile phase: 50%
H20 + 0.1% FA; 50% ACN + 0.1% FA; column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm;
temperature: 50 °C; detection: UV at 254 nm.

A reduction of H,,;,, was observed for metronidazole with a retention factor of 2.2 if the
injection volume is decreased from 400 nL to 100 nL. Furthermore, there is no linear
relationship between the reduction of the injection volume and the reduction of H,,;, for
metronidazole. The increase in efficiency is equivalent to a decrease in H,,;;,, of 22%, 18% and
9%, respectively. As mentioned above, carbamazepine only showed an increase by 6% at an
injection volume of 400 nL. A reduction below 300 nL did not lead to a further increase in

efficiency.

By examining the influence of the injection volume on the plate height at different retention
factors for naphthalene, a substance-independent evaluation of the observed effect is possible.
In Figure 3-2, the van Deemter curves for naphthalene are shown at a retention factor of

4 and 10.
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Figure 3-2: Van Deemter plots for a: naphthalene at a retention factor of 4.0 and b:
naphthalene at a retention factor of 10.0. Flow rate: 2 — 25 pL min’'; injection volume:
400 nL (blue); 300 nL (green); 200 nL. (red); 100 nL (black); mobile phase: 75% H20 +
0.1% FA; 25% ACN + 0.1% FA; column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm;
temperature: 50 °C; detection: UV at 254 nm.

The comparison of the van Deemter plots of naphthalene for k = 4 and k = 10 shows that the
observed effect is independent of substance. For naphthalene, which was examined at three
different retention factors, the resulting H,,;, varies greatly depending on the retention factor.
For k = 2 the increase of the injection volume to 400 nL resulted in an increase of 111%
compared to an injection volume of 100 nL, at k = 4 the increase of the injection volume only
leads to an increase in H,y;;,, of 54%. At k = 10 an increase of H,y;, is no longer apparent. By
comparing H,,;, of naphthalene for the three different retention factors at an injection volume
of 100 nL, another aspect stands out. Here, an H,,;,, of 5.3, 7.2 and 6.3 was achieved for
naphthalene in ascending k order. The maximum in H,,;, at k = 4 can be explained by the
different composition of the mobile phase and the resulting change viscosity. Similar effects
can be observed by examining the increase of the C-term of the van Deemter plot. In addition
to the retention factor, the composition of the mobile phase also has a significant influence on
the plate height. This fact also illustrates that the determination of H,,;,, without further data on

the retention factor and mobile phase composition has only little significance.
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For sub 2 um particle packed stationary phases the generally accepted opinion is that the
increase in the C-term of the van Deemter curve is less pronounced compared to larger particle
diameters. Moreover, the optimal flow rate range of the column is shifted to higher flow rates.
Therefore, the analysis time can be reduced without affecting the chromatographic efficiency.
However, the measurements at ¢=0.25 for the substances acetylsalicylic acid, etoposide and
carbamazepine show that there is a pronounced increase of the C-term. The C-term decreases
with increasing retention factor. From this it can be concluded that very fast analyses without
significant loss of efficiency can only be performed if the retention factor is sufficiently high.
This effect correlates with the retention factor and does not directly depend on the compound
structure. This is evident from the comparison of the C-term for naphthalene at three different

retention factors, where the slope of the C-term changes in the same way.

Although the plate height is an established performance parameter for the isocratic evaluation
of a separation column, it does not allow a comparison of the overall peak dispersion. The
reason is that H,,;, is not obtained at the same flow rate for different injection volumes and
components. In order to get information about band broadening by increasing of the injection
volume, the peak standard deviation (oj,) was used. To calculate g, the full width at half
maximum (FWHM) of a peak (w},) was divided by the factor 2.355 and multiplied by the flow

rate. Figure 3 shows the variances for all investigated components.
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Figure 3-3: Effect of injection volume on peak variance at a flow rate of 10 pL. min-1.
Components are sorted by ascending retention factor. Error bars indicate the standard
deviation calculated for n=3.

The comparison of the volume variances clearly shows that even for higher retention factors an
effect on performance can be observed by the increase of the injection volume. Except for
naphthalene (k = 10.0) every increase in injection volume leads to an incremental increase in
oy,. In the case of naphthalene (k = 10.0), the influence of the increase in injection volume is
superimposed by diffusion, which is manifested in a stagnation of g;,. In theory, a better column
volume loading can be achieved by adjusting to higher retention factors, but only at the cost of
a significant increase in width. Comparing the variances of naphthalene (k = 10.0) to that of
carbamazepine (k = 8.3) for an injection volume of 100 nL, this corresponds to an increase of
over 80%. The arrangement of the examined components by increasing retention factor
indicates that despite different interactions with the stationary phase a clear trend to an
increasing peak width with a higher retention factor can be observed. In combination with the
van Deemter data it can be concluded that in addition to high injection volumes, high retention

factors > 10 under isocratic conditions should be avoided in favor of lower peak width.
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3.3.2 Gradient Experiments

3.3.2.1 Influence on Peak Capacity

The peak capacity (n,) was determined individually for each component. The peak capacity
describes how many compounds can be separated with a defined resolution. Therefore, n, is a
good measure of the efficiency of a column under gradient conditions. The peak capacity was

calculated by Equation 3-4.

2,354 = t; .
n,=1+—— Equation 3-4
4 x wy

where wy, is the FWHM of a peak and ¢ is the gradient time. Figure 3-4 shows the obtained

peak capacities for all components and injection volumes.
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Figure 3-4: Dependence of peak capacity on injection volume for the selected compounds.
Flow rate: 10 pLL min-1; injection volume: 100-4000 nL; generic gradient elution from 5%
t0 95% B; column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm; temperature: 50 °C; detection:
UV at 220 nm. All measurements were performed in triplicate.

It is particularly noticeable that for the majority of the compounds a decrease in the peak
capacity is observed if the injection volume is increased from 400 nL to 1,000 nL. This decrease

in peak capacity does not continue to the same extent for the other injection volumes
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> 1,000 nL. The effect can be attributed to the overall increase in dwell time and the transfer of
peak tail on the column with the switch of the injection mode. The injection volumes between
100 and 400 nL were performed by means of the metered injection. Here, the measurement
starts by switching the valve after transfer of a defined sample volume from the loop to the
column. Thus, the peak tail is cut off by the switching process and the gradient dwell volume
is reduced by one port to port volume of the valve and the volume of the sample loop (See
Figure 3-8) [21, 22]. The injection volumes between 1,000 and 4,000 nL were applied by full-
loop injection. This is the most reproducible injection method available in chromatography.
However, with increasing loop volume the gradient dwell volume and analysis time increases.
In addition, there is no cut-off of the peak tail by full-loop injection. Furthermore, every change
of the sample loop can potentially lead to an unclean connection in the system resulting in

diminished chromatographic performance.

As expected, nonpolar substances were focused at the column head due to the aqueous starting
conditions of the solvent gradient. While the plate height for isocratic analyses is strongly
influenced by a small increase in injection volume, the peak capacity is constant for all selected
analytes if the injection volume is varied between 100 nL and 400 nL. A reduction in peak
capacity becomes visible for all compounds only when a four times higher injection volume
than the recommended 10% effective column volume loading is reached. For carbamazepine,
the peak capacity is reduced by 6% at an injection volume of 1,000 nL and remains constant
for higher injection volumes. The reduction is due to the change of the injection method.
Therefore, it can be concluded that with the full loop injection a loss in efficiency is already
achieved due to increase in dwell volume and the transfer of the tailing part of the peak onto
the separation column. Only a moderate drop in peak capacity was recorded for acetylsalicylic
acid. Sotalol, naphthalene and metronidazole showed a constant drop in peak capacity if the

injection volume is higher than 1,000 nL.

On the basis of our results, a metered injection should be preferred if applicable due to the
described advantages. However, for high injection volumes that exceed the total system
volume, this approach cannot be used for early eluting analytes. As described in metered
injection the chromatographic run starts after the entire injection volume has been transferred
to the column and the loop has been removed from the flow path. Consequently, it is possible
that early eluting analytes are flushed through the column before the chromatographic run is

started.
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3.3.2.2 Gradient Kinetic Plots

For the application of the gradient kinetic plot theory a constant tg/t, -ratio has to be
maintained. This is the only way to ensure that all compounds experience the same mobile
phase history when varying the injection volume [23]. Since t is a column specific parameter,
the gradient time was chosen to be constant for all injection volumes and only adapted to the
flow rate. Due to the experimental setup, the gradient dwell volume changes depending on the
injection mode and volume (see section 2.3 for a detailed explanation). To obtain a constant
gradient dwell volume for all experiments, an isocratic plateau was programmed before the start
of the gradient. The column length rescaling factor (1) is used to transform the experimental
data into kinetic plot limits (KPL) according to Equation 3-5 [25,25]. The maximum
experimental pressure during the gradient run (AF.,,) is used, which depends on the
permeability of the column and the viscosity of the mobile phase.

APmax

l=—0—— Equation 3-5
AP, — AP, q

where, APy, is the maximum backpressure which was set to 1,000 bar, AP, the experimental

pressure and AP, the extra column backpressure.

The column length rescaling factor enables the transformation of all other experimental data

into KPL, according to Equation 3-6 to Equation 3-8.

Ny ke =14V (M erp — 1) Equation 3-6
texpL = teexp Equation 3-7
Lgpr = A+ Lexp Equation 3-8
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where, 1, kpy,, is the maximum peak capacity, t; xpr, and Lgp;, the corresponding gradient time
and column length of the gradient kinetic plot limit. 1, .yp, tgexp and Ley, are the

experimentally determined peak capacity, gradient time and column length, respectively.

In order to obtain values for the extrapolation of peak capacities as accurately as possible, it is
necessary that the extra column band broadening only makes a small contribution to overall
system band broadening. In gradient elutions it is usually assumed that the extra column volume
before the column can be neglected if a non-polar compound is focused on the head of the
column. In order to determine the influence of the additional pre-column volume for
carbamazepine and metronidazole, the volume in front of the column was extended with sample
loops of 1000 — 4000 nL with an ID of 100 um. The injection volume was kept constant (442 nL
full-loop). For carbamazepine no effect of increasing pre-column volume on peak capacity was

observed. An n,, = 131 £ 1 was achieved for all pre column volumes. For metronidazole a
continuous decrease of n, was observed. While an additional volume of 1000 nL resulted in
n, = 91, an increase to 4000 nL resulted in n, = 70. For carbamazepine, KPL-data are only

influenced by post-column band broadening. For metronidazole, the total extra column volume
contributes to the dispersion. Therefore, the calculated peak capacities are lower than they
would be if the experiments were performed with longer columns. The obtained gradient kinetic

plot limits for carbamazepine and metronidazole are shown in Figure 3-5.
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Figure 3-5: Influence of the injection volume on peak capacity. Obtained gradient kinetic
plot limits for A: metronidazole and B: carbamazepine. Flow rate: 5 — 25 pL min’;
injection volume: 4,000 nL. (brown); 3,000 nL (turquoise); 2,000 nL. (yellow); 1,000 nL
(purple) 400 nL (green); 300 nL (blue); 200 nL. (red); 100 nL. (black). Mobile phase
gradient: 1% ACN + 0.1% FA /99% H20 + 0.1% FA to 95% ACN/0.1% FA; 5% H20
+ 0.1%; column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm; temperature: 50 °C; detection:
UV at 254 nm. Fit: power function.

For metronidazole, a clear trend can be observed if the injection volume is increased. For an
injection volume between 100 nL and 400 nL and a gradient time of about 50 minutes at a
flowrate of 10 uL min!, a maximum peak capacity of about 320 is obtained in each case. By
further increasing the injection volume, a significant loss of peak capacity becomes visible as
the injection volume increases. For an injection volume of 4,000 nL at 10 uL min™' only a peak

capacity of 120 is reached.

For short gradient times of about 4 min and a flow rate of 25 uL min™', an average peak capacity
of about 110 is achieved if the injection volume is varied between 100 nL and 400 nL. A further
increase of the injection volume also leads to a significant reduction of the peak capacity. A
peak capacity of 100, 80, 60 and 40 is obtained for 25 uL min™' and an injection volume of
1,000 nL, 2,000 nL, 3,000 nL and 4,000 nL, respectively. This corresponds to an average loss

of ny, kpy, = 20 per 1,000 nL increase in the injection volume.
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For carbamazepine no significant loss of the peak capacity was observed by varying the
injection volume. Due to its higher hydrophobicity, a good focusing on the column head was
achieved. When varying the injection volume between 100 and 400 nL for t; xp;, = 21 min,
and F = 10 uL min~! which corresponds to an Lgp; = 34 cm, no change in peak capacity was
observed. An average n,gp;, = 309 £ 2 was achieved. A further increase of the injection
volume up to 160% of the effective column volume resulted in a reduction by An, xp;, = 28 to
Ny, kp, = 281. This corresponds to a decrease in efficiency of 10%. However, it should be noted
that the metered injection creates a cut-off of the tailing part of the injection band [21, 22].
During full-loop injection, the whole volume including the tailing part of the injection band is
transferred to the column. Since the full-loop injection was used for injection volumes between
1,000 and 4,000 nL, the difference can be attributed to this effect. For F = 25 pL min~! and

texpL = 4 min an average n, xp;, = 113 was achieved.

3.4 Conclusion

The injection volume contributes significantly to band broadening. In order to reach the intrinsic
separation efficiency of sub 2 um particle packed microbore columns, the reduction of the
injection volume is recommended. This is especially true in isocratic elution, where a
pronounced decrease in plate height was observed for substances eluted near the void time of
the column. Even by minimizing the injection volume to 4% of the effective column volume, a
decrease in efficiency was observed. Only at high retention factors > 8, the injection band can
be sufficiently focused at the column head so that the injection volume can be increased.
However, if the retention factor is further increased, the peak variance increases significantly.
For real-world applications, enrichment for polar analytes, e.g. by off-line solid-phase
extraction, is advantageous because it allows the injection volume to be reduced. For non-polar
compounds, the advantages of a significantly higher injection volume can be used for direct

large volume injection of the sample to achieve low limits of detection.

In gradient elution the influence of the injection plug is significantly reduced. Here, for non-
polar analytes such as carbamazepine, only a slight decrease in peak capacity was observed
even with an injection band occupying 160% of the effective column volume. In contrast to
isocratic elution, a strong reduction of the peak capacity when increasing the injection volume
was only observed for compounds eluting near the void time. With gradient elution, it is
therefore possible to use large volume direct injection to achieve the lowest possible detection

limits.

58



Supplementary Information

3.5 Supplementary Information

Figure 3-6 shows the overlay of 12 Injections of Naphthalene. The Injections were peformed to
verify the reproducibility of the metered injection on the used LC-system. A flow rate of 25
pL/min was chosen which corresponds to a minimum switching time of the valve of 250 ms. A
value of 1.455 + 0.005 min was determined for the retention time. The deviation of the area was

876 £ 10 mAu*s and that of the height 254 mAU =+ 3.
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Figure 3-6: Twelve injections of naphthalene by metered injection. Injection volume: 100
nL; column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm; temperature: 50 °C; detection: UV
at 254 nm.
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Figure 3-7 shows the deviation of sotalol from the Gaussian peak shape. To illustrate this, a
gauss fit was placed over both resulting peaks. Comparing the tailing factor and symmetry of
both components according to the United States Pharmacopoeia (USP) method, it becomes
clear why sotalol was not investigated under the isocratic experimental conditions used. For
metronidazole a USP symmetry at 10% of 0.997 was achieved compared to 0.410 for sotalol.
The USP tailing factor at a height of 5% was 0.998 for metronidazole and 2.334 for sotalol. To
ensure a sufficient evaluation according to USP, the tailing factor should not exceed 1.2 and a

symmetric peak should be present.
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Figure 3-7: Comparison of the peak shapes of sotalol and metronidazole. Mobile phase:
95% H20 + 0.1% FA; 5% ACN + 0.1% FA; column: YMC-Triart C18, 50 x 0.3 mm, 1.9
pm; temperature: 50 °C; detection: UV at 254 nm.

60



Supplementary Information

Figure 3-8 shows the change in gradient dwell volume resulting from the use of the two
injection methods. In full-loop injection the chromatographic run starts by switching the sample
loop into the flow. In metered injection the chromatographic run begins after the sample loop
is switched out of the flow after a defined time. Accordingly, the gradient dwell volume in
metered injection is reduced by the volume of the sample loop and the port-to-port volume of

the valve.

a) ~, =60nL

Chwer cmef] e <]

Figure 3-8: Resulting gradient dwell volumes (dark blue line) using a) full-loop injection
and b) metered injection.
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Table 3-3: Timetables for the gradient measurements.

F / uL min-" 10 15 20 25 30
Gradient / %B
tc / min 7.0 4.7 3.5 2.8 2.3

start (100 — 400 nL)| 0.00 0.00 0.00 0.00 0.00 1
tp 0.15 0.10 0.08 0.06 0.05 1

tc 7.15 4.80 3.58 2.94 2.35 95

hold 7.30 4.95 3.73 3.09 2.50 95
decrease 7.50 5.15 3.93 3.29 2.70 1
hold 7.60 5.25 4.03 3.39 2.80 1
start (1000 nL) 0.00 0.00 0.00 0.00 0.00 1
tp 0.28 0.19 0.14 0.11 0.09 1

te 7.28 4.89 3.54 2.91 2.39 95

hold 7.43 5.04 3.69 3.06 2.54 95
decrease 7.63 5.24 3.89 3.26 2.74 1
hold 7.73 5.34 4.99 3.36 2.84 1
start (2000 nL) 0.00 0.00 0.00 0.00 0.00 1
tp 0.37 0.27 0.19 0.15 0.12 1

te 7.37 4.97 3.69 2.95 2.42 95

hold 7.53 5.12 3.84 3.10 2.57 95
decrease 7.73 5.32 4.04 3.30 277 1
hold 7.83 5.42 4.14 3.40 2.87 1
start (3000 nL) 0.00 0.00 0.00 0.00 0.00 1
tp 0.48 0.32 0.24 0.19 0.16 1

tc 7.48 5.02 3.74 2.99 2.46 95

hold 7.63 5.17 3.89 3.14 2.61 95
decrease 7.83 5.37 4.09 3.34 2.81 1
hold 7.93 5.47 4.19 3.44 2.91 1
start (4000 nL) 0.00 0.00 0.00 0.00 0.00 1
tp 0.57 0.38 0.29 0.23 0.19 1

tc 7.57 5.08 3.79 3.03 2.49 95

hold 7.72 5.23 3.94 3.18 2.64 95
decrease 7.92 5.43 4.14 3.38 2.84 1
hold 8.02 5.53 4.24 3.48 2.94 1
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Chapter 4 Peak broadening caused by using different micro-liquid

chromatography detectors

This chapter was adapted from: T. Werres, T.C. Schmidt, T. Teutenberg, Peak broadening caused by
using different micro—liquid chromatography detectors, Anal. Bioanal. Chem. (2022) 6107-6114.
https://doi.org/10.1007/s00216-022-04170-9.

Abstract: Advancements in column technology resulted in smaller particles and more efficient
phases. In parallel, the use of columns with reduced dimensions is becoming more common.
This means the effective column volume is also decreased, thereby making the systems more
susceptible to effects of band broadening due to extra-column volume. Despite these trends and
the fact that a growing number of miniaturized liquid chromatography systems are being offered
commercially, manufacturers often stick to the modular concept with dedicated units for pumps,
column oven, and detectors. This modular design results in long connection capillaries, which
leads to extra-column band broadening and consequently prevents the exploitation of the
intrinsic efficiency of state-of-the-art columns. In particular, band broadening post column has
a considerable negative effect on efficiency. In this study, mass flow and concentration-
dependent detectors were examined for their influence on band broadening using a micro-LC
system. A mass spectrometric detector, an evaporative light scattering detector, two UV
detectors, and a previously undescribed fluorescence detector were compared. The influence on
efficiency is compared using plate height vs linear velocity data and peak variance. It is shown
that an increase in the inner diameter after the post-column transfer capillary leads to significant
loss in plate height. Comparing the UV detectors, it could be shown that the dispersion was
reduced by 38% by the reduction of the post-column volume. The largest variance was found
for the evaporative light scattering detector, which was 368% higher compared to the variance
of the detector with the least effect on band broadening.
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4.1 Introduction

Miniaturized LC systems are increasingly gaining both relevance and acceptance in industry
[1, 2]. In addition to the increasing availability of commercial systems, this is mainly due to the
increased environmental awareness of the users and factors of profitability [3, 4]. Above all,
the benefits of high ionization efficiencies, reduced matrix influence, and the capability to
analyze the smallest sample volumes make miniaturized LC coupled to mass spectrometry the
main driving force behind the spread of the technology [1, 2, 5-7]. The modular design of
classical HPLC systems is based on the “HiFi Tower” principle and offers above all the
advantage of high flexibility. However, in the context of microflow systems, adherence to this
concept has one major drawback. Due to the modular design, longer flow paths are required
that inevitably lead to a high extra-column volume. As a consequence, the intrinsic efficiency
of modern sub 2 um separation phases cannot be fully utilized [8, 9]. However, in current
research, it can be observed that the trend is moving further toward miniaturized compact
systems. Such a compact design results in a reduction of the extra-column band broadening
(ECBB). A growing number of these “suitcase systems” with focus on reduction of ECBB have
been presented by several research groups [10-12]. Also, first approaches for ultra-low-cost
miniaturized HPLC “for everybody” have already been proposed [13]. The rapid development
of 3D printing will further accelerate this trend [14, 15].

While ECBB already has a significant effect on the resolving power of a separation in modern
UHPLC systems using 2.1 mm ID columns, the effect is even more pronounced when using
micro bore columns with an ID of 300 um as employed in micro-LC systems [16, 17]. The
mismatch will become particularly relevant in the light of ongoing improvements in the field
of chromatographic separation phases, where new standards of efficiency are being set with
increasingly smaller particle diameters and narrower particle size distributions [18]. Overall,
the ECBB can be divided into three parts: the injection volume and injection method, tubing

and connectors, and the detector.

In our previous work, the influence of the injection volume and the injection technique on the
chromatographic efficiency and the extra-pre-column band broadening was investigated. It was
found that a fixed loop in combination with metered injection generates the highest efficiency
[19]. Thanks to Taylor and Aris the influence of tubing on the flow profile of the mobile phase
is well understood and described at least for unbent, circular-profiled connection tubing under
laminar flow conditions [20, 21]. However, tubing in real systems is often bent or shows other

“irregularities.” This can, for example, result in so-called racetrack effects [22]. Thus, the
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determination of all possible factors that might cause significant band broadening in connecting
tubing would have to be determined with, e.g., computational fluid dynamics (CFD) simulations
[23]. Connections between individual HPLC components are potential sources for introducing
ECBB but can nowadays be made with ultra-low dead volume connectors. Due to the diversity
of detector designs and the associated changes in the inner diameters and turns of the flow path,
no universal mathematical equation can be used for the prediction of the influence on the ECBB.
The influence of the detector on the ECBB can only be determined by elaborate simulations or
by experiments for each detector independently. Although miniaturized LC in combination with
mass spectrometry is the preferred method for a variety of applications, there are no extensive

studies on band dispersion using such a coupling.

Therefore, the aim of this investigation was to evaluate the influence of different detectors on
the extra-post-column band broadening using sub 2 um particles in columns with an ID of
300 um. For this purpose, three concentration-dependent detectors and two mass flow—
dependent detectors were investigated. Chromatographic performance was assessed by change
in band spreading caused by the post-column connection tubing as well as the specific detector.
Other variables were kept constant. These comprise the injector, the injection method, the
injection volume, the pre-column tubing, and the column itself. Among the concentration-
dependent detectors, two diode array detectors (DAD) and a fluorescence detector (FLD) were
included. The mass flow—dependent detector was represented by an evaporative light scattering
detector (ELSD) and an ESI-MS, where the influence of the emitter capillary ID on band

broadening is discussed in detail.

4.2 Material and Methods

4.2.1 Chemicals and Reagents

Water and acetonitrile of LC-MS grade as well as acetone for the determination of the system
dwell times were purchased from Th. Geyer (Chemsolute, Renningen, Germany). Formic acid
(Sigma-Aldrich, Seelze, Germany) was added to a total volume concentration of 0.1% to the
mobile-phase solvents. Uracil was used to determine the column void time and purchased from
Sigma-Aldrich. Naproxen (Sigma-Aldrich) was chosen as the model analyte because it

generated a sufficient signal for all investigated detectors.
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4.2.2 HPLC Setup

All experiments were done on an Eksigent ExpressLC Ultra system (Sciex, Dublin, CA, USA).
The system can be operated up to a maximum pressure of 690 bar. For sample loading, an HTS
PAL autosampler (CTC Analytics, Zwingen, Switzerland) was used. Sample injection onto the
column was carried out by the integrated six-port-two-position valve and via fixed sample loop
(PEEKSsil™ 75 um x 10 cm) by means of metered injection. A YMC-Triart C18 column with
a length of 50 mm and an ID of 0.3 mm packed with fully porous 1.9 um particles with a pore
size of 120 A and 1/32" connectors was used and operated at 50 °C (YMC Europe GmbH,
Dinslaken, Germany). For connecting tubing, fused silica (FS) capillaries (Postnova Analytics,
Germany) with an outer diameter of 360 um and an inner diameter of 50 um were used. The
FS capillaries were cut to the required length using the Shortix™ Tubing Cutter (Supelco,
Bellefonte, PA, USA). Furthermore, the cutting edges of the capillaries were further processed
using the Capillary Polishing Station (ESI Source Solution, Woburn, MA, USA) using diamond
lapping film with a 1 pm grade to obtain a mirror-smooth surface. Finally, the capillaries were
rinsed to remove grinding residues. EXP®2 TI-LOK™ Hand-Tight Adapters (Optimize
Technologies, Oregon City, OR, USA) were used to guarantee a dead volume free connection

of the system components.

4.2.3 Detectors

Several detectors were used for comparison of the influence on the band broadening. Both
DADs studied in this work had a U-shaped cell, but still differed in their conceptual
implementation in some details. The first UV detector (DAD 1) was the AZURA DAD 2.1L
(Knauer, Berlin, Germany) equipped with a nano UV flow cell with a volume of 6 nL and an
effective light path of 3 mm. The cell consisted of a single continuous FS capillary with an inner
diameter of 50 um. The cell can be decoupled and placed directly behind the column using light
wave guides. Therefore, this detector had the smallest post-column volume of about 200 nL.
The absorbance was recorded with a sampling rate of 20 Hz and a wavelength of 275 nm was
chosen. A spectral band width of 4 nm was selected. The second UV detector (DAD 2) with a

cell volume of

80nL and an effective light path of 6 mm was a 1260 Infinity II DAD WR (Agilent
Technologies, CA, USA). The detector follows the classical “HiFi Tower” approach. The
connection is made via a 400 mm X% 0.05 mm pre-cut PEEKsil™ capillary, which can be
connected to the cell without dead volume due to a special conical cut. The ID of the cell

increased to 130 um, resulting in a total detector post-column volume of 865 nL. The
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absorbance was recorded with a data sampling rate of 20 Hz and a wavelength of 275 nm was
chosen. A spectral band width of 4 nm was selected. As FLD, the NanoFLD (Dr. Licht GmbH,
Niimbrecht, Germany, Art. LO116) was used. Recording of the signal was performed via the
integrated single-board computer (Raspberry Pi 4) which resulted in sampling rates up to 10 Hz.
For excitation of the sample, a UV-C LED with a wavelength of 275 nm was used. The emitted
light was recorded using a photomultiplier equipped with a wide band filter that cuts all
wavelengths < 305 nm. The flow cell consisted of a 6 cm long stripped FS capillary with an ID
of 50 um which resulted in the largest cell volume of 117 nL of the concentration-dependent
detectors investigated. Two centimeters of the cell, corresponding to 39 nL, was located in the
so-called Ulbricht sphere for efficient light collection. The total volume of the assembly is
530 nL without the swept volume of the T-pieces. Connection to the optical fibers and the
column outlet is achieved using T-pieces (IDEX; U-428; swept volume of 0.57 uL). A

description of this detector can be found in Chapter 4.5.

For the MS measurements, a QTrap 3200 mass spectrometer (Sciex, Dublin, CA, USA) was
used. To characterize the band broadening, three different emitter capillaries with an ID of 65
(MS 65), 50 (MS 50), and 25 um (MS 25) were used. While the 65 um ID emitter capillary was
made of stainless steel, the emitter capillaries with a smaller ID are based on a PEEKsil™
capillary with stainless steel tip. The signal intensity of naproxen was recorded by multiple
reaction monitoring at m/z 229.0 —> 113.0 and a dwell time of 40 ms. The following source
parameters were used: declustering potential, — 20 V; entrance potential, — 10 V; collision
energy, — 30 V; collision cell exit potential, — 5 V; curtain gas, 10 psi; ion spray voltage, 4.2 kV;

ion source gas 1, 20 psi; and temperature, off.

As an evaporative light scattering detector (ELSD), the ELSD 85LT (Knauer, Berlin, Germany)
equipped with a special nebulizer and glassware chamber for the flow rate range of 5 to
40 uL/min was used. A sampling rate of 30 Hz with a gain of 12 and a filter time of 1 s was

selected.

Since there is no classical cell volume in the mass flow—dependent detectors which influences
the band broadening, it must be clearly differentiated which transport mechanism is used for
the analytes after the transition into the gas phase. For ESI-MS, ions are generated from the
analyte molecules which are subsequently transported through an electric field. An optimized
ion source design has thus only influence on the sensitivity. When using an ELSD, a desolvation
step is carried out after nebulization. Afterwards, the desolvated analyte particles are

transported by a gas stream. During this process, further band broadening can take place.
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Table 4-1 summarizes the most important dimensions and volumes of the individual detectors.
The calculations were based on the nominal inner capillary diameters as specified by the
manufacturers.

Table 4-1: Summary of the dimension and volume of additional connectors needed of the
studied detectors and their acronym in the further document.

Acrony Cell / Emitter / Union / T- Tota
Detector m Tubing Desolvation piecec |

mm x mm (nL) mm x mm (nL) amount (nL) (nL)

AZURA DAD 2.1 DAD 1 10(()11;2)'05 3x 0.05 (6) 0/0 202
1260 Infinity Il DAD 400 x 0.05

e DAD 2 (755) 6 x 0.13 (80) 0/0 865

NanoFLD FLD 21(()4’; %05 60 x 0.05 (117) 0/2(570) 1169
MS25  210x0.05

QTrap 3200 - ) 215 x 0.025 (105) 1/0 517
MS50  210x0.05

o ) 215 x 0.05 (422) 110 834
MS65  210x0.05

o ) 215 x 0.065 (713) 110 1125

ELSD 85LT ELSD 25(()4’:98)'05 - (2570) 10 3060

Figure 4-1 shows the schematic of the cell detector geometries. Care was taken to maintain the

ratio of the capillary diameters to each other.
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Figure 4-1: Schematic representation of the investigated detector configurations. Ratios
of the capillary IDs were retained. A detailed explanation of the cell design of the FLD
can be found in Chapter 4.5.

4.2.4 Determination of Plate Height and Peak Variance

For the determination of the plate height and peak variance (o2), the peak widths were measured
at half height. This procedure is only valid if the peaks are symmetrical. Depending on the flow
rate, a peak symmetry between 1.2 and 0.9 could be determined for all detectors investigated
apart from the ELSD. To prevent peak dispersion due to volume overload, 100 nL of a
150 pg/mL naproxen sample was injected into the system. The mobile phase was set to 47% B
to adjust the retention factor (k) of naproxen to 2. A retention factor of 2 was chosen because
extra-column band broadening has a significant effect on weakly retained analytes. The flow

rate was varied between 2 and 25 pL/min. All measurements were performed in triplicate.
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4.2.5 Software and Data Processing

The micro-HPLC was controlled via Eksigent Control Software Version 4.2 Build 151,019—
1321 (Sciex, Dublin, USA). Data acquisition for the Agilent detector was performed using Open
LAB CDS Rev.C.0107.SR3 (Agilent Technologies, CA, USA). The detectors from Knauer
were operated with Clarity Chrome® version 8.1.0.87 Build Mar 28 2019 (Knauer, Berlin,
Germany). The FLD was controlled by means of a python script (Dr. Licht GmbH, Niimbrecht,
Germany), and the MS data was acquired using Analyst® 1.6.3 Build 5095 (Sciex, Dublin,
USA). Further data processing was performed using OriginPro 2019b (64-bit) 9.6.5.169
(OriginLab, MA, USA) and Microsoft Office Excel 2010. The peak widths were determined

using the Peak Analyzer from OriginPro.

4.3 Results and Discussion

4.3.1 Comparison of the Influence of the Detectors on Extra-Post-Column Band
Broadening

The visualization of the influence of the investigated detectors on the extra-post-column band

broadening was done by volume peak dispersion [19, 24]. Here, the time-dependent peak widths

are transformed into volume-dependent dispersion. The transformation was done using the

following equation:

w 2
0% = (2.3’515 * F) Equation 4-1

Where o2 is the peak variance, wy, the full width at half maximum (FWHM) of the peak, and
F the flow rate.

Figure 4-2 shows the comparison of the different detectors on the efficiency of the system.
Additionally, plate height (H) vs linear velocity (uy) plots are shown to further discuss the
observed effects [17, 25].
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Figure 4-2: Comparison of the influence of the studied detectors on the extra-post-column
band broadening in two visualizations. a) Dependence of the peak variance at different
flow rates. b) Comparison of the resulting H versus u, plots. Solid lines represent the fit
calculated by the residual sum of squares method for the experimental values. The dotted
lines represent the fit if the last data point is omitted. Error bars indicate the standard
deviation calculated for n = 3.

As Figure 4-2a shows, a significant increase in peak variance at the highest investigated flow
rate of 25 pL min ' was observed when the ESI-MS emitter capillary with an ID of 65 pm, the
ELSD, or the FLD was used. The system configurations have in common that after the transfer
capillary with an ID of 50 pm connecting the column outlet to the detector, there is a change to
a larger ID of 65 um for the ESI-MS emitter capillary and 500 um for the T-piece of the FLD.
When laminar flow occurs in a capillary, diffusion in the radial direction counteracts band
spreading. When the ID of the capillary is increased, the linear flow velocity decreases. In
addition, areas of stagnant mobile phase form at the transition to the larger ID. The molecules
migrate into and out of the stagnant regions by diffusion. At high linear flow velocities, the
analyte molecules near the center of the capillary move so fast in the longitudinal direction that
the time for rediffusion is no longer sufficient and band broadening occurs. This has the
consequence that an unfavorable flow path geometry can lead to significant losses in efficiency,
especially at high linear flow velocities. These observations are consistent with the study of
Filip et al. who, using CFD, were able to simulate similar effects on the peak broadening when

changing to higher IDs at high linear flow velocities [23].

The lowest peak variance was found for DAD 1, with an overall increase from 0.018 pL? to
0.025 pL? (43%) in the observed flow rate range. The highest dispersion was found for the
ELSD at a flow rate of 25 uL min™' with 0.117 uL?. The influence of the cell volumes for
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DAD 2 and the ESI-MS emitter capillaries with an ID of 25 um and 50 pm on the variance is
comparable. The highest increase in peak broadening at a flowrate of 25 pL min™' was found
for the detectors with an increase of the inner diameter of the flow path after the transfer
capillary. For the FLD and the ESI-MS emitter capillary with an ID of 65 pm, the increase was
290% and 225%, respectively.

The peak variance can be correlated with the post-column volume when the detectors are
separated into concentration-dependent detectors and mass flow dependent-detectors. In the
case of the FLD, the large change in variance can be explained by the significant increase in
the inner diameter from 50 to 500 um (see Figure 4-1). In conclusion it can be stated that a
constant diameter of the flow path after the column as well as the reduction of the ID after the
transfer capillary had no negative influence on the band broadening. By changing to a larger
ID, deviations from the expected data patterns could be identified at high flow rates. For
DAD 2, where the change to the larger ID only occurred within the detector cell, this effect was

not observed.

Comparing the H vs u, plots for the concentration dependent detectors in Figure 4-2b there is
no significant influence on H,y,;,,. The lowest H,,;, = 4.9 wym was achieved with the DAD 1.
Considering all data points, an H,,;, = 4.7 pym was calculated for the FLD, which is explained
by the overestimation of the C-term by the fit function. Examining the dotted plot line of the
FLD, an intersection with the plotline of DAD 2 is observed at 2.2 mm s™'. Excluding the last
data point results in an H,,;;, = 5.0 um. When using DAD 2 an H,,,;;, = 5.5 pm was achieved.
With increasing ID of the ESI-MS emitter capillary, the post-column volume increases and the
linear flow velocity in the emitter capillary decreases. As a result, due to spray instabilities, it
was not possible to represent H,,;, when using the ESI-MS emitter capillaries with an ID of
50 um and 65 pm, and the ELSD. When using the ESI-MS emitter capillary with an ID of

25 um, an H,,;, = 6.2 was observed.

The general assumption that the dispersion is a function of the post-column volume only reflects
reality to a limited extent. The 25 um ID emitter capillary yields a comparable post-column
volume as the detection cell of the FLD, and the emitter capillary with an ID of 50 um has a
comparable volume as the cell of the DAD 2, but the band broadening is clearly different.
However, with increasing post-column volume, a correlation to an increase of the slope of the
H versus ug plot at higher flow rates can be observed. As a result, only a small optimal flow

rate range can be used despite the use of sub 2 um particle packed stationary phases. The

74



Results and Discussion

specific choice of the detector can thus prevent the use of methods with a high flow rate if the

chromatographic resolution needs to be optimized.

4.3.2 Comparison of Sensitivity and Signal-to-Noise Ratio

To allow a direct comparison between the different detectors, the concentration of the model
analyte was chosen to generate a signal with a signal-to-noise ratio >5. The resulting
normalized chromatograms of the concentration dependent detectors are compared in Figure

4-3.

Normalized Signal

0.4 0.5 0.6 0.7
Time / min

Figure 4-3: Normalized chromatogram of naproxen at k=2 for the concentration-
dependent detectors. Column: YMC-Triart C18, 50 X 0.3 mm, 1.9 pm; temperature:
50 °C; injection volume: 100 nL; F= 25 pL min™.

Only under the assumtion that turbulent mixing takes place in the detector cell can it be
concluded that the sqauare of the cell volume is equal to peak variance [16]. In contrast, the
inlets and outlets as well as the already discussed dead zones have a significant influence on
the peak broadening. Based on the cell length of the DAD 1 being only half as long compared
to the DAD 2, the signal intensity should be half as large. However, the resulting signal of
DAD 1 is 8 times smaller, but at the same time the signal to noise ratio is only 1.5 times lower
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(16 versus 24). On the other hand, the total dispersion of the system is reduced by 38% at a flow
rate of 25 uL min™'.

According to Lambert-Beer's law, the sensitivity of the UV detectors depends largely on the
path length of the light beam through the sample. Nevertheless, other factors such as the light
throughput play a decisive role. By increasing the ID of the cell, light coupling can be
facilitated, but this increases the cell volume. Thus, while increasing the cell diameter has a
positive effect on the detection limit, increasing the extra-post-column volume has a negative
effect on band broadening and thus on the efficiency of the entire separation system. It is crucial

to find the best balance between dispersion and sensitivity.

For the FLD, an S/N of only 6 was calculated under the same conditions. Comparing the total
volumes of the concentration dependent detectors in Table 4-1, the retention time of naproxen
using the FLD should be higher than for DAD 2. This only allows the conclusion that not the
entire swept volume of the T-piece contributes to the total volume of the detector. The
chromatogram of the FLD clearly shows the issue of the low data sampling rate at higher flow
rates. The under sampling that occurs because of the lower data acquisition rate of the FLD can
lead to electronic peak broadening. To eliminate the described weaknesses regarding sensitivity
while maintaining portability, an active cooling of the LED by means of a heat sink and fan
should be implemented. These modifications should substantially increase the utilizable
intensity of the LED, thus increasing the detection limit and significantly reducing the noise. In
addition, the installed T-pieces must be replaced by more suitable ones with a smaller bore to
reduce the swept volume. The normalized peaks for the mass flow-dependent detectors are

shown in Figure 4.
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Figure 4-4: Normalized chromatogram of naproxen at k =2 with zoom in on the baseline

for the mass flow dependent detectors. Column: YMC-Triart C18, 50 x 0.3 mm, 1.9 pm;
temperature: 50 °C; injection volume: 100 nL; F= 25 pL min.

In the chromatogram of the ELSD, in addition to the peak broadening, a considerable tailing of
the peak is evident. Using ESI-MS detection it can be assumed that after the spraying of the
mobile phase the analyte peak does not experience any further dispersion [26]. In contrast to
MS, in which ions are generated in the ion source and then transported through an electric field,
in ELSD after nebulization in the micro flow chamber, molecules are transported through a gas
stream in a heated spiral to get fully desolvated and subsequently detected. Because of the
nature of the technology, it is not enough to modify only the periphery to utilize an ELSD for
miniaturized applications; the components from nebulization to the optical detector must also

be optimized.

For the different ESI-MS emitter tip capillaries, an S/N of 2,7 x 103, 2,5 = 103, and 3,0 * 103
was determined with decreasing ID. Normally, at constant injection volume and constant
concentration of the analyte, the S/N should decrease with increasing emitter ID due to higher
extra-post-column volume and the resulting additional band broadening. This is not the case

here and can be explained by the different surface roughness of the emitters. The ESI-MS
77



Chapter 4

emitter with an ID of 65 pm is completely made of stainless steel while the other two emitters
are made of PEEKsil™ and only the tip of these emitters is made of stainless steel. This in turn
can lead to flow turbulences which influence the laminar flow at the wall region and have a
negative effect on dispersion [16, 23]. In direct comparison of the ESI-MS emitter

configurations no influence on the peak symmetry could be observed.

As expected, the mass flow—dependent detectors are, superior in direct S/N comparison to the
concentration-dependent detector. It should also be noted that by simple modifications such as
changing the nebulizer chamber of the ELSD or the simple change of the emitter tip ID of the
ESI source, a successful coupling of conventional scale detector systems with MicroLC was

achieved. This can contribute to the accelerating of the spread of miniaturized systems.

4.4 Conclusion

The assumption that only the cell volume of concentration-dependent detectors needs to be
considered when determining the efficiency is a misconception. Due to the variety of detector
designs, cell geometries, and the associated changes in the inner diameters and turns of the flow
path, it can be concluded that there is no linear relationship between band broadening and extra-
post-column volume. The comparison of the two UV detectors used in this study demonstrates
that even if the modular design is retained, a reduction of the extra-post-column volume is
possible using optical waveguides. If the volume is set in relation to the signal-to-noise ratio, it
becomes clear that the efficiency gain outweighs the lower volume. In addition, it could be
shown that a change to a larger capillary ID after the transfer capillary behind the column has
a negative effect on the efficiency. This effect occurred especially at high flow rates as shown
for the FLD and the ESI-MS emitter tip with an ID of 65 um. In addition, the usable flow rate
range can be shifted to lower flow rates by reducing the emitter tip ID. No negative influence
was observed with a reduction of the diameter after the post-column transfer capillary ID. As
assumed, the comparison of the MS setups clearly shows that by simply changing the ESI-MS
emitter capillary, a conventional ion source can be used for miniaturized LC. This does not
apply to the ELSD where, despite the use of a micro nebulizer, the evaporation area should also
be optimized for the benefit of higher chromatographic efficiency. The investigated detector
concepts also underline that the classical approach of “HiFi Tower” HPLC systems is no longer
appropriate to fully utilize the intrinsic efficiency of sub 2 um particle packed columns.
Especially in the field of miniaturized HPLC, where the reduction of the extra-column volumes
is of particular importance, systems should be used in which the individual components, e.g.,

pumps, valves, connecting tubing, and transfer capillaries, are fine-tuned to each other.
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4.5 Supplementary Information

A previously undescribed portable FLD was used in this work. The emission spectrum of the
LED shown in Figure 4-5 allows to draw conclusions about the general background noise of
the system, the presence of parasitic emission, the emitted maximum wavelength, emission of

higher order wavelength and the half-width of the emitted wavelength.
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Figure 4-5: Emission spectrum of the UV-C-LED with a nominal wavelength of 275 nm.
With an Emission band maximum at 276.5 nm and a band width at FWHM of 15.6 nm.

The maximum emission band measured was 276.5 nm. The slight shift of 1.5 nm in the
wavelength of the LED can be attributed to temperature effects and the associated reduction in
the band gap. The emission band width at half height was 15.6 nm. This allows the detection of
analytes that are excitable at 250 — 300 nm. A significant background noise of 10% of the total
signal can mainly be attributed to thermal effects due to the lack of active cooling [27, 28].
Despite the high background noise, a higher order band can be detected at twice the wavelength

of the main emission band between 530-570 nm.

Another important factor affecting the sensitivity of the system is the ability of the LED to

convert current into photons. Usually, the emission of photons is increased with an increase in
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current, by recombination of electrons and holes. However, UV LEDs in particular have a low
output optical power and therefore convert the current into thermal energy, which in turn leads
to a decrease in the band gap and thus in the emission intensity [28, 29]. Figure 4-6 shows the

influence between current, temperature and emission intensity.

An equidistant increase of the current did not lead to an equal increase of the emission intensity,
as can be seen in Figure 4-6a. In addition, for an LED power > 50%, the additional power was
largely converted into thermal energy. This can be clearly seen in the continuous drop in
emission intensity. Furthermore, an increase in the background noise can also be observed.
Figure 4-6b shows the influence of the heat buildup of the LED on the emission intensity. Figure
4-6¢ depicts the zoom of the first 250 seconds of the intensity drop. As early as 5 seconds after
switching on the LED, 10% of the maximum intensity was lost. This was reduced to 80% after
100 seconds and after approximately 240 seconds, 30% of the emission intensity was lost. After
30 minutes the signal was constant, at this time only 45% of the initially detected radiation

could still be observed.
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Figure 4-6: (a) Influence of the LED power on the signal intensity. (b) Decrease in signal
intensity due to the heating of the LED. ¢) Enlargement of the section marked with a
dotted rectangle in b), red circles mark the data points described in the text.

Figure 4-7 summarizes photos of the relevant components of the NanoFLD. The NanoFLD can

excite the analyte in the measurement cell with different light sources in a wavelength range

below 300 nm and detect the fluorescence signal of the sample components both as a spectrum

in the wavelength range from 250 nm to 1050 nm and above 310 nm in sum from the whole

solid angle.
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Figure 4-7: Photo documentation of the previously undescribed nanoFLD with front view,
opened housing, opened detector cell, and detail shots of the upper and lower halves of
the detector cell. Number description referenced in the text.

a) shows the front view of the detector with a 2-euro piece for size reference, the diameter of a
2-euro piece is 25.75 mm. 1: Besides the power input, the detector is equipped with 2x USB 2
sockets, 2x USB 3 sockets, 1x Gigabit Ethernet socket and a 4 pin audio port. On the side of
the detector is a BNC socket with analog signal output in the range of 0-1500 mV and a 3.5 mm

jack socket as TTL input for the external start signal.

b) The open housing allows a view of the entire cell design. 2 and 3 mark the flow from HPLC
to waste. Under the dome in 4 is the heart of the measuring cell with mirrored interior, optical
inputs and outputs, and the flow cell. At 5, the LED for excitation of the sample is coupled in
the axial direction. at 6, the emitted fluorescence light is directed into the detector cell from the

axial direction.

¢) Interior view with detector cell open.7: In the area marked in red, the fixed lower part of the
mirrored measuring cell can be seen. The flow cell the flow cell based on a stripped fused silica

capillary can be seen in the center.
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d) Interior view of the upper dome from 4. In the upper part of the mirrored cover, there is only
the hole marked with 8 for the introduction of the emitted axial fluorescent light into the

measuring cell.

e) Detail view of the lower part of the measuring cell. 9: Entrance to the photometer. 10:
entrance to the photomultiplier 11: entrance for direct irradiation from the LED with filter

window.
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Chapter S Interplay between extra-column volume and effective-column
volume on efficiency: investigation of the column inner diameter

in UHPLC and miniaturized LC

This chapter was adapted from: T. Werres, T.C. Schmidt, T. Teutenberg, Influence of the Column Inner
Diameter on Chromatographic Efficiency in Miniaturized and Conventional Ultra-High-Performance
Liquid Chromatography. Chromatographia 86 (2023) 143—151. https://doi.org/10.1007/s10337-023-
04237-4.

Abstract: To reduce solvent consumption and cycle times of analyses, the inner diameters (ID) of
separation columns are being reduced continuously in HPLC. In particular, 1.0 mm inner diameter
columns seem to be the next logical step, as they represent a good compromise between resilience and
speed. However, the necessary optimization of the extra-column volume is often not considered. The
aim of the study was therefore to investigate the influence of the column inner diameter on the efficiency
in the isocratic and gradient elution mode. Emphasis was placed on the relationship between extra-
column volume and effective-column volume. The performance of 0.3, 0.5, 1.0 and 2.1 mm inner
diameter columns were compared on a un-HPLC and UHPLC system. To enable a fair comparison
between the different columns the linear flowrate was kept constant. In isocratic mode the influence of
the extra-column volume dispersion was assessed by the peak standard deviation and the reduced plate
height. In gradient mode the separation of 7 antineoplastic drugs on the columns was used and rated
based on the peak capacity and chromatographic resolution. Amongst other things it was shown that the
ratio between extra-column volume and effective-column volume can be a simple parameter for
choosing an appropriate column ID-HPLC combination. An unfavorable ratio between extra-column
volume and effective-column volume led to a doubling of the minimum plate height in these
investigations.
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5.1 Introduction

As early as 1983, Jorgenson and Guthrie proposed the theory that smaller column inner
diameters (ID) will lead to more efficient columns [1]. Today, the combination of very small
capillary diameters and the reduction of column and particle diameters enable fast and efficient
analyses in miniaturized LC without having to resort to high pressures [2, 3]. As a positive side
effect by downsizing of the system components, a significant reduction in solvent consumption
can be accomplished, making p-HPLC an attractive alternative also in the context of Green
Analytical Chemistry (GAC) [4-6]. While problems such as a poor packing quality of
miniaturized separation columns are a bygone era, the reduced loading capability is an
inherentdisadvantage [7]. However, especially when coupled with mass spectrometry, which is
becoming increasingly important, this issue does not necessarily represent a disadvantage. Due
to the reduced injection volume and lower flow rates, less matrix is introduced into the ion
source. Therefore, competing ionization between the matrix and the target analytes is reduced,
ionization efficiency increases, and the signal-to-noise ratio improves which in turn benefits the
detection limits [8, 9]. This can also have a positive effect on the operating times and
maintenance intervals, making the combination of MS with u-HPLC a "marriage made in
heaven" [10]. Furthermore, the reduction in column ID results in less radial dilution of
molecules, the injection plug remains more concentrated, and there is a direct correlation
between column ID and signal intensity [11]. Whereas miniaturized systems were previously
used primarily in areas where sample volume is limited, they are now also increasingly being

used in many other fields, such as process control [12].

With the introduction of UHPLC and the extended usable backpressure of modern systems, two
trends towards the establishment of faster analyses have emerged in conventional HPLC. First,
fast analyses are accomplished by extremely high flow rates, in some cases up to 8 mL/min
[13]. However, in addition to high solvent consumption, other problems arise, such as frictional
heating in the columns and generally poorer coupling capability to mass flow-dependent
detector systems [14]. On the other hand, smaller column IDs are increasingly used in
conventional HPLC in order to reduce analysis time through higher linear flow rates. Where
4.6 mm ID columns used to be the standard, 2.1 mm ID columns are now increasingly being
used. Columns with an inner diameter of 1.0 mm are a good compromise between loadability
and speed [15]. In this way, fast analyses with reduced resource consumption can also be
achieved with UHPLC. However, in these column dimensions the extra-column volume starts
to have a significant influence on the band broadening, so that optimization of the capillaries

and peripheries becomes necessary [16].
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Numerous investigations have focused on band broadening in HPLC. The majority of these rely
on concentration-dependent detectors, primarily due to their simplicity [17-20]. It is true that
the band broadening of various miniaturized detector systems has already been compared in the
context of our own previous research studies, which also focused on mass flow-
dependentdetectors [21]. Paradoxically, despite the increased importance of MS, band
broadening studies performed in combination with this detection technique are scarce. This can
be explained by the fact that especially the processes in the ionization source are strongly flow
rate dependent. As a consequence, especially for large flow rate ranges parameters like needle
position, voltages, gas flows or the ionization temperature have to be adjusted which makes

direct correlations difficult but not impossible [22].

The aim of the study was therefore to investigate the influence of the column ID on the
chromatographic efficiency in isocratic and gradient elution coupled with MS detection. For
this purpose, the column ID was varied between 0.3-2.1 mm. For the performance of the
experiments a p-HPLC and a UHPLC system were used. The main focus was on the separation
column with 1.0 mm ID as a bridge between both HPLC systems. In the isocratic range, band
broadening was investigated using an already established sample mixture [7]. For the evaluation
of the separation efficiency in gradient mode, a modified already published method for the

determination of antineoplastic drugs in wipe samples was used [23].

5.2 Materials and Methods

5.2.1 Experimental Setup

The Nexera Mikros (Shimadzu Europa GmbH, Duisburg, Germany) was used as u-HPLC in
this study and consisted of the Mikros column oven, the LC Mikros pump, an SIL-30AC
autosampler, a CBM-20A controller and a DGU-20A3R degassing unit. NanoViper™
fingertight fittings (Thermo Fisher Scientific, Waltham, Massachusetts, USA) with 50 um ID
were used for pre-column tubing. Post-column tubing was done via the UF-Link mechanism

coupled directly to the Mikros emitter capillary.

An LC-40 system from Shimadzu was used as UHPLC and consisted of the Mikros column
oven, two LC-40D X3 pumps, an SIL-40CX3 autosampler, an SCL-40 controller, and a
DGU-40S degassing unit. A 20 pL static mixer was installed and tubing was done via 100 pm

ID stainless steel tubing.
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Both HPLC-systems were hyphenated to a Shimadzu 8060 triple quadrupole mass spectrometer
equipped with the standard ESI ion source and fitted with a microESI capillary (225-12438-

42). For the experiments with the Nexera Mikros the Micro-ESI source was installed.

The IDs investigated in the study were 0.3, 0.5, 1.0 and 2.1 mm. The columns with a length of
50 mm were packed with the YMC-Triart C18 fully porous 1.9 um particles with a pore size of
120 A (YMC Europe GmbH, Dinslaken, Germany). During measurements the column was
heated to 40 °C.

5.2.2 Chemicals and Reagents

LC-MS grade water and acetonitrile (ACN) were used as mobile phases and were purchased
from Th. Geyer (Chemsolute, Renningen, Germany). To adjust the pH, formic acid (Sigma-

Aldrich, Seelze, Germany) was added to a total volume concentration of 0.1%.

Carbamazepine, acetylsalicylic acid (ASA), etoposide, gemcitabine, cyclophosphamide,
ifosfamide, paclitaxel and Docetaxel were purchased from Sigma-Aldrich. Uracil was used to
determine the column void time and methotrexate were bought from Honeywell Fluka (Thermo
Fisher Scientific). For the experiments stock solutions for each compound were prepared in

equal volume percentages of ACN/H>O with a concentration of 1 g/L.

All stock solutions were diluted to their final concentration in a solvent that corresponded
precisely to the isocratic mobile phase (¢=0.25) or the starting conditions of the solvent gradient
(9=0.10). For the isocratic experiments the standards were diluted to a final concentration of
carbamazepine = 0.06 ng/mL, acetylsalicylic acid = 50 ng/mL, etoposide = 1.25 ng/mL, and
uracil = 5 ng/mL. For the gradient elution the seven antineoplastic drugs were diluted to a final

concentration of 10 ng/mL.

5.2.3 Experimental Conditions

All scaling within this work was performed based on the 0.3 mm ID column. To allow a fair
comparison between different columns, the flow rate has to be adjusted so that the same linear

flow rate prevails. This scaling was performed using the following equation.

1D,\* .
F, = <_) F Equation 5-1
2 =\1p, * Iy q

Where F; and F, is the flow rate and ID; and ID, the inner diameter for the first and second

column.
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Because gradient elution offers the benefit of focusing of the injection plug on the column head
two injection volumes of 1 uL. and 5 pL were investigated in gradient elution. In isocratic
elution, it is necessary to guarantee that an equivalent amount of compound and injection
volume is introduced on the column in relation to the effective column volume (Vsf). To
exclude the effects of volume overloading as far as possible, the injection volume was limited

to 4% of V, ¢ s in isocratic elution. V¢ was calculated according to Equation 5-2.
Vesp=r**m+Lxe Equation 5-2

Where r is the radius of the column, L the length of the column and € the porosity of the
stationary phase. For the material used an € = 0.7 can be assumed. Furthermore, the equation

shows that the injection volume correlates to the square of the ID.

For gradient elution, after transferring the injection volume, the sample loop was removed from
the flow path by switching the injection valve a second time. Thus, the gradient dwell volume
that can contribute to extra-column band broadening (ECBB) can be reduced by the loop
volume and a port-to-port volume of the valve. To avoid the additional pressure pulse, valve

switching was omitted under isocratic conditions.

The visualization of the influence of column ID in relationship to the extra-column volume on
the peak broadening calculations are based on the volume peak deviations (o). The
transformation of the peak widths (w;,) was done at the full width at half maximum (FWHM)

using Equation 5-3:

o= *x F Equation 5-3

Additionally, reduced plate height (h) versus linear velocity (u,) plots were compared to further

discuss the relationship between extra-column volume and effective-column volume.

The resolution R was also calculated at FWHM using Equation 5-4:

Equation 5-4

Wh1 + Wpa

Where t, is the retention time of the first and t,., the retention time of the second component.

The peak capacity (n,) describes how many compounds can be separated with a defined
resolution in a given gradient time (ts). Therefore, n, is a good measure of the efficiency of a

column under gradient conditions. n,, was calculated using Equation 5-5.
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2,354 * t .
n,=1+ L% Equation 5-5
4 x wy
In order to achieve a good spacing between the investigated components, a mobile phase
composition of 25/75 (water/ACN) was chosen in the isocratic elution. The retention factors
could now be adjusted between 2 and 8. The effective gradient time was 3.5 min. The

programmed gradient in relation to water was as follows. 0.00-0.05 90%; 0.05-2.85 50%;
2.85-3.55 1%; 3.55-3.95 1%; 3.95-4.05 90; 4.05-6.00 90%.

Under ideal experimental conditions, the ion source parameters should be kept constant for all
experiments. However, as already described in the introduction, these are strongly dependent
on the flow rate. Overall, due to the scaling a flow range of 1.5-539 pul./min was investigated.
Therefore, when changing to larger column IDs and thus higher flow rates, it was inevitable to
resort to higher temperatures to ensure sufficient desolvation. The source parameters used are

summarized in Table 5-1.

Table 5-1: Summary of the set ion source parameters.

Parameter Value Unit
Column ID 0.3 0.5 1.0 21 mm
Nebulizing gas flow rate 1.5 1.5 1.5 1.5 L/min
Interface temperature 3 3 3 3 °C
Desolvation line temperature 100 100 150 250 °C
Heat block temperature 400 400 400 400 °C
Drying gas flow 0 0 0 5 L/min

For MS data acquisition multiple reaction monitoring (MRM) was used. In the isocratic
experimentation the following mass transitions were used: uracil m/z 113->96; etoposide m/z
589->229; carbamazepine m/z 237->194; and acetylsalicylic acid in negative mode m/z 179-

>137. The dwell time was 49 ms.

For gradient elution the following multiple transitions were usesd: gemcitabine, m/z 264-> 112;
methotrexate m/z 455->175, 134; ifosfamide m/z 261->182, 154; cyclophosphamide m/z 261-
>106, 140; etoposide m/z 589->229; 185, paclitaxel m/z 854->569; 286; 7. Docetaxel as Na-
adduct m/z 830->304;248.
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5.2.4 Software and Data Processing

Data acquisition was performed using LabSolutions Version 5.109 (Shimadzu). Further data

processing was performed using Origin 2022b (9.95) and Microsoft Office Excel 365 Version.

5.3 Results and Discussion

5.3.1 Isocratic Mode Evaluation

With decreasing column ID, the volume of the analyte peak is reduced to the same extent as the
injection volume is adapted to the effective column volume. As a consequence, the band
broadening in the connecting tubes can have a significant influence on the chromatographic
performance. In isocratic mode, the relevant extra-column volume (V) is composed of the
injection volume (Vinj), the pre-column volume (Vpre) consisting of the inlet tubing and a port-
to-port volume of the switching valve and the post-column volume (Vpost) comprising the

outlet tubing and the ESI-emitter capillary. All connection tubing or additional volume before

the injection plug is irrelevant.

When comparing different column IDs it is necessary to perform the experiments on band
broadening at the same linear flow velocity and to adjust the injection volume and substance
mass in relation to the effective column volume. In this way, possible effects on peak dispersion
due to mass or volume overloading of the column can be minimized. A direct correlation
between the ECBB and the extra-column volume is not possible. Especially in miniaturized
systems, various system components have an increasing influence on the peak dispersion.
Nevertheless, a rough estimate of the expected band broadening of the investigated
configurations can be made using the quotient of V,¢r/Veyx. The assumptions used to determine

this parameter are summarized in Table 5-2.
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Table 5-2: System volumes of the investigated configurations used for the determination
of Vef f / Vex

System ID Verr Vpre Vpost Vinj Vex Vet /Vex
mm ML ML ML ML ML

Mikros 0.3 2.5 1.5 0.3 0.1 1.9 1.3

Mikros 0.5 6.9 1.5 0.3 0.3 2.1 3.3

Mikros 1.0 27.5 1.5 0.3 1.1 29 94

LC-40 1.0 27.5 4.7 2.6 1.1 8.4 2.0

LC-40 2.1 121.1 4.7 2.6 5.0 13.5 9.0

The visualization of the band broadening was done by volume peak dispersion. This allows a
correlation between the band broadening and the flow rate used. The results of the isocratic

investigations are shown in Figure 5-1.
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104 b) 0.5 mm ID; injection volume of 280 nL; Nexera Mikros
c) 1.0 mm ID; injection volume of 1120 nL; Nexera Mikros
5 d) 1.0 mm ID; injection volume of 1120 nL; LC40
e) 2.1 mm ID; injection volume of 4950 nL; LC40
0- L]

98 1715 245 3185 392 465.5 539
Flow rate / pL/min

Figure 5-1: Effect of different column IDs and HPLC-systems on peak standard deviation.
Injection volumes, sample concentrations and flow rates were proportional to column ID.
The analytes are sorted by increasing retention factor from left to right. Error bars
indicate the standard deviation calculated for n = 3.
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It was shown that for all configurations investigated, an increase in dispersion can be observed
with increasing retention factor. In addition, the flow rate and thus also o increase with
increasing ID. As expected, the lowest peak standard deviation of 0.35-1.08 uL was observed
for the 0.3 mm ID column in Figure 5-1 a, but the unfavorable Vi /Veoy ratio of 1.3 could be
seen from the constant increase in o with higher flow rates. A similarly distinct trend was also
identified for the 1.0 mm ID column coupled to the LC-40 in Figure 5-1 d with a Vgg/Vey of
2.0. Compared to the 0.5 mm ID column in b) with Vg¢/Vey of 3.0, a maximum increase for
carbamazepine at a flow rate of 30.6 uL/min of 73% was evident. While for carbamazepine
only a small fluctuation was observed over the flow range under investigation, the early eluting
compound ASA with k=2 showed a similar pattern in respect to the increase of ¢ as when using

the 0.3 mm ID column.

The experiments for Figure 5-1 c¢-d were performed on the identical column and thus allowed
a direct correlation of the effects of both HPLC-systems investigated. In a direct comparison of
both systems, Voy was 2.9 times higher for the LC-40 than for the use of the Mikros system.
The Vg /Veyratio of 9.4 is 4.7 times worse on the LC-40 when compared to the Mikros system.
This was also reflected in the considered peak standard deviation. The favorable Vug/Vey in
Figure 5-1 c resulted in a small increase in ¢ for all analytes investigated. This amounted to a
maximum of o =03pL for ASA, o=0.7puL for etoposide and o = 0.7 uL for
carbamazepine. In comparison, in the setup in figure 1 d, these were 0 = 1.4 pL for ASA, o =
2.6 pL for etoposide, and o = 2.9 pL for carbamazepine. Thus, at the maximum, there was a

52% increase in ¢ for etoposide.

For the 2.1 mm ID column in Figure 5-1 e the highest peak standard deviation with 0 = 6.7 —
22.9 pL was observed, which is mainly due to the comparatively high flow rates applied. The
configuration had the second best ratio with Vy¢/Vex = 9.0. This was again reflected in the low
increase of the early eluting compound ASA with a maximum increase of 16%. To further
evaluate the interplay between extra-column volume and effective-column volume on

efficiency, h versus u, analyses were performed which are shown in Figure 5-2.
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Figure 5-2:Comparison of the resulting h versus u, plots for carbamazepine. Solid lines
represent the fit calculated by the residual sum of squares method for the experimental
values. Injection volume: 100 nL (blue); 1,120 nL. (green); 1,120 nL (red); 4,950 nL
(black); mobile phase: 75% H20 + 0.1% FA; 25% ACN + 0.1% FA; Error bars indicate
the standard deviation calculated for n = 3.

The Vg¢/Vex ratio of the 0.3 mm ID column was too low to ensure a complete mapping
of the h versus u, plot with h,,;;,, and ug op,¢. The determination of the Vegr/Vey ratio is a
simple way to estimate the expected efficiency. Two groups were formed consisting of
the 2.1 mm ID LC-40 and 1.0 mm ID Mikros configuration and the 1.0 mm ID LC-40
and 0.5 mm ID Mikros configuration, which have comparable V,¢/Vey ratios of 9.0 to
9.4 and 2.0 to 3.3, respectively. The resulting h,,;, were 3.6 for the black curve, 4.2 for
the blue curve, 5.8 for the green curve, and 7.7 for the red curve. Therefore, comparing
the 1.0 mm ID configurations, showed a doubling of h,,;,, when switching to the LC-40
System. Furthermore, optimization of Veg/Vex showed higher ug,,, values. In the
comparison of the 1.0 mm ID columns u, ,,; was 1.9 for the Mikros configuration and
1.4 for the LC-40 configuration. As a consequence, for complex separation problems
where maximum efficiency is required, sample throughput can be increased by a factor
of 1.35 when opting for the miniaturized alternative. For the 2.1 mm ID column a

Ug,opt = 2.2 and for the 0.5 mm ID column a ug,,e = 1.3 was achieved.

The results showed that Vg, is too high for both systems to use small ID columns in

isocratic mode. Further optimization of the system volumes would have to be carried
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out in order to achieve a better utilization of the intrinsic efficiency of the separation
column. Optimal and reproducible results were achieved from a V,¢/Vex of approx. 9
onwards. A direct comparison of the configuration of the 1.0 mm ID column clearly
showed that a reduction of the V. is essential for full utilization of the technology. Since
the tubing lengths in LC-40 had already been optimized to the minimum length, a further
reduction of V,; would only be possible by using smaller tubing IDs, but this would lead

to a significant increase in backpressure and thus prevent the use of high flow rates.

5.3.2 Gradient Mode Evaluation

In gradient elution, the extra-column volume is described by the gradient dwell volume Vyyen
and Vpost. Vawen describes the volume from the mixture of the mobile phases to the column
head. In general, it is assumed that especially the V,,,¢; has a negative influence on the band
broadening in gradient mode. Therefore, manufacturers have started to reduce Vpo: to an
absolute minimum. In the Mikros system this is achieved by positioning the column with the
column oven directly in front of the ion source of the mass spectrometer and with a direct
connection to the emitter capillary. The Ve for the Mikros was thus 2.8 pLL fora Vi,; = 1 uL
and 7.8 uL for a Vjp; = 5 pL. For the LC-40 system, the values were Vgyen = 30.4 uL and
Vawenn = 34.4 pL. The values for V4 can be found in Table 5-2

If the ECBB is excluded it can be assumed that two columns of the same length, despite varying
ID, provide the same resolution if the same linear flow velocity is maintained. This conclusion
can thus also be applied to the chromatographic peak capacity. Especially when focusing of the
analytes occurs on the column head, the influence of the V4, should thus become negligible.
Since it was shown in previous studies that high injection volumes are also possible with

microbore columns, Vin; was kept constant at 1 pL and 5 uL for all columns [7]. Figure 5-3

shows the resulting chromatograms for Vip; = 5 pL.

96



Results and Discussion

1.0x10" 4a) 0.3 mm ID

5.0x10°

2. 5 7
' 1. \ 6. |
0.0 . . [K . . —all
16) 0.5 mm ID 3. 4.
1.0x107
g | 2.
@ 5.0x10° /\ 5 7
9 | : .
L2 1. 6. )
éﬁ 0.0 Ly T T B T T =
Z  Joo1tommiD 3. 4.
D 1.0x107 1
£ ]
5.0x108 4 2.
] w\ 5. i
. A
0.0 T T T T T
2.
50x10°4 4
) B
] N 7.
0.0 !\ , . ; At . S V—
0 1 ) 3 4

Time / min

Figure 5-3: Chromatograms for the separation of the seven antineoplastic drugs on the
different column IDs for a concentration of 10 ng/mL and an injection volume of 5 pL.
Analytes: 1. gemcitabine, 2. methotrexate, 3. ifosfamide, 2. cyclophosphamide,
5. etoposide, 6. paclitaxel, 7. docetaxel. Flow rates: a) 25 pL/min b) 69 pL/min c)
278 pL/min.

What is obvious when looking at Figure 5-3 is that no analysis was performed on the 2.1 mm
ID column. This is due to the fact that the method transfer was performed bottom up from the
0.3 mm ID column, to achieve an equivalent linear flow rate on the 2.1 mm ID column a flow
rate of 1,225 puL/min would have had to be used. Thereby, the backpressure would have
increased significantly above 1,000 bar, which was outside the specification of the phase
material used. Furthermore, a significant shift in retention times can be observed. This can be
explained by the fact that the influence of the Ve decreases in relation to the increased flow

rate.

As described in the experimental part, one of the difficulties in using an MS detector to study

band broadening is the influence of the ion source parameters on the ionization efficiency of
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the analytes. Thus, when switching to the 1.0 mm ID column, the source temperature had to be
increased by 50 °C, otherwise only incomplete desolvation was achieved. As a result, paclitaxel
could no longer be detected when using the 1.0 mm ID column. A significant reduction in
ionization efficiency was also observed for docetaxel. In addition, a strong deviation from the

typical Gaussian peak shape for docetaxel was imminent when coupled with the LC-40.

As shown in Figure 5-3 a and b, a dependence of the Vgyep 0r Viy; on the peak shape was also
observed for gemcitabine. While for the 0.3 mm ID column a tailing factor of 0.9 was
determined for Vj,; = 1 uL, an increase in Vi, resulted in a tailing factor of 1.6. For the 0.5 mm
ID column, a tailing factor of 1.8 was determined for Vj,; =5 pL. For the remaining

configurations, no significant effect on the peak shape of gemcitabine was observed.

Because of these observations, the determination of peak capacities was performed based on
the peak widths of methotrexate, ifosfamide, cyclophosphamide, and etoposide. Since
ifosfamide and cyclophosphamide are constitutional isomers and thus also isobaric compounds
they require chromatographic separation even when using MS detection [25]. The comparison

of R and n,, is shown in Figure 5-4.
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Figure 5-4: Comparison of the peak capacities achieved and the chromatographic
resolution of the critical peak pair ifosfamide / cyclophosphamide for an injection volume
of 1 pLL and 5 pL on the configurations investigated. The dashed green line represents the
necessary resolution for a baseline separated peak pair.
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When comparing the investigated configurations, it can be seen that the injection volume has
no influence on np. The highest n, was found with approx. 100 for the 1.0 mm ID Micros
coupling. The average for the other configuration was n, = 79.1 + 2.8. When comparing the
resolutions, a clear influence of the V4o can be seen. In general, baseline separation is
achieved when < 1% of the peak areas overlap. In terms of chromatographic resolution, this is
obtained at R = 1.5, represented by the green dotted line in Figure 5-4. Therefore, for all
configurations, baseline separation could be achieved at Vip; = 1 uL. However, only in the
1.0 mm ID Mikros configuration the resolution remained constant when the injection volume
was increased to 5 pL. Furthermore, with the 1.0 mm ID LC-40 coupling the reduction of the
n, could be justified with the increased V.5 and the associated post-column ECBB,
additionally an influence of the unfavorable Vy,,e; on the performance is present. Thus, an
optimization of the Vg, would have to take place for the use of the 1.0 mm ID column. In the

first instance, this could be achieved by reducing the volume of the static mixer.

Finally, to return to the reference in the introduction regarding miniaturization in HPLC as a
green alternative, the methods were compared from an ecological point of view based on
solvent consumption within 24 h. Implementing the method on the 2.1 mm ID column would
represent a solvent consumption of 1,764 mL. By reducing the column ID to 1.0 mm or 0.5 mm,
the solvent consumption can be cut to 400 mL or 100 mL, respectively. For the analysis on the

0.3 mm ID column, only 36 mL would be required.

5.4 Conclusion

The results of the study demonstrated that further reduction of the column ID in modern
UHPLC systems based on the classical modular design with the aim to increase sample
throughput, reduce the influence of frictional heating and better coupling with mass flow
dependent detectors are only conditionally feasible. To effectively use 1.0 mm ID columns with

UHPLC systems, a significant reduction in extra-column volume is still required.

Furthermore, it was shown that a simple comparison of the V,¢/Vey ratio can provide a first
estimate of the performance of a combination of a column and HPCL-system in isocratic mode.
In addition, it was shown that the trend towards optimizing V, . at the expense of V. volume
means that smaller column IDs can no longer be used efficiently. The resulting band broadening

could be observed in both isocratic and gradient modes.
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Chapter 6 Synthesis, characterization, and utilization of modified bead
cellulose in miniaturized liquid chromatography for the analysis

of small and large molecules

This chapter was adapted from: T. Werres, K. Hettrich, D. Polozij, M.D. Klassen, J. Bohrisch, T.C.
Schmidt, T. Teutenberg, Synthesis, characterization, and utilization of modified bead cellulose in
miniaturized liquid chromatography for the analysis of small and large molecules. submitted.

Abstract: Not only driven by current global events the field of green analytical chemistry is gaining
momentum. Miniaturization and the elimination of organic solvents are cornerstones of green methods.
Therefore, chromatography that avoids organic solvents and relies on other separation mechanisms will
become more relevant. Pearl celluloses which are spherical polymers based on cellulose-2,5-acetate may
provide such an alternative. Due to their good parameterizability and functionalizability, they are
suitable for a wide range of applications. In the case of the cellulose phases for liquid chromatography
described in this work, it was possible to synthesize sub 5 pum particles. A particularly narrow
distribution of the particle size could be achieved by a complex clean-up. Furthermore, it was
demonstrated how the pore size can be influenced by varying the initial concentration of cellulose 2,5-
acetate and the use of additives such as lignin. In addition, chemical modifications were made to the
particles by means of grafting to obtain a temperature responsive phase or to address bioanalytical
applications. Particles were characterized by various physical methods. The columns were packed in a
micro bore scale format of 50 x 0.5 mm and chromatographically characterized using small and large
model compounds. With the bead cellulose phases synthesized it has been possible to separate a wide
variety of substances of different polarity in purely aqueous mobile phase, avoiding the use of high
temperatures.
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6.1 Introduction

The principles of green chemistry defined by Paul Anastas and John Warner as early as 1998
are becoming increasingly important [1]. Miniaturization in particular can make a significant
contribution to reducing resource consumption, such as the use of toxic and expensive organic
solvents [2, 3]. An often-overlooked advantage of using miniaturized systems to develop new
separation phases has been that significantly less phase material is required to produce a
column. The development of innovative separation phases for liquid chromatographic
applications that can be used with purely aqueous mobile phases is of great interest for many
analytical issues. First, such materials can completely avoid the use of toxic and expensive
organic solvents, which are essential for classical HPLC methods [4]. Another advantage of not
having a binary phase system is the ability to utilize alternative detectors such as the refractive
index detector. [5]. Also, new applications in the field of bioanalytics can be developed, since
biotherapeutic agents such as monoclonal antibodies denature under the influence of organic
solvents and thus lose their activity [6]. In bioanalytics, it is also often necessary to work with
high salt loads to affect retention, selectivity, and dissolution. However, such conditions are not

compatible with direct coupling of mass spectrometry [7-9].

Various methods exist, such as high temperature LC (HTLC) and temperature responsive liquid
chromatography (TRLC), which rely on temperature instead of organic fraction to control
analyte retention [10, 11]. For HTLC applications, the problem arises that the elution of
hydrophobic substances with a purely aqueous mobile phase requires very high temperatures
[12, 13]. Most silica-based stationary phases tend to degrade rapidly at temperatures above
100 °C [14]. TRLC, on the other hand, uses responsive polymers such as polyacrylamides to
affect retention behavior and can be used at lower temperatures than HTLC [15, 16].
Furthermore, Polymeric separation phases are used to overcome the problems described by
means of specific modifications. For example, as early as 2010, Kanazawa's group presented a
thermoresponsive polymer separation phase based on polyhydroxymethacrylate and
polystyrene to overcome the limitation of silica-based stationary phases. However, complete

removal of metal ions used as reagents posesed thereby a major problem [17-19].

In contrast, cellulose beads, which were first described as cellulose pellets in 1951 in the US
patent 2543928 [20], offer several advantages that favor their use. These include natural
hydrophilicity, high porosity and large internal surface area, chemical stability, and ease of
functionalization. One of the main disadvantages, as with other polymer phases, is the low

pressure stability of the separation phases. Nowadays, cellulosic polymers are mainly used in
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the medical field and are generally considered to be biocompatible. Applications include the
use as a separation medium, carrier system, and as an adsorbent in extracorporeal blood
purification [21-31]. In instrumental analytics it is widely used for the separation of chiral
substances [4, 32]. At present, cellulose polymers are mainly used as monolithic phases or in
particle sizes around 40-100 um with a broad particle size distribution, which are rather
unsuitable for use as stationary HPLC phases [33]. The method developed by Loth et al. for
preparing bead cellulose on the basis of cellulose acetate with an average degree of substitution
between 1.5 and 2.7 was applied in this study [23]. This green technology is characterized by
the fact that no use of halogenated hydrocarbons is necessary. In this process, commercially
available cellulose 2,5-acetate is emulsified in a solvent mixture. This procedure was further
optimized in various studies with regard to particle size distribution and surface size [30, 31].
This experience was used to produce the cellulose microspheres for the studies presented in this
paper.

Therefore, the main goal of this work was to produce bead celluloses with a narrow particle
size distribution based on cellulose 2,5-acetate and to pack them into miniaturized columns with
dimensions of 50 x 0.5 mm. To explore the potential of this material, the focus was on the
production of some grafted bead celluloses for the organic solvent-free analysis of small

molecules and the production of special phases for bioanalytical applications.

6.2 Material and Methods

6.2.1 Chemicals and Reagents

The raw material cellulose-2,5-acetate (CA) for the synthesis of the cellulose beads was
obtained from Novaceta (Duesseldorf, Germany) and the protective colloid methylcellulose
(MC) from Merck (Darmstadt, Germany). The solvents required for the synthesis ethyl acetate
(EtOAc), methanol, ethanol, water, dichloromethane, hexane and acetone for the determination
of the gradient dwell volume were purchased from Merck (Darmstadt, Germany). For grafting,
N-acryloylpyrrolidine (NAP) (purity > 97%; Advanced ChemBlocks Inc.; Haywards, USA),
and 2,2-dimethyl-1,3-dioxolane-4-methanamine (97%; Acros Organics, Geel, Belgium) were
used. The other chemicals needed for the synthesis were sodium acetate trihydrate, Triton-X
100 (lab grade), NaOH, acetic acid, cerium (IV) ammonium nitrate (CAN) (p. A.), HNO3, HCI,
acryloyl chloride (96%), NaHCO3 and Na>SO4 were obtained from Merck (Darmstadt,
Germany). Water and acetonitrile of LC-MS grade were purchased from Th. Geyer
(Chemsolute, Renningen, Germany). Ammonium acetate, acetic acid (AppliChem, Darmstadt,

Germany) and phosphate buffered saline (PBS) tablets (Merck, Darmstadt, Germany) were
104



Material and Methods

used to adjust the pH. Uracil, cyclophosphamide, metoprolol, carbamazepine, naphthalene, and
propylparaben were purchased from Sigma Aldrich (St. Louis, USA). Bovine serum albumin
lgG-free >98% (BSA) was purchased from Carl Roth (Karlsruhe, Germany), myoglobin
(MYO) > 98% from Sigma-Aldrich, and Avastin (bevacizumab, BVCZ) was purchased from
Roche (Basel, Switzerland).

6.2.2 Synthesis of Native Cellulose Beads

400 mL of EtOAc was placed in a flask and 36 g of cellulose-2,5-acetate solution was added
while stirring. After one hour of mixing, 100 mL of methanol were added in 5 min and
vigorously stirred. After mixing for 4 h, the polymer solution rested for 16 h. In a vessel, 18 g
of methylcellulose in 2 L of water were dissolved within about 2 days. In a separate vessel, 10
g of sodium acetate trihydrate were dissolved in 270 mL of water. A solution of 4.8 g Triton-X
100 and 100 mL EtOAc was then prepared and mixed with the sodium acetate trihydrate
solution for 10 min. With stirring, 400 mL of the cellulose-2,5-acetate solution was added to
the surfactant emulsion and stirred for additional 10 min. To stabilize the emulsion, 520 mL of
the methylcellulose solution were added to which 56 mL of EtOAc were added. After about 10
min of intensive mixing, the polymer emulsion was treated with an Ultraturrax® (IKA®-
Werke, Staufen, Germany) at 10,000 rpm for 30 min and then placed in a rotary evaporator
(Buechi, Switzerland; 20 rpm). After complete transfer of the polymer emulsion to the rotary
evaporator, the water bath was heated to 34 °C. At a pressure of 205 to 235 mbar, the EtOAc

was removed by distillation.

The suspension was centrifuged in a 1-L beaker at 6,000 g for 45 min. The supernatant was
discarded, and the sediment was stirred and centrifuged twice with 1 L of water each time to
completely wash out the methylcellulose After the last centrifugation, approximately 62 g of a
38% aqueous suspension was obtained. The acetyl groups were cleaved by an alkaline ethanol
solution (9.5 g NaOH in 10 mL water and 250 mL ethanol). The bead cellulose was stirred for
3 h and left overnight. Saponification was followed by centrifugation at 6,000 g with a Cryofuge
60001 (Heraeus Sepatech, Hanau, Germany) for 60 min and redispersion in 3 L water.
Subsequently, a pH value between 5 and 7 was adjusted with acetic acid and centrifugation was
repeated. Finally, another washing step was performed with 3 L water and centrifugation.

Approx. 40 g of sediment was obtained.
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6.2.3 Preparation of the Modified Cellulose Beads
6.2.3.1 Synthesis Protocol for the Temperature-Responsive Cellulose Bead

For the synthesis of a temperature responsive modification N-acryloylpyrrolidine was chosen
as monomer. The responsive polymer is known for its phase transition from hydrophilic to
hydrophobic properties between 50-56 °C [34]. In a 100-mL three-necked flask, a mixture of
1.5 g bead cellulose as aqueous dispersion and in sum 28.5 g water was prepared. It was
intensively purged with N for 10 min. Then 0.73 g N-acryloylpyrrolidine was added and stirred
for 1 h under N> atmosphere. Afterwards, the mixture was heated to 40 °C and 1.38 g of a
0.2 molar cerium (IV) ammonium nitrate solution in 0.2 molar HNO; were added. It was stirred
for another 4 h at 40 °C. Then the mixture was neutralized with 1 molar NaOH and washed

intensively with distilled water and filtered by a G4 frit.

6.2.3.2 Synthesis Protocol for the Diol Cellulose Bead

As monomer with protein specific diol functionality N-((2,2-dimethyl-1,3-dioxolan-4-
yl)methyl)acrylamide was chosen [35,36]. For the graft monomer, 15mL of dry
dichloromethane containing 2.53 g of 2,2-dimethyl-1,3-dioxolane-4-methanamine and 4.25 mL
of triethylamine were added to a 100 mL three-neck flask while stirring under N2 atmosphere
at 0 °C. Dropwise, 1.79 g of acryloyl chloride were added via a septum. The mixture was then
heated to room temperature and stirred for 4 h. The precipitated ammonium salt was separated
via a G4 frit. The organic phase was extracted 3 times with 150 mL of saturated Na HCO3
solution and 3 times with 50 mL of water. Then it was dried over Na2SO4. After filtration, the
dichloromethane was removed using the rotary evaporator. The product N-((2,2-dimethyl-1,3-
dioxolan-4-yl)methyl)acrylamide (DMDOMA) was purified by column chromatography
(hexane/acetic acid ethyl ester 40:60, "Geduran Si 60", Merck, 0.063 - 0.2 mm). The yield after

the purification step was 65%.

For the particle, 1.5 g of bead cellulose was added to 28.5 g of water as an aqueous suspension
in a 100 mL three-necked flask. It was purged intensively with N2 for 10 min. Then 0.75 g
DMDOMA were added and stirred for 1 h under a gentle stream of N». Afterwards, the mixture
was heated to 40 °C and 1.38 g cerium (IV) ammonium nitrate was added as a 0.2 molar
solution in 0.2 molar HNOs. Stirring was continued for another 4 h at 40 °C and followed by
neutralization with 1 M NaOH and the particles were washed intensively with distilled water
over a G3 frit. The aqueous particle suspension was then stirred in a 100 mL flask for 5 h at
50 °C with 2 g of strongly acidic ion exchanger Dowex Marathon, H" form (Sigma-Aldrich, St.

Louis, USA). After cooling, the ion exchanger was separated via a G1 frit.
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6.2.3.3 Synthesis Protocol for the Large Pore Size Cellulose Bead

For the separation of macromolecules, a phase with larger pore size and higher surface area was
synthesized according to Gabov et al. [37]. The synthesis of the large pore size cellulose beads
followed the synthesis protocol described in section 2.2. After dissolving 36 g of cellulose
acetate in 400 mL EtOAc, 2 g of lignin acetate (Sigma-Aldrich, St. Louis, USA) were added
and dissolved by intensive mixing. After one hour, 100 mL methanol were added, and the

procedure was continued as described in section 2.2.

6.2.3.4 Purification of the Cellulose Bead

The separation of the particle fraction <2 um, fines and fragments was achieved by multiple
sedimentation of the suspension and subsequent decantation of the turbid supernatant until it
remained clear. For the purification process, the suspension was adjusted to pH 9 with NaOH

and stirred for 3 h at 50 °C and then decanted.

6.2.4 Experimental Setup for Particle and Chromatographic Characterization

The analysis of the particle size distribution was performed via laser diffraction with LS 13 320
particle size analyzer (Beckman-Coulter GmbH, Krefeld, Germany). Scanning electron
microscope imaging of the bead cellulose was taken using JSEM 6330F (Jeol Ltd., Tokyo,
Japan). Confocal laser scanning microscopy using TCS SPE (Leica Microsystems, Wetzlar,
Germany) was performed to analyze the charge ratios and the morphology of the particles.
Elemental analysis for determination of the C/N ratio was carried out on FlashEA 1112
CHNS/O automatic elemental analyzer with 2 autosampler MAS200R (Thermo Scientific,
Waltham, USA). To determine the pore diameter distribution, specific pore surface area and
specific pore volume, the Pascal 140 was used for the macropores and the pascal 440
(Thermoelectron Cooperation, Milano, Italy) for the mesopores. An InoLab pH 720 from WTW

(Weilheim, Germany) was used to control the pH values.

All chromatographic experiments were done on a Nexera Mikros system (Shimadzu, Duisburg,
Germany) consisting of a Nexera Mikros column oven, an SIL-30AC autosampler and a CMB
20A controller. The micro-HPLC was coupled either to the LCMS-8060 (Shimadzu, Duisburg,
Germany) or to the 1260 Infinity I DAD WR (Agilent Technologies, California, USA) with a
cell volume of 80 nL. The pressure stability tests were carried out with an Agilent 1200 HPLC

pump.
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The purified bead celluloses were packed into 50 x 0.5 mm silica lined capillaries using the
slurry method. Water was used as the transport solvent and the maximum packing pressure was
30 bar. The columns were sealed with 1/16-inch unions and 0.2 um stainless steel frits.
Compared to a 50 x 0.5 mm column and assuming a column porosity of 0.7 and a density of the
bead cellulose of 1.3 g/mc®, approx. 10 mg of material are required, which corresponds to a
reduction by a factor of 76. Table 6-1 summarizes the bead cellulose phases and the performed

experiments.

Table 6-1: Overview of the bead cellulose phases and experiments.

Material Size SEM Elemental Stabilty Plate Temperature Protein
distribution imaging analysis test height Separation
Native X X X X X X
Large pore X X X X
T-respon. X X X
Diol X X

6.2.5 UV and MS Method

Wavelengths of 210 and 354 nm were selected for the detection of small molecules. For the

protein analyses a wavelength of 214 nm was used. The sampling rate was set to10 Hz.

The MS analyses were performed using multiple reaction monitoring. The following mass
transitions were used: uracil m/z 113 — 96; ifosfamide m/z 261 — 233, m/z 261 — 182 and
m/z 261 — 154; cyclophosphamide m/z261 — 106, m/z 261 — 233 and m/z 261 — 142;
metoprolol m/z 268 — 191; carbamazepine 237 — 194. The source parameters were chosen as
follows: nebulizing gas flow 1.5 L, heating gas flow 3 L, interface temperature 100 °C,

desolvation line temperature 250 °C and heating block temperature 400 °C.

6.2.6 Software and Data Processing

The micro-HPLC and the MS were controlled via LabSolutions LCMS 5.99 SP2 (Shimadzu,
Duisburg, Germany). Data acquisition for the DAD was performed using Open LAB CDS
Rev.C.0107.SR3 (Agilent Technologies California, USA). Further data processing was
performed using OriginPro 2021 (64-bit) 9.8.0.200 (OriginLab, Massachusetts, USA).
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6.3 Results and Discussion

6.3.1 Optimization of Purification

Crucial to the use of cellulose beads as a stationary phase in LC is the removal of fines or
particle fragments. Both temperature and pH can be exploited to release smaller particle
fragments from the pores of the material. Multiple fractionations of 28.8 g of the native bead
were performed to optimize the purification process. After 5 sedimentations and separations of
the supernatant it remained clear. In this procedure, the native bead was divided into a fraction

< 6 h amounting to 5.3 g and a 6 - 18 h particle fraction of 7.9 g.

The < 6 h fraction was stirred at 50 °C for 3 h, fractionated and then stirred again at 30 °C and
pH 9 (NaOH) for 3 h and finally purified by refractionation. The particle fraction 6 - 18 h was
comparatively purified in one step. Before final fractionation, the suspension was stirred for 3 h
at pH 9 (NaOH) and a temperature of 50 °C. In this way, about 7.9 g or 28% of purified and
fractionated material was obtained from 28.8 g of starting material. The necessity of this
additional purification step is evidenced by the fact that half of the material is lost after the first
fractionation step. Both methods resulted in a significant reduction of fragments between 1 and
2 pm. In the <6 h fraction, large particles, or aggregates between 20 and 100 um appeared in
the course of the cleaning processes, which is why parallel treatment with pH and T is

preferable.

6.3.2 Particle Characterization

Figure 6-1 illustrates that the synthesis described in section 2.2 enables the reproducible
production of bead cellulose with a narrow particle size distribution. On average, a D10 value
of 1.87 £ 0.17 um, a D50 value of 3.82 + 0.21 um, a D90 value of 6.67 = 0.39 um and a
D90/D10 of 3.57 £ 0.33 with a yield between 11.6 and 15.8 g were obtained for the seven
batches. The yield, based on the amount of cellulose 2,5-acetate used, was determined

gravimetrically. If complete hydrolysis of acetate groups is achieved, it is about 98%.
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Figure 6-1: Particle size distribution of seven independently synthesised bead cellulose
batches, based on the synthesis procedure before purification.

Batches 4 and 5 were merged and treated with the optimized purification process. A
significantly narrower particle size distribution of D90/D10 of 2.9 was obtained. The native
cellulose beads had a D10 value of 2.7 um, a D50 value of 4.9 um and a D90 value of 7.8 um.
The overall yield of the combined native cellulose beads after the purification was in the range
of 30% resulting in 8.4 g for grafting and column packing. The results of the particle size
distributions of all batches can be found in Table 6-4 of the supporting information. Generally,
the material losses due to entrapped “fines” were higher with native particles compared to
cellulose beads with higher porosity. With these operations, it has been possible to manufacture

bead celluloses of a quality and size that has not yet been described [38].

In addition to the native cellulose phase, particles with larger pores were designed for the
separation of biomolecules. The addition of lignin compounds during the preparation of the
beads and subsequent leaching of the lignin leads to a modified surface and thus to higher
porosities [37]. To obtain optical evidence of the morphological structure of the particles, SEM
images of both unmodified particles were taken (Figure 2). Based on these images, a difference

in the surface texture of the particles can be observed. In addition to the larger pore size due to
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the use of lignin in the synthesis process, the surface of the particle displayed in Figure 2 b was

significantly increased, which is reflected in a rougher texture.

Figure 6-2: Scanning electron micrographs of the a) native cellulose bead and the b) larger
pore size with high surface cellulose bead (b).

Porosimetry measurements were performed to characterize the macro- and mesopores of the
two unmodified particles. A significant difference between the phases was found. For the native
material, an average pore size of around 10 nm was determined with a maximum cumulative
pore volume of about 100 mm?*/g. The maximum pore size was 200 nm. For the larger pore size
beads, an average pore size of about 30 nm was determined with a maximum cumulative pore
volume of approximately 800 mm?/g. The maximum pore size was 500 nm. The surface area
of the larger pore size material was increased by a factor of 4.4 from 18 to 80 m?/g compared
to the native material. At the same time, the porosity increased from 51% to 62%. Graphs of
the pore size distribution can be found in Chapter 6.5.2. The grafting reaction with both

acrylamide monomers was performed according to the synthesis protocol given in Figure 6-3.

[ OH ] i ]
HO HO
_ﬁ/go ” of of
Ho e o)
o OH “n OH Jn

NR{R,

Figure 6-3: Grafting reaction on cellulose beads (general formula).

To verify the successful modification of the base cellulose beads, an elemental analysis was
carried out and the C/N ratio was determined. For the N-acryloylpyrrolidine modified phase
(R1, R2 = pyrrolidinyl in Figure 6-3), a degree of substitution between 0.45 and 0.60 per
anhydroglucose unit was determined. Elemental analysis of the DMDOMA particles (R1 = H,
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R2 = 1-(2,3-dihydroxy)propyl in Figure 6-3) gave a degree of substitution of about 0.09 per

anhydroglucose unit. The results of the elemental analysis are shown in Table 6-2.

Table 6-2: Elemental analysis of the different cellulose bead modifications

Modification C H N CIN Corresponds to DS
% % %
N-acryloylpyrrolidine 46.87 6.95 2.70 17.36 0.45
DMDOMA 43.30 6.50 0.70 61.86 0.09

6.3.3 Chromatographic characterization

In preliminary tests, the pressure stability of the unmodified cellulose beads was investigated.
For this purpose, the material was packed into a tube with the dimensions of 4.6 x 150 mm
using the slurry method and the flow rate was increased stepwise. Up to a pressure of 55 bar,
the pressure curve corresponded to the flow rate. Each further incremental increase of the flow
rate eventually leads to a continuous increase of the pressure in the respective time interval until

the column material finally collapses at around 50 bar.

To determine the plate height, van-Deemeter analyses were performed using uracil as a model
analyte. The lowest plate height was found for the porous phase with 0.11 mm, followed by the
native phase with a minimum plate height of 0.13 mm. For the temperature responsive bead, a

minimum plate height of 0.28 mm was determined.

For general stability testing of the cellulose beads, a 40-fold replicate measurement was
performed on the native phase. No increase in pressure, no shift in retention time and no change

in peak shape were observed.

6.3.4 Example Separation using Temperature Responsive phase

The van't Hoff model was used to compare the native bead with the T-responsive bead. The

corresponding equation is:

ngo M1 a8 Equation 6-1
_ _ Z uation 6-
n R T g T q

Where k is the retention factor, AH? is the transfer enthalpy, R the general gas constant, T the
absolute temperature, AS° the transfer entropy and S the column phase ratio [10].

As can be seen in Figure 6-4 a), AH? for the T-responsive beads is positive and thus an atypical

progression of the van’t Hoff plot is present compared to the typical plot found for the native
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beads shown in Figure 4 b). When AH? is positive, the transfer of the analyte from the
stationary phase to the mobile phase is favored and thus endothermic. For the van't Hoff plot to
be linear, it must be assumed that AH®, AS® and 8 are constant over the temperature range
under consideration or that the parameters influence each other in such a way that a linear
relationship exists. In Figure 6-4 a) the transition from hydrophilic to hydrophobic properties
was clearly demonstrated by the steep slope between 50 to 55 °C. Furthermore, there is a
distinct decrease in the steepness after the change of the hydrophilicity of the phase. For
comparison, the same components were tested on the native bead. Here, the retention behavior

of naphthalene and propylparaben follows the expected linear van’t Hoff plot with a positive

slope.
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Figure 6-4: Comparison of the van't Hoff plots for naphthalene and propylparaben. a)
Results for the temperature responsive stationary phase, the vertical lines mark the phase
transition from hydrophilic to hydrophobic properties. b) Results for the native bead.

Figure 6-5 shows a separation of components with a broad polarity range. The temperature
responsive modification of the N-acryloylpyrrolidine modified stationary phase caused a
stronger retention on the material when the temperature was increased. While for metoprolol
only a small shift of 0.3 min and for uracil no influence on the retention time with increasing
temperature could be observed, a clear shift in retention time was observed for the two
positional isomers cyclophosphamide and ifosfamide as well as carbamazepine. Although the
two positional isomers could not be chromatographically resolved, the separation from uracil
was significantly improved. While coelution of the three components at 40 °C is observed, the

resolution was increased to R = 0.5 at 65 °C.
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Figure 6-5: Normalized plot of elution as a function of temperature using the temperature
responsive NAP stationary phase. Uracil (violet); cyclophosphamide (dotted red);
ifosfamide (dotted black); carbamazepine (blue) and metoprolol (olive). Chromatograms
were acquired on the Nexera Mikros; mobile phase: 10 mmol/L. ammonium acetate
solution; pH= 7; detection: MS 8060; flow rate: 5 uLL/min; injection volume: 100 nL;
column dimension: 50 x 0.5 mm.

6.3.5 Example Separation for Bioanalytical Applications

Two bead cellulose phases were developed especially for bioanalytical applications. One is the
large pore material with an average pore size of 30 nm based on the porosimetry measurements
(see Chapter 6.5.2), which should be suitable for chromatography of proteins with a
hydrodynamic ratio of less than 6 nm [39]. The other is a medium polar phase which was loaded
with the grafting monomer DMDOMA and therefore has diol functionality. The separation of

the selected model proteins is shown in Figure 6-6.
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Figure 6-6: Chromatographic separation of proteins (from left to right) BSA, MYO and
BVCZ (0.33 mg mL™! in water each) as protein mix (1 mg mL™) on a) larger pore size bead
cellulose column and b) the diol bead cellulose column. Mobile phase: PBS buffer 10 mM,
temperature: 30 °C, flow rate: 5 pL. min!, wavelength: 214 nm, injection volume: 1.5 pL.
Column dimensions: 50 x 0.5 mm.

Both phases showed comparable theoretical resolutions between individual biomolecules based
on the chromatographic deconvolution peaks, with both phases yielding comparable
resolutions. Using this approach, a resolution of 0.66 was achieved for the BSA/MYO peak pair
and a resolution of 0.71 was achieved for the MY O/BVCZ peak pair on the bead cellulose with
larger pore size and high surface area. On the DMDOMA, a value of Rggs/myo = 0.61 and
Rmyo/svcz = 0.51 was obtained. A summary of the data is shown in Table 6-3. Single
injections of the analytes confirm the identical elution order on both columns. The elution of
the analytes is not in order of their molecular weight. MYO (~17 kDa) elutes between BSA
(~66 kDa) and BVCZ (~148 Da), therefore, a separation mechanism based on size exclusion
can be ruled out. Despite the larger pore diameter, penetration of the proteins does not occur.
Diffusion of the proteins into the accessible pores would be expected to increase the retention
time. BSA has an isoelectric point (pI) of 4.5 to 5.0 and is negatively charged at pH 7.0 [40].
MYO is neutral at pI = 7.0, whereas BVCZ is positively charged at pH 7 with a pl = 8.3 [41,

42]. The negative charge of cellulose beads has a repulsive effect on BSA, a neutral effect on
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MYO and a weak attractive effect on BVCZ. This also reflects the elution order. The native and
diol cellulose bead thus have the function of a weak cation exchanger. Furthermore, this
experiment demonstrated that, in contrast to the separation of the small molecules, the
efficiency of the 5 cm column is not sufficient for the separation of biomolecules under isocratic
conditions. Therefore, to further investigate the retention behavior of the proteins, two diol
columns were connected to obtain an effective column length of 10 cm for the salt gradient

experiments. The results of these experiments are shown in Figure 6-7.

Table 6-3: Peak widths, retention times and resolutions based on the deconvolution.

Retention time FWHM
Compound . . Resolution

min min

Large pore BSA 1.69 0.33
0.66

MYO 2.08 0.37
0.71

BvCZ 2.60 0.50

Diol BSA 1.65 0.31
0.61

MYO 2.03 0.42
0.71

BvCZ 2.54 0.74

In the first experiment, the proteins were separated using 22 min generic salt gradients on the
coupled diol bead cellulose stationary phase (Figure 6-7 a). This increased the resolution of the
peak pairs for Rgsa/myo = 6.5 and Ryyo/pvcz = 0.9. However, the separation is compromised
by strong tailing of the analytes, which have not been observed to the same extent in the
separation of small molecules. One reason for this could be the interaction of the metallic
column hardware with basic proteins [33]. In addition, it should be noted that the effect of
adsorption of proteins on surfaces by the introduction of two additional steel frits through the
column coupling also negatively affects tailing in this case. The more basic the protein, the
stronger the interactions with the stationary phase and the more pronounced the tailing. The

tailing was more pronounced for BVCZ (pl = 8.3) than for MYO (pI = 7.0).
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Figure 6-7: Comparison of retention behaviour of MYO, BSA and BVCZ on two coupled
diol columns. a) Chromatographic separation of the three proteins using a generic salt
gradient. Gradient elution: Mobile phase A: 10 mmol L-! PBS pH 7.3, B: pure aqueous,
0-3 min: 0% B, 3-25 min: 100% B, 25-40 min: 0% B. Middle row: Comparison of
retention behaviour under purely aqueous conditions and 10 mM PBS for b) BSA, ¢)
MYO and d) BVCZ. E) Increase from 100% water to 100% 150 mM PBS after 3-, 5- and
7-min. Temperature: 30 °C, flow rate: 5 pL. min’!, wavelength: 214 nm, injection volume:
1.0 pL.

In the second experiment, it was investigated whether the phase material allows a purely
aqueous elution of the proteins. Aqueous elution was possible for all components considered
and led to an increase in the retention time, while the peak shape was maintained except for the
anticipated band broadening. As shown in Figure 6-7 b, the retention time shift was moderate
for BSA, with a 15% increase from 2.5 to 2.8 min. A comparable increase in retention time of
130% and 125% was found for MYO and BVCZ, respectively (Figure 6-7 ¢ and d). While
hydrophobic interaction chromatography uses high salt concentrations to remove the hydrate
shell and expose the hydrophobic regions of the protein to achieve an increase in retention, the
opposite effect is achieved using bead cellulose. This allows the previously established
hypothesis to be confirmed, by reducing the salt concentration the free hydroxyl groups of

DMDOMA act as a weak cation exchanger.

117



Chapter 6

In the last experiment of the series shown in Figure 6-7 ¢, step gradients with an increase from
0% to 100% B were used to investigate a potential trap and elute function of the phases. Here,
the analytes were dissolved in water and the plateau was extended from 3, to 5 and 7 min. By
adjusting the injection solution to the starting conditions of the gradient, the peak shape of BSA
was greatly improved. Since BSA has only a low retention on the phase, no effect of the step
gradient can be observed. For MYO and BVCZ, an equivalent retention time shift

corresponding to the plateau of 1.99 + 0.05 min was observed.

Based on the experiments, the material is suitable as a stationary phase for the separation of
proteins. The interactions of cellulose with the analytes are very low due to the above-
mentioned cross-linking of the OH groups by hydrogen bonds. As a base material, it is
significantly less polar than silica gel and is therefore ideal for applications where attractive
phase interactions are not desired. Saltless elution allows direct coupling to mass spectrometry

without the need for desalting steps or the use of volatile salts.

6.4 Conclusion

A synthesis method and a purification process for the reproducible production of cellulose
beads in the sub-5-um range were developed. The parameterizability of the material was
demonstrated by producing different pore sizes and surface morphologies. Furthermore, the
cellulose beads showed pressure stability up to 55 bar and were tested in a temperature range

of 30-75 °C.

It has been shown that the native cellulose bead can be modified by various grafting reactions
to make it useful for a variety of chromatographic applications. This was exemplified by
modification with N-acryloylpyrrolidine for a T-responsive cellulose sphere and diol
modification for bioanalytical applications. With these chemical modifications, separation and
elution of nonpolar small and large molecules was achieved without the use of organic solvents
or high temperatures using a mobile phase of pure water. Very low salt concentrations were
sufficient for the separation of proteins, opening the possibility of new couplings with mass

spectrometry.
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6.5 Supplementary Information

6.5.1 Particle Size Distribution for All Batches

Table 6-4 summarizes the results of particle size distribution measurements of the seven batches
of bead cellulose prepared according to the described synthesis process in the main paper. The

values for the combined sample were determined after the described purification step.

Table 6-4: Results on the reproducibility of the bead cellulose preparations.

Sample D10 D50 D90 D90/D10 Mass atro
pm pm pm g
Batch 1 1.9 4.1 7.4 3.9 13.1
Batch 2 22 42 7.0 3.2 15.8
Batch 3 1.7 3.7 6.7 3.9 15.2
Batch 4 1.7 3.8 6.7 3.9 13.9
Batch 5 2.0 3.7 6.3 3.1 14.0
Batch 6 1.9 3.7 6.3 3.3 11.6
Batch 7 1.7 3.6 6.3 3.7 12.2
Combined 4+5 2.7 4.9 7.8 2.9 8.4

The variation for the batches 1-7 is less than 1 um and the distribution width varies only in a
very narrow range between D90/D10 = 3.1 and 3.9. The quantities D10, D50 and D90 indicate
what percentages of the total particles are below the specified diameter. The average particle
size (D50) and the width of the distribution (D10, D90) thus provide good comparability with
other particle phases. Thus, a previously unattained quality of the material is achieved before
the fractionation and purification step. As it can be seen, after the purification the distribution

was improved further.

6.5.2 Results of Pore Size and Surface Area

The method of porosimetry was used to determine the pore diameter distribution, specific pore
surface area and specific pore volume. Hg intrusion was performed using Thermoelectron
Cooperation (Milano, Italy) "Pascal 140" (macropores) and '"Pascal 440" (mesopores)
instruments. Subsequently, the resulting intrusion curves were merged and evaluated. The

results for the native and large pore cellulose bead are summarized in Table 6-5.
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Table 6-5: Results for cumulative volume, pore surface area and porosity for the native
and the large pore cellulose bead.

Material Cumulative volume Pore surface area Porosity
mm3/g m2/g %

Native 571 18 51

Large pore 1371 80 62

There was a clear difference in both samples investigated. This becomes even clearer when
comparing the pore size and pore surface distributions graphically. In Figure 6-8, the pore size
distribution of the native cellulose bead was compared with the large pore material and Figure

6-9 compares the results for the specific surface area.

PORE SIZE DISTRBUTION - WaMp 18-24 PORE SZE DISTREUTION -WalP 1908

650 s 00 05
$
600 1400 9
as s
10 1300 o8
50 s e
%0 i b 75
" 7 1100 7
150 6s oo 63
00 6 s
%00
aa s5 ss
30 s 200 s
00 45 00 45
0 ' ' 4 €0 <
3
i 0 38
- )
®0 x
150 . . $ 258
%0
. iTil v 18 200
5 | h’h ‘
1 10 o 10000 100000 1000000

Pore diame®r (nm)

Figure 6-8: Pore size distribution of the native cellulose bead (left) and the large pore
cellulose bead (right). Ordinate axis left: Cumulative pore volume, ordinate axis right:
relative pore volume and the abscissa axis with pore diameter.
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Figure 6-9: Specific pore surface area of the native cellulose bead (left) and the large pore
cellulose bead (right). Ordinate axis left: Surface area, ordinate axis right: relative surface
area and the abscissa axis with pore diameter.
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Chapter 7 Towards a miniaturized on-site nano-high performance liquid
chromatography electrospray ionization ion mobility

spectrometer with online enrichment

This chapter was adapted from: C. Thoben, T. Werres, 1. Henning, P.R. Simon, S. Zimmermann, T.C.
Schmidt, T. Teutenberg, Towards a miniaturized on-site nano-high performance liquid chromatography
electrospray ionization ion mobility spectrometer with online enrichment, Green Anal. Chem. 1 (2022)
100011. https://doi.org/10.1016/j.greeac.2022.100011.

Abstract: Safeguarding water quality is resource-intensive and costly. Especially in cases of accidents
or disasters, compact devices that allow quick assessment of the current situation are lacking. The
objective of this work is the development of a portable measuring device for on-site detection of
pollutants in water based on nano-high performance liquid chromatography (nano-HPLC) and
electrospray ionization (ESI) ion mobility spectrometry (IMS). Integrated online enrichment by means
of solid phase extraction (SPE) further improves sensitivity. In this work, an SPE cartridge exchange
unit is presented, which was developed by additive manufacturing in a cost-effective and resource-
efficient way. Prerequisites are an easy adaptation to commercially available SPE cartridges and
pressure stability of up to 50 bar. In addition, a compact ESI-IMS with 75 mm drift tube length and a
resolving power of R = 100 is presented that enables ionization, separation based on ion mobility and
detection of analytes at a flow rate of 0.6 — 1.8 uL/min from the liquid phase. This approach also allows
miniaturization of the overall system leading to a reduction in energy requirements and the amount of
solvents used. For future environmentally benign systems, complete elimination of toxic solvents would
be ideal. Therefore, acetonitrile and the nontoxic ethanol are compared as organic mobile phase in terms
of elution and ionization efficiency. For characterization, a test mixture containing relevant target
analytes, such as chlortoluron, isoproturon, pyrimethanil, mepanipyrim, cyprodinil and carbamazepine,
is analyzed. In addition, the analytical greenness metric approach tool is used to evaluate the overall
system in terms of its green credentials.

It was shown that ethanol can be well used as an organic solvent for the mobile phase and even exhibits
better ionization than acetonitrile for the selected model analytes. Furthermore, a relatively high
orthogonality of O = 0.53 and an effective 2D peak capacity of *Pngg = 174 are reached. Due to the
overall miniaturization and splitless coupling, the aims of green chemistry can be met, and ideally a
value of 0.92 can be achieved using the AGREE tool for the presented system.
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7.1 Introduction

With constantly increasing industrial requirements and regulations, the number of newly
synthesized chemicals is rapidly growing and hence also the complexity of the analytical
chemist's work. This fact can be exemplified by the large number of chemicals registered under
the European Union regulation REACH (Registration, Evaluation, authorisation and Restriction
of Chemicals) [1]. Since the regulation came into force in 2007, a total of 23,445 different
substances have been registered up to the publication break on October 15, 2021. Similar laws
exist in other countries, such as the USA with the Toxic Control Act or Japan's Existing Notified
Chemical Substances (ENCS) list [2-4]. Each new substance can potentially also be a new
contaminant, especially in cases of accidents or spills in water bodies. However, compact on-
site monitoring devices that allow quick assessment are lacking. Current concepts rely on large
car trailers equipped with complex and expensive high-end laboratory analytical
instrumentation to ensure on-site measurement [5]. Even though these systems provide high-
quality data sets, they are too complex and expensive to be available in sufficient numbers for
flexible use. In addition, good access to the monitoring site and a power supply are essential for

the use of these platforms.

Especially with miniaturization, the energy requirements can generally be reduced and the
amount of toxic organic solvents can be minimized by downsizing peripheral equipment.
Further possibilities of a more environmentally friendly system include the avoidance of
extensive sample preparation steps, the complete elimination of toxic solvents and the use of
compact energy-efficient analytical instruments. There is a clear trend towards the development
of portable analytical instruments. Examples are portable GC-MS systems [6, 7] or the HPLC
system described by Chatzimichail et al. [8]. Additional research lies in the area of further
miniaturization of the pump system towards nL/min flow rates. LED-based spectroscopic
detectors are often used in this application due to their compactness. This achieves a reduction
in the size, energy requirements and solvent consumption of a gradient syringe pump system
without compromising system performance [9-11]. The comprehensive review by Snyder et al.
[12] provides a very good overview of the state of the art in miniaturized and portable MS
systems. lon mobility spectrometry is particularly suitable for on-site measurements, especially
with gas chromatographic pre-separation [13-15]. In contrast to mass spectrometry, no vacuum
is required for the separation of the generated ions. IMS is already a powerful separation
technique used particularly at airports for identification of trace amounts of explosives and other
warfare agents in the gas phase [16, 17]. In addition, IMS is becoming more and more applicable

in the field of water analysis [18]. Due to the low peak capacity of IMS and the competitive

125



Chapter 7

ionization of different analytes, which can extend to ion suppression, chromatographic pre-
separation is often chosen [19, 20]. When using conventional HPLC systems with flow rates
above > 300 puL/min, a split via a T-piece is necessary for coupling to an ESI-IMS to reduce
the LC flow to a few uL/min [21, 22]. Another possibility is to create the split within the ion
source area, e.g. via a T-cylinder [23]. However, the most adept way seems to be the reduction
of the flow rate of the HPLC even further, thereby allowing a splitless coupling of HPLC and
IMS [24, 25].

The aim of this work is therefore to develop a portable device for on-site detection of pollutants
in water based on nano-high performance liquid chromatography (nano-HPLC) and
electrospray ionization (ESI) ion mobility spectrometry (IMS). To further improve sensitivity,
online enrichment using integrated solid phase extraction (SPE) is used. Therefore, this work
presents an SPE cartridge exchange unit developed by additive manufacturing in a cost-
effective and resource-efficient way. The SPE cartridge ensures separation of the analyte
mixture to reduce sample complexity before ionization and separation in the IMS. Using a
compact ESI-IMS for the separation based on ion mobility and the detection of analytes, a two-
dimensional separation is achieved. Ideally, the complete elimination of toxic solvents should
be aimed at. This consideration needs to take into account the concept of green chemistry, which
is becoming increasingly important in the general consciousness. Developments in the field of
green chemistry are rarely described with appropriate green metrics [26]. By default, processes
and devices that are created with green chemistry in mind should also always be subjected to
an evaluation procedure. Ideally, a standard assessment technique should be applied that allows
the comparison of different methods and approaches across publications. The scientific
community has already made various proposals. Gaber et al. have developed the HPLC
Environmental Assessment Tool (HPLC-EAT), a simple approach for profiling the greenness
of liquid chromatographic methods [27]. The analytical method is subdivided and evaluated in
environmental, health and safety units based on the solvents used. The proposal by Plotka-
Wasylka called Green Analytical Procedure Index (GAPI) is more comprehensive and allows
the evaluation of the whole analytical workflow [28]. The assessment includes sample
preparation, reagent and compounds used, sample collection, sample preservation, sample
transport and storage, as well as instrumentation. The results can then be displayed as a
pictogram. The tool used in this work proposed by Pena-Pereira et al. is based on the 12
principles of green chemistry to evaluate methods and systems presenting the results in a well-
structured pictogram [29]. The user has the possibility to add weighting to the 12 principles if

needed.
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7.2 Material and Methods

7.2.1 Instrumental

In this work, a self-constructed compact ESI-IMS with 75 mm drift tube length and a resolving
power of R =100 is used, the detailed description of the setup can be found elsewhere [30].
The ions are generated by an electrospray ion source consisting of a metal emitter (New
Objective Metal Taper Tip, DNU-MS, Berlin, Germany) with a tip inner diameter of 50 um and
a desolvation region of 50 mm length. The ion source operates at a flow rate of 0.6 — 1.8 pL min
!. The ESI voltage of 2.7 — 3.3 kV is applied between the emitter and the grounded inlet of the
desolvation region. This implies that the detector and the amplifier as well as the analog-to-
digital converter are at high potential [31]. A tristate ion shutter not discriminating larger ions
with lower mobility is used to inject the generated ions from the desolvation region into the
drift region, as has been described in several IMS setups [30, 32-35]. Table 7-1 gives an

overview of the relevant operating parameters of the ESI-IMS.

Table 7-1: ESI-IMS operating parameters.

Parameter Value Parameter Value
Length of drift region 75 mm Drift field strength 66 V/Imm
Length of d.esolvanon 50 mm Desolvation field 66 \V/mm

region strength
Emitter-to-inlet voltage 2.7-3.3kV Liquid flow 0.6 — 1.8 yL/min
Drift gas flow rate 250 mL/min Emitter diameter 50 um
Drift gas dew point -85 °C Drift region 23°C
temperature
Drift gas Purified dry air Desolvation region 23°C
temperature
Pressure 1013 mbar

The True Nano™ UHPLC (VICI AG International, Schenkon, Switzerland) is used for
delivering a precise and low flow rate. The system is equipped with a binary syringe pump
system capable of generating a maximum pressure of 1500 bar providing flow rates down to
10 nL min™!. Loading of the sample loop is performed by an LSPone syringe pump (Advanced
Microfluidics SA, Ecublens, Switzerland) using a 25 puL syringe. Sample injection onto the
column was carried out by the integrated six-port-two-position valve and via a fixed sample
loop 0f 200 nL.. The comparison of the two mobile phase systems water/acetonitrile (ACN) and

water/ethanol (EtOH) was performed on a YMC-Triart C18 column with a length of 50 mm
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and an ID of 0.3 mm packed with fully porous 3 pm particles with a pore size of 120 A (YMC
Europe GmbH, Dinslaken, Germany). Stacked injection was used for enrichment and
performed by overfilling the sample loop with a multiple of its volume. Thereafter the valve
was switched, and the sample was transferred to the separation cartridge under isocratic
conditions at 10% EtOH. This step was repeated until the desired enrichment factor was
reached. After injection of the last enrichment volume, the measurement was started. The
separation cartridges with dimensions of 10 x 0.3 mm were packed with the YMC Triart C18
1.9 pm material by Dr. A. Maisch HPLC GmbH (Ammerbuch-Entringen, Germany). Stainless
steel tubing (VICI AG International) with an outer diameter of 360 um and an inner diameter
of 50 um is used for the HPLC tubing. The 360 um fittings from VICI AG (JR-C360NFS6) are
used as connectors. A photo of the complete system with the VICI nano-HPLC pump, the open
cartridge changer, including the separation cartridge, and the ESI-IMS is shown in Figure 7-1

a). Photos and a detailed description of the cartridge changer can be found in chapter 7.5.1.

a) ESI-IMS b)

cartridge stepper
reservoir <= motors
A

cartridge changer

cartridge

Figure 7-1: a) Photo of the complete system with the VICI nano-HPLC pump, the open
cartridge changer with the separation cartridge and the ESI-IMS, and b) the CAD
drawing of the cartridge changer.

The determination of the energy consumption of all current-carrying components in the system
was done using the precision current clamp BENNING CM 11 (BENNING GmbH, Bocholt,
Germany) and the measuring adapter Voltcraft DLA-1 L 16 (Conrad Electronic SE, Hirschau,

Germany).

Prerequisites for the cartridge changer are a simple adaptation to commercially available SPE
cartridges and a pressure stability up to 50 bar. The CAD files for the cartridge changer were
created in SOLIDWORKS 2022 (SolidLine GmbH, Walluf, Germany), and the generated CAD
drawing is shown in Figure 7-1 b). Prusa Slicer 2.3.0 (Prusa Research, Prague, Czech Republic)
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was used as the slicer software. The additive manufacturing was carried out on the Prusa i3
MK3S running on the Marlin Firmware 3.10.1 equipped with an MMU?2S and utilizing a nozzle
size of 0.4 mm. Print setting was set to “0.15 mm quality”, the filament setting was set to
“generic PLA”, and the fill was set to 50%. As filament, the Extrudr PLA NX2 black 1.75 mm
(FD3D GmbH, Lauterach, Austria) was chosen. To avoid overhangs and guarantee sufficient
precision, the printing parts are aligned at a 45° angle to the printing bed. The cartridge changer
was clamped by means of M5 threaded rods, which are equipped with ball bearings to ensure
for uniform force dissipation. This guarantees a fluid-tight connection between the cartridge
and the rest of the system components. Therefore, no 3D printed parts have direct contact with
the mobile phase solvents. For the reader to rebuild the cartridge changer, all required 3D files
have been made available in the supplementary. The other components required and further

information on production can be found in chapter 7.5.2.

7.2.2 Chemicals

LC-MS grade water, acetonitrile, ethanol and methanol (MeOH) were used as mobile phases
and were purchased from Altmann Analytik GmbH & Co. KG, Germany. Cyprodinil,
mepanipyrim, isoproturon, pyrimethanil, carbamazepine and chlortoluron were used as model
compounds in this work and were purchased in analytical standard quality from Sigma-Aldrich

Chemie GmbH, Germany.

7.3 Results and Discussion

7.3.1 Comparison of the Mobile Phase Systems

For comparison of ACN and EtOH as organic mobile phase, a model mixture of 6 substances
was chosen. The 2D plots (IMS drift time versus HPLC retention time) of the gradient
separations without enrichment are shown in Figure 7-2. Dimers are detected for
chlortoluron (1) and isoproturon (2), and even trimers can be observed here (not marked in
Figure 7-2). The chromatographic separation of the model substances remains identical,
regardless of whether ACN or EtOH is used as organic modifier. When using ACN, fewer
solvent peaks occur. However, the ionization of carbamazepine (6) is completely suppressed.
Furthermore, the peak intensities especially for chlortoluron (1), isoproturon (2),
pyrimethanil (3) and carbamazepine (6) are significantly increased when EtOH is used as the
organic mobile phase. This is due to the influence of the solvent on the effectiveness of the

electrospray ionization. It is well known that MeOH favours more efficient ionization in the
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positive mode when compared to ACN [36]. Because EtOH has similar physico-chemical

properties as MeOH, a similar improvement in ionization can be assumed here.

a) 2 b) 2
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Figure 7-2: 2D plot (IMS drift time versus HPLC retention time) of a gradient separation
using a YMC-Triart C18 column 50 x 0.3 mm without enrichment of the model mixture
with 5 mg/L chlortoluron (1), isoproturon (2), pyrimethanil (3), mepanipyrim (4),
cyprodinil (5) and carbamazepine (6) with a) A: water and B: acetonitrile and b) A: water
and B: ethanol as mobile phase at a flow rate of 600 nL/min. The gradient used for each
organic mobile phase is: 0-50% B in 2 s; 50-90% B in 619 s, 236 s hold 90% B, 90-50%
B in 26 s and 559 s hold 50% B.

The same effects are also visible in Figure 7-3 by comparing the use of MeOH and EtOH as
organic components in the solvent mixture. Here, the analysis is performed directly without
pre-separation and without enrichment by using only the ESI-IMS with a syringe pump.
Isoproturon with a concentration of 500 pg/L is used as the analyte in both cases. Previous
studies show that in negative mode, ACN can improve ionization efficiency when compared to
MeOH [37]. However, Asbury and Hill have shown that EtOH provides better signal intensity
for adenosine-5-monophosphates than ACN and MeOH in negative mode [38]. Hence, EtOH
is highly suitable for use as a solvent in ESI-IMS.

130



Results and Discussion

— 1 w1 * I r 1 _tr 1 T 1 77— 3
120 —_— H20:MeOH 20:80 [
- Monomer 1

A Dimer
—==E—J u 5 —
: e e A ENEE L SV S SO N
H,O:EtOH 20:80 |

I Monomer -
N Dimer l
i \ ]

o
o
I
I

-

N

o
|

Amplitude /pA
o

(o)}
o
|

2 04 06 08 10 12 14 16 1.8
1/K0/Vs/cm2

o ©

Figure 7-3: IMS spectrum of 500 pg/L isoproturon without pre-separation and without
enrichment using methanol (black) and ethanol (orange) as organic solvent component,
each at 80%, with a flow rate of 1000 nL/min.

Another significant difference in the operation of the nano-HPLC-ESI-IMS system is the higher
pressure across the column if EtOH is used instead of ACN. The maximum pressure is 35 bar
for EtOH compared to only 20 bar for ACN. Despite the higher overall pressure, the use of

EtOH as an organic mobile phase appears to be practicable.

7.3.2 Enrichment Experiments

In order to further improve the sensitivity, sample enrichment is advisable. However, direct
enrichment from surface waters on the analytical column is not desirable. The reason is that
suspended particles can lead to clogging and thus total failure of the system. By replacing the
analytical separation column by the SPE cartridge, this problem can be circumvented. In
addition, by exchanging the cartridge after each sample, the washing process can be eliminated
and carryover effects can be prevented. Nevertheless, it is necessary to have enough phase
material available to enrich larger volumes and thus further increase the sensitivity of the entire

system. To maximize the peak capacity, the particle diameter (d,,) was reduced by a factor of
1.58. Considering that the back pressure is inversely proportional to the square of d,,, the length

(L) of the separation column, which is proportional to the back pressure, was reduced by a

factor of 5. Thus, the d,,/L is reduced by a factor of 2. This also means that a loss in
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chromatographic resolution is accepted in favor of a shorter analysis time and a reduction of

the back pressure.

Therefore, in a next step, the online enrichment on the separation cartridge is considered. Here,
a single injection and a sixfold stacked injection of a mixture of the herbicides isoproturon and
cyprodinil are investigated. The flow rate was increased to 1800 nL/min and the total time of
the method was reduced to 530 s. In this case, the system pressure increases to the maximum
value of 38 bar with higher flow rate and the use of the SPE-cartridge. The comparison of the
2D plots with a) single injection and b) sixfold stacked injection is shown in Figure 7-4. The
two substances can be separated and the chromatographic resolution for the monomers are
R yprc = 1.7 for single injection and Ry yprc = 1.3 for sixfold stacked injection. In addition,

the peaks in the ion mobility dimension in both cases exhibit a resolution of Rg ;s = 1.9.
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Figure 7-4: 2D plot (IMS drift time versus HPLC retention time) of a gradient separation
using the separation cartridge and a concentration of S mg/L isoproturon and cyprodinil
with a) one injection equivalent to 200 nL. and b) with enrichment due to six stacked
injections on the cartridge equivalent to 1200 nL with A: water and B: ethanol as mobile
phase at a flow rate of 1800 nL/min. In the IMS, the isoproturon forms a monomer peak
(1), a dimer peak (2), as well as a trimer peak (3), and the cyprodinil forms a monomer
peak (4) and a dimer peak (5). After injection, the separation of the two herbicides is
carried out on the same cartridge with the following gradient: 0-10% B in 1 s, 60 s hold
10%B, 10-50% B in 60 s, 50-90% B in 199 s, 60 s hold 90% B, 90-10% in 90 s and 60 s
hold 10% B.

Furthermore, the influence of online enrichment is clearly visible, as increased multimers of the
compounds are seen after enrichment. This is exemplified in Figure 7-5, looking at an ion
mobility spectrum at a retention time of 225 s. With the sixfold injection, the trimer peak (3)
increases threefold compared to the single injection. In this case, the monomer peak (1)

decreases by the same factor.
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Figure 7-5: Ion mobility spectrum of the isoproturon peaks at a retention time of 225 s
with single injection (black) with a corresponding on-column mass of 1 ng and sixfold
stack injection with a corresponding mass loading of 6 ng on the separation cartridge
(orange).

After these experiments, the model mixture of the 6 substances with a concentration of 50 pg/L
was analyzed. The same gradient as described above is applied and a single injection, fivefold
stacked injection and tenfold stacked injection are used and compared. As expected, the
individual peak heights of the substances increase with the number of stacked injections, as can
be seen in Figure 7-6. At the retention time of 200 s, an artefact can be seen that might be
explained either by column bleeding or by the formation of highly charged solvent droplets,

clusters, or a combination of both [39].
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Figure 7-6: 2D plot (IMS drift time versus HPLC retention time) of a gradient separation
using separation cartridge 10 x 0.3 mm of model mixture containing a concentration of
50 ng/L. for each compound of chlortoluron (1), isoproturon (2), pyrimethanil (3),
mepanipyrim (4), cyprodinil (5) and carbamazepine (6) with a) single injection, b) five
stacked injections and c¢) with ten stacked injections on the cartridge with ethanol as
organic mobile phase at a flow rate of 1800 nL/min.
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The equidistant peaks (7) across the diagonal line, which can be clearly seen in Figure 7-6 b)
for the fivefold injection, are most likely caused by the oligomer Triton [37]. Analogously, such
matrix ions are also detected when using ESI-MS [40]. However, during the measurements,
cartridge bleeding was observed after multiple injections. This can be attributed to the pressure

spikes and the resulting shearing stress on the phase material caused by the stacked injection.

Similar to the initial separation when using the YMC-Triart C18 analytical column, a
satisfactory separation is obtained on the cartridge. The adjacent peaks (1) and (2) have a
resolution of Rg yp c = 0.7 in the chromatographic dimension and an Rg ;s = 1.0 in the ion
mobility dimension for tenfold stacked injection. For peaks (4) and (5), a resolution of
Rs yprc = 0.7 and Ry s = 2.6 can be determined in the chromatographic and ion mobility

dimension, respectively.

To calculate the effective 2D peak capacities (ZDneff) and orthogonality (O) of nano-HPLC and
IMS separation, the vector-based approach of Diick et al. [41] was used. Table 7-2 shows the
results for the tenfold injection. For comparison, a chip electrochromatography (ChEC)-IMS
method by Hartner et al. [19] and an HPLC-IMS measurement by Ziihlke et al. [23] are also

listed. The calculation of the effective 2D peak capacity was performed once only considering
the monomers. An orthogonality of O = 0.53 and an effective 2D peak capacity of ZDneff =

174 are achieved. In addition, the multimers are included in another calculation for the
multimers from isoproturon. Due to the lower ion mobility of the trimers and the resulting larger

drift time, a much larger orthogonality of O = 0.77 is achieved. This leads to a higher effective
peak capacity of ZDneff = 324. However, individual substances occupy several peak sites

here, which of course reduces the theoretical maximum number of separable compounds.

Since not all substances form dimers or trimers to the same extent, an estimate of the reduction
is hardly possible. However, if we assume that all substances form dimers, the theoretical
maximum number of separable compounds is reduced by half and thus returns to the range of
the peak capacity when just observing monomers. The orthogonality obtained and the reduction
in the theoretical maximum number of separable compounds due to multimers thus largely
balance each other out in a rough approximation. Moreover, an increase in the number of peaks
further complicates the interpretation of the measurement results. A possible solution to this
problem is the use of a database, which is currently subject of research [42, 43] and makes it
easier to assign the peaks to the corresponding substances. Ideally, the data should be generated

for use on a comparable system, since ion mobility depends on many influencing factors.
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Table 7-2: Effective 2D peak capacities and orthogonality.

nano-HPLC-IMS  nano-HPLC-IMS  ChEC-IMS [19] HPLC-IMS [23]

Number of
6 6 (incl. multimers) 5 24
compounds
2D sep. time 199 s 199 s 100s 20 min
Orthogonality (0) 0.53 0.77 0.50 0.56
effective 2D peak
174 324> 198 240

capacities (?°nqg)

*theoretical value, the multimers reduce this value according to the occurrence frequency of the multimers.

Overall, the 2D separation based on liquid chromatography and ion mobility offers a good
approach to separating complex mixtures. Not all components have to be baseline separated in

one dimension, as the two separation dimensions are orthogonal.

7.3.3 Greenness Assessment of the System

Within the framework of this publication, the current status of the described system was
compared to the intended field demonstrator by use of the AGREE tool. Wojnowski has made
the open-source software program available on his site that can be used free of charge [44].
AGREEprep, a variation of this evaluation method specifically for sample preparation was

recently published [45].

The results of the case studies with the AGREE tool are shown in Figure 7-7 and the
corresponding input for creation of the pictogram is listed in Table 7-3. Equal weights have
been chosen for the 12 principles (p). As described, the concept of the presented system is based
on direct enrichment from surface waters on a separation cartridge. This is followed by a two-
dimensional separation consisting of chromatographic and ion mobility separation. Currently
the system is a laboratory setup and the sample treatment is done by oft-line analysis (p 1). A
maximum of up to 100 uL of surface water can be enriched on the cartridge (p 2). The analysis
is currently done off-line (p 3). Only a filtration of the sample is needed to eliminate suspended
particles (p 4). The entire system is miniaturized, the individual components are not yet
connected via software and are therefore only partially automated (p 5). Derivatization of the
analytes is not necessary (p 6). The resulting waste consists only of the enriched sample volume
as well as the total volume of water and EtOH for the analytical run. In total, this amounts to
112 pL for a single analysis (p 7). In the measurements, six components could be separated in

a total runtime of 400 s (p 8). The power consumption of all components was determined
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individually, the total consumption per sample was 0.04 kWh (p 9). All solvents used were
obtained from conventional sources (p 10). Due to the use of EtOH, the mobile phase contains
no toxic solvent (p 11). Nevertheless, EtOH is considered highly flammable (p 12). Based on
this evaluation, the analytical procedure achieves a value of 0.73, where 1.00 corresponds to

the ideal green system.

. Sample treatment

. Sample amount

. Device positioning

. Sample prep. stages

. Automation, miniaturization

. Derivatization

. Waste

. Analysis throughput
. Energy consumption

10 Source of reagents

11. Toxicity

12. Operator's safety

oo, WNE

Figure 7-7: Results of the AGREE assessment for a) the current system, b) the intended
system after optimization, and c) a comparable conventional method (classic laboratory
analysis). The lower right corner shows the legend of the 12 criteria.

The simple evaluation of the system in the development process allows an identification of
targeted optimizations in the context of the green chemistry approach. Especially the sample

treatment, the device positioning and the source of reagents can be further optimized. By
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integrating the nano-UHPLC, the loading pump, the cartridge changer and the ESI-IMS into
one software, the system can be fully automated (p 5). The enclosure of the components and
the operation of the entire system with rechargeable batteries will make the system mobile and
enable sample treatment and device positioning on-line (p 1 and p 3). Furthermore, EtOH can
be derived from renewable resources (p 10). However, bio EtOH is currently not processed to
the extent that it would reach the desired HPLC grade purity. Based on these changes, the final

value can be improved to 0.92.

In order to enable a better assessment of the results, the presented concept was compared to a
classical laboratory protocol for the determination of 17 analytes in surface waters. Here, the
clear influence of miniaturization on the evaluation of the entire concept can be seen. It is
obvious that above all the increased amount of waste (factor 76), the use of the toxic ACN and
the significantly higher energy consumption of a laboratory scale LC-MS system have a
negative effect on the overall score. For the classic laboratory analysis, a score of only 0.47 is
achieved.

Table 7-3: Selected variables and the resulting scores for the description of the current

system, intended system and a comparable conventional method in the AGREE software.
Grayed out are the intended changes of the system.

Principle State of the current system [intended systern after optimization Compareable classical approach
Variable Score i"a’-dl iabhe Score Variable Score
1 sample treatment off-line analysis .48 |infield and online 0.78 joff-line analysis 0.48
2 sample amount 100 L 0,98 [100 pl 0.98 |2 ml .55
3 device positioning off-line 0.00 |on-line 0.66 joft-line 0,00
dsample prep. stages 3 or fewer 1.00 |3 or fewer 1.00 3 or fewer 1.00
Sdegree of automation  semi automatic _ [automatic semi automatic i
sample preperation none or miniaturized n.rS |none or miniaturized 100 not miniaturized 023
& derivatization none 1.00 [mone 1.00 jnone 1.00
7 waste volurme 112 pL 0.99 (112 pL 0.99 B.5 mL 0.41

g number of analytes 5] & 17

sample throughput 5] n.82 6 082 5 100
Qenergy consumplion 0.04 kWh 1.00 |0.04 K\Wh 1.00 |LC-MS 0,00
10source of reagents none of the reagents are bio based 0,00 Eall of the reagents are bio based  1.00 |none of the reagents are bio based  0.00
11 toxicity no 1.00 [ne 1.00 Jyes; 2.4 mL 0.39
12 operator’s safty highly flameahle 080 ;highlg flameable 0.80 |highly flameble; corrosive 0.60

7.4 Conclusion

The novelty of the present work lies in the coupling of a nano-HPLC with an ESI-IMS.
Herewith, a splitless setup can be achieved. An orthogonality of O = 0.53 and an effective 2D
peak capacity of 2Pngg = 174 have been achieved. Due to the overall miniaturization, solvent
consumption for operation can be significantly reduced compared to conventional methods. In
addition, due to the compact design and the use of ion mobility spectrometry, the required
energy demand is significantly reduced compared to a conventional LC-MS method. For
example, no vacuum pumps are required for the operation of an IMS. Also, the use of ethanol

as an organic mobile phase was investigated. It could be shown that ethanol can be used as
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organic solvent for the mobile phase. In addition, it exhibits better ionization than ACN for the
selected model analytes. Thus, it could be shown that this work can serve as a basis to develop
a device as an on-site alarm unit, which can be used for example in case of accidents or disasters,

in order to provide a fast and flexible response.

The AGREE tool is very well suited to evaluate new analytical protocols, to identify
weaknesses already in the development step and to enable the comparison with existing
methods. It is much more quantitative than the very simple HPLC-EAT tool and less complex
than the GAPI method, making it an effective tool for a comprehensive qualitative

benchmarking and the creation of green metrics.

7.5 Supplementary Information

7.5.1 Description of the Cartridge Changer

Figure 7-8 shows pictures of the printed and implemented cartridge changer. The magazine (1.)
is used to store the cartridges. The process of changing is accomplished solely by the back-and-
forth movement of the cartridge carrier (2.). In the closed position, the cartridge is firmly
clamped between the changer body (3.) and the carrier (2.). The holder can be moved back by
turning the threaded rods. The gears (4.) ensure an even distribution of force and prevent
wedging. The cartridge is carried along via the clips (6.) and is ejected via the outlet (6.). This
process allows a cartridge to be fed from the magazine to the changer body. By moving the

holder forward, it is clamped again.
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Figure 7-8: Pictures of the cartridge changer. a) View of the assembled changer. b)
Changer without cover in open position. ¢) Changer without cover in closed position. d)
Side view of the gears. e) Changer with Inserted HPLC connectors. f) Alternative
cartridge carrier with clips. 1. Magazine and cover; 2. Cartridge carrier; 3. Changer body
4. Gears 5. Cartridge ejection; 6. Clips.

7.5.2 Directory of STEP and STL Files and Further Information

The files required for printing of the cartridge changer are provided as part of the supplementary
and are accessible through doi.org/10.1016/j.greeac.2022.100011 under a Creative Commons
license. In the provided formats, the files can be adapted to the reader’s needs. The provided
zip file contains the files for the gears, the changer body, the clips, the cartridge carrier, and the

magazine.

To complete the assembly, two M5 threaded rods of approx. 15 cm, 6 M5 nuts, a stainless-steel

ball bearing SS 6701 12x 18 x4 mm and two miniature thrust ball bearings F5-10M
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5 x 10 x 4 mm are needed. The thrust ball bearings are placed in the recesses of the cartridge

body marked in red in Figure 7-9.

Before manufacturing the cartridge changer, it is important to consider the environment in
which the changer will be used to identify the appropriate material. For example, the polylactic
acid (PLA) used in this work has excellent stiffness and mechanical strength, making it well
suited for prototypes for the laboratory assembly. However, PLA is unsuitable for field use due
to its deformability at temperatures over 50 °C and possible swelling and degradation when
exposed to water or high humidity. Polyether ether ketone (PEEK) would be suitable for use in
the field, because it has exceptionally good chemical resistance and good mechanical properties.
However, processing by 3D printing is challenging. Acrylonitrile butadiene styrene (ABS),
while less mechanical resilient than PLA, has better resistance to moisture and can also be

processed with standard printers.

Figure 7-9: Section of the cartridge body from the STL file. Red markings show the
positions for the thrust ball bearings.
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Chapter 8 General Conclusions and Outlook

8.1 General Conclusions

The doctoral thesis was composed of a research and a development part. In the former part, the
influence of the pre- and post-column volume as well as the influence of the column ID in
relation to the total extra-column volume on the peak broadening was investigated. The later
part capitalized on the inherent benefits of miniaturized LC for the development of new
stationary phases and used the findings from the first part to develop a new miniaturized
portable system. Both parts were united by the ambition to fill gaps in the literature and to use
the research results to contribute to an easing of switching to cLC and therefore make the use
of this technology attractive to a broader pool of users. Overall, it could be shown that many
disadvantages of miniaturized LC can be minimized by simple measures, but it also became
evident that for the true utilization of the intrinsic potential of the technological approach, it is
inevitable to abandon the classical modular design from the sixties in favor of compact

separations systems [1].

Methods normally used to evaluate the performance of LC columns, such as van Deemter
analysis and kinetic plot theory, were successfully applied to investigate the influence of extra-
column volumes on apparent efficiency [2]. This was done against the background that the
study design should be related to real measurement conditions. In contrast to comparable
studies, where individual system components are usually investigated in isolation, the most
important factors for band broadening could be identified in the studies looking at the total
system [3]. For example, it was shown in Chapters 3 and 5 that, contrary to the assumption that
the pre-column volume is negligible in gradient elution, it has a significant influence [4]. The
optimization of modern HPLC-systems to reduce the post-column volume at the expense of the
pre-column volume led to the systems becoming unusable for isocratic operation, and in
gradient operation strong band broadening effects for early eluting substances had to be
accepted. This effect is due to the modular design of these systems. The detector comparison
demonstrated that simple derivations regarding the band broadening based on the extra-column
volume are not possible. Although mass spectrometry has become one of the most important
detection techniques, it is not commonly used for band broadening studies, where the UV
detector still dominates. To counteract this, MS was part of the investigations in Chapter 4 and
the main method in Chapter 5. Chapter 4 also showed where the limits of the trend are to reduce

the ID of the columns on a conventional scale to take advantage of miniaturized systems, and
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again it became clear that this is only possible with compromises that do not have to be made

with real miniaturization.

The second part of the work was devoted to development with the focus on the incorporation
of the principles of GAC [5]. Chapter 6 demonstrated how a comprehensive characterization
and development of new stationary phases based on bead cellulose, which eliminated the need
for organic solvents, was successfully carried out based on a few grams of starting material.
This clearly demonstrated that even in the field of stationary phase development, the use of
miniaturized LC offers a significant advantage since less phase material was required per
column and thus an efficient optimization process could be pursued. To complete the thesis, the
findings from Chapters 3 - 5 were used in Chapter 7 to develop a miniaturized compact cLC-
system for online enrichment and measurements in the field, with the purpose to offer a solution
for the analysis of pollutants in surface waters. The system thus joins a series of other portable
developments described in the literature which show that with the growing demand for on-site
analysis, there is no way around the compact cLC [6-9]. During the engineering of the system,
tools were used that enabled an evaluation based on environmental friendliness. Among other

things, this resulted in the elimination of the use of toxic organic solvents [10, 11].

The quantification of the effects leading to band broadening was performed on a fully porous
RP phase, which naturally raises the question to what extent the results can be transferred to
other separation mechanisms or particle morphologies; further studies would be required to
assess this. Another limitation was the maximum operable pressure of the cLC systems
employed. Since the influences of extra-column band broadening have been extensively
studied, the focus in further research could be on the stationary phase. Devices with extended
back pressure could be used and the improved heat dissipation of capillary columns could be
investigated in ultra-fast separations. Alternatively, the focus could be on increasing the
separation speed by shorter columns and higher flow rates or increasing the separation
efficiency by reducing the particle diameter. Furthermore, first efficiency studies in
combination with MS detection have been performed in this thesis, but these can only be
interpreted as a starting point, especially when wide flow rate ranges are investigated, ESI-MS
source parameters have a significant influence on the signal intensity and should be investigated
in detail. If the pendulum of scientific curiosity swings more in the direction of device
development, it is recommended to start this on the basis of compact portable systems and to

consider the principles of GAC already in the development process.
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Regardless of whether and in what form the proposed research will be conducted in the future,
the results described in this thesis hopefully help to increase the acceptance of cLC and thus
pave its way as a future technology in terms of a fast, reliable alternative to conventional LC

and additionally strengthen the idea of green analytical chemistry.

8.2 Short-Term Vision

As shown at several points throughout this thesis, a trend is emerging that prefers efficiency in
the form of compact miniaturized LC systems to the flexibility of modular systems. The lab-
on-chip approaches take this idea to the extreme but the disadvantages of such systems have
already been explained in chapter 1.5. In order to address the described problems of the LOC-
systems, own research work is performed using 3D printing for LOC development. This
concept combines the advantages of LOC with the modular design of conventional LC. An
exemplary arrangement for the mixing of two or more components, followed by a

chromatographic separation and detection can be seen in Figure 8-1.

Main
frame

Mixing
module

Chromatography
module

Detector
module

Chip-to-world
interface

Dead volume free
module-module
connection

Locking
mechanism

Figure 8-1: Exemplary setup of the proposed LOC system consisting of the main frame
and three dedicated LOC modules. Shown in red is a meander module for mixing of two
components, shown in green is the chromatography module with orange stationary phase.
The detector module is shown in blue. The dedicated chip modules currently have the
dimensions of S cm x 3 cm x 0.6 cm

The aim of this research is to create dedicated LOC modules that fulfill functions such as the

mixing of components, the chromatographic separation of mixtures as well as the detection.
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The modules are manufactured in PEEK by means of additive manufacturing using the material
extrusion process (MEX). PEEK is mechanically very stable and resistant to most common
solvents and therefore ideally suited. The individual modules can be arranged and combined on
a main frame without dead volume and are thus significantly more flexible than classic LOC
systems. Another advantage of the dedicated modules is that it is no longer difficult to introduce
the stationary phase into the chip. If necessary, fundamental adjustments to the microfluidic
structure can be made and the new module produced within one day. This considerably reduces
the manufacturing time. There are also no limits to customizing the chip to world interface to
the user's needs. This makes the proposed system the first truly flexible LOC system that can
be used to answer analytical questions in a conventional laboratory environment without the

need for complex setups.

8.3 Long-Term Vision

If one reviews all the information in the previous chapters it becomes clear that there is
considerable untapped potential in the miniaturization of liquid chromatography systems. This
invites philosophizing and is used in conclusion as the basis for the development of an idealized
imagined wearable HPLC. Transfer capillaries are a thing of the past, but if connections
between individual system components are still necessary, these can be made with the latest
generation of OT columns [12, 13]. Also, the analytical separation column consists of such a
several meter long coiled OT-column similar in nature to the gas chromatography counterpart
[14]. Enrichment and purification of the samples can take place directly in the additively
manufactured valves according to the column-in-valve principle [15]. The necessary SPE
materials, like the pumps, can be integrated with optimal modification and arrangement by 3D
printing [16]. Detection takes place on-column and can be carried out at different positions on
the column, according to the requirements of the application [17]. In this way, the measurement
time can be optimally adapted to the specific question. With the increasing expansion of the 5G
network and the 6G network in the starting blocks, the evaluation and processing of the data
can take place completely in the cloud [18]. This would also enable networking of all measuring
devices and thus reduce the number of misinterpreted data through Al-supported comparisons
of the measurement results and significantly increase the reliability of the data sets comparable
to current approaches for automated predictive maintenance [19]. To adhere to the opening
sentence of this sub-chapter, if in the future the scientific community succeeds in further
developing the described techniques, consistently implementing them and bringing them

together, we will be one step closer to developing a uWTAS HPLC the size of a watch.
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after optimization, and c) a comparable conventional method (classic laboratory analysis). The

lower right corner shows the legend of the 12 criteria. ........ccceveevierieniininiinieeneeeeeen 137

Figure 7-8: Pictures of the cartridge changer. a) View of the assembled changer. b) Changer
without cover in open position. ¢) Changer without cover in closed position. d) Side view of
the gears. e) Changer with Inserted HPLC connectors. f) Alternative cartridge carrier with clips.
1. Magazine and cover; 2. Cartridge carrier; 3. Changer body 4. Gears 5. Cartridge ejection; 6.
[0 5o 1TSS 140

Figure 7-9: Section of the cartridge body from the STL file. Red markings show the positions
for the thrust ball BEATINGS. ......cccueiiiiiiieiii et 141

Figure 8-1: Exemplary setup of the proposed LOC system consisting of the main frame and
three dedicated LOC modules. Shown in red is a meander module for mixing of two
components, shown in green is the chromatography module with orange stationary phase. The
detector module is shown in blue. The dedicated chip modules currently have the dimensions
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List of Abbreviations
puLC micro-liquid chromatographic
MPAC micro pillar array columns
MTAS miniaturized total analysis systems
ABS acrylonitrile butadiene styrene
ACN acetonitrile
ASA acetylsalicylic acid
BAUA The German Federal Institute for Occupational Safety and Health
BSA bovine serum albumin
BVCz Bevacizumab (Avastin)
CA cellulose-2,5-acetate
CAL computed axial lithography
CAN cerium (IV) ammonium nitrate
CFD computational fluid dynamics
ChEC electrochromatography
cLC capillary liquid chromatography
DAD diode array detectors

DMDOMA N-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)acrylamide

ECBB extra-column band broadening

ELSD evaporative light scattering detector

ENCS Existing Notified Chemical Substances

ESI electrospray ionization

EtOAc ethyl acetate

EtOH ethanol

FLD fluorescence detector

FS fused silica

FWHM full width at half maximum

GAC Green Analytical Chemistry

GAPI Green Analytical Procedure Index

HILIC hydrophilic interaction liquid chromatography
HPLC high performance liquid chromatography system

HPLC-EAT HPLC Environmental Assessment Tool

HTLC high temperature liquid chromatography
ID inner diameter
IMS ion mobility spectrometry
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KPL
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LOC
MC
MeOH
MEX
MIP
MS
MYO
NAP
nano-HPLC
nLC
oT
PBS
PDMS
PEEK
PLA
PLOT
REACH
SPE
STAMP
SUVOS
TTF
UHPLC
USP
WCOT
ZbV

kinetic plot limits

liquid chromatographic

Lab-on-Chip systems

methylcellulose

methanol

material extrusion process

molecular imprinted polymers

mass spectrometry

myoglobin

N-acryloylpyrrolidine

nano-high performance liquid chromatography
nano-liquid chromatographic

open tubular columns

phosphate buffered saline
polydimethylsiloxane

polyether ether ketone

polylactic acid

porous layer open tubular column
Registration, Evaluation, authorisation and Restriction of Chemicals
solid phase extraction

Separation Technology for A Million Peaks
semiconductor ultraviolet optical sources
Title Transfer Facility

ultra-high performance liquid chromatography
United States Pharmacopoeia

wall coated open tubular columns

zero-dead volume
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