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Abstract
The increasing demand for faster and more efficient separations for biological samples have
driven organic polymer-based monolithic columns back into the spotlight. The nature of the
monolithic structure allows the use of higher flow rates without increasing the system
backpressure. They are also easier to contain inside the column body, opposed to particle
packed columns, which are held in place by frits. These are some of the advantages that
monolithic columns offer compared to particle packed columns.

Poly(styrene-co-octadecene-co-divinylbenzene) (PS-OD-DVB) monolithic columns have been
prepared and characterized using the neuropeptide oxytocin, “the love hormone” as test
compound. The columns, 50 µm inner diameter x 100 mm in length, were to be used as trap
columns in a miniaturized liquid chromatography-mass spectrometry (LC-MS) column
switching system for bottom-up proteomics analysis. The monolithic PS-OD-DVB columns
were prepared in situ (inside the fused silica capillary), using a polymerization mixture
consisting of an initiator (lauroyl peroxide), a crosslinker (divinylbenzene), monomers (styrene
and 1-octadecene), a good porogen (N,N-dimethylformamide (DMF)) and a bad porogen (1decanol). Polymerization time, polymerization temperature, initiator concentration, and
monomer to porogen ratios were investigated in order to obtain a monolithic structure with a
high surface area and good permeability.

The best PS-OD-DVB monolithic column was prepared using a mixture of 1.9% lauroyl
peroxide (weight percentage of monomer amount), 14.2% divinylbenzene, 15.2% monomers,
11.9% DMF and 57.5% 1-decanol. The column was polymerized for one hour at 73°C and gave
a plate height of 62 µm, a backpressure of 23 bar at a flow rate of 500 nL/min with a mobile
phase consisting of 20% B (acetonitrile (ACN), water, formic acid (FA), 80/20/0.1, v/v/v) and
80% A (water with 0.1% (v/v) FA) and a retention time repeatability of 2.6% (relative standard
deviation). The repeatability of the columns made by various individuals was satisfactory.
However, when preparing twenty-one columns by the same individual, the repeatability
revealed to be questionable. Hence, further improvements in the polymerization procedure do
seem necessary and might be able to enhance the repeatability of the columns.
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Figure 1 Graphical abstract that illustrates the process of preparing and characterizing the poly(styrene-cooctadecene-co-divinylbenzene) monolithic columns. An optimal polymerization procedure was first selected
based on column efficiency and morphology of the monolithic structure. The repeatability of the polymerization
method was then evaluated by making several columns using the same polymerization parameters. Since the
monolithic columns were to be used as trap columns, their ability to separate different compounds was also
examined.
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1 Abbreviations
1D

One dimensional

2D

Two dimensional

LC

Liquid chromatography

HPLC

High-performance liquid chromatography

nanoLC

Nano-liquid chromatography

MS

Mass spectrometry

MS/MS

Tandem mass spectrometry

ESI

Electrospray ionization

UV

Ultraviolet

SEM

Scanning electron microscopy

SP

Stationary phase

MP

Mobile phase

SPE

Solid phase extraction

SPE-LC

On-line solid phase extraction liquid chromatography

LOD

Limit of detection

LOQ

Limit of quantification

m/z

Mass to charge ratio

ID

Inner diameter

OD

Outer diameter

OT

Open tubular

PLOT

Porous layer open tubular

RP

Reversed-phase

N

Plate number

1

H

Plate height

P

Pressure

RSD%

Relative standard deviation in percent

STD

Absolute standard deviation

TIC

Total ion chromatogram

tR

Retention time

u

Linear flow rate

ACN

Acetonitrile

LP

Lauroyl peroxide

AIBN

2,2'-Azobis(2-methylpropionitrile)

DMF

N,N-Dimethylformamide

FA

Formic acid

γ-MAPS

3-(Trimethoxysilyl)propyl methacrylate

DVB

Divinylbenzene

PS-DVB

Poly(styrene-co-divinylbenzene)

PS-OD-DVB

Poly(styrene-co-octadecene-co-divinylbenzene)

In situ

Made in the solution (inside the capillary)

PPT

Protein precipitation

wt%

Weight percentage

R/A

Reduction and alkylation

2

2 Introduction
2.1 Bioanalysis
The term “bioanalysis” is commonly used for qualitative and quantitative determination of
drug/metabolites/biomarkers in biological matrices [1, 2]. Serum, plasma, whole blood, urine,
saliva, and tissues are some of the biological matrices used for bioanalysis [2]. There are several
fields within bioanalysis designated to study various types of biomolecules, such as proteomics,
peptidomics, and metabolomics.
The analysis of a metabolome, which is a mixture of endogenous and exogenous low mass
compounds (approximately < 1500 Da) present in a biological system, is called “metabolomics”
[3]. Endogenous metabolites are small molecules synthesized by the enzymes encoded by our
genome, while the exogenous metabolites are “foreign” chemicals consumed such as food,
drinks and drugs [4]. Metabolomics can, therefore, be defined as the qualitative and quantitative
analysis of all metabolites present in an organism at a particular time [5]. Proteomics, on the
other hand, is defined as the characterization of the full protein complement of a cell, a tissue
or an organism at a specific time at given conditions [3, 6].
While metabolomics studies provide information about past events that include the whole
metabolism and the interaction with the environment, proteomics studies reflect the real and
potential functional information of an organism [5, 7]. In this way, proteomics studies provide
a better understanding of cells by revealing the structure, function, and interactions of proteins.
Since proteins can be used as biomarkers for human diseases, they play a crucial role in the
understanding of the cause and management of the said disease [8]. There are two main
approaches that can be applied for protein identification and characterization; Bottom-up
proteomics or top-down proteomics. In bottom-up proteomics, proteins are subjected to
proteolytic cleavage, usually with trypsin, and the peptide products are separated and then
analyzed by mass spectrometry (MS). Typically, a reduction and alkylation step is performed
prior to the proteolytic cleavage to help unfold the protein, which provides enhanced sequence
coverage [9]. Still, information on protein sequence is only partially obtained and potential loss
of data could occur using this method. In top-down proteomics, the intact proteins or protein
fragments are fragmented, separated and interpreted directly in the mass analyzer. Depending
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on the sample complexity and the information request, a one dimensional (1D) or two
dimensional (2D) separation could be used before MS and MS/MS [10, 11].
Peptidomics, on the other hand, focuses on the analysis of all peptides within an organism,
tissue or cell including the transient products of protein degradation [12, 13]. The peptide
concentration in an organism reflects detailed information about its physiological status [12].
Oxytocin is such a peptide and will be further elaborated upon below. The difference between
the above mentioned –omics is shown in Figure 2.

Figure 2 Schematic description of the different omics studies; proteomics, peptidomics, and metabolomics.

Oxytocin
Oxytocin (OT) is a neuropeptide hormone that was characterized as a nonapeptide in 1953. A
nonapeptide is an oligopeptide that is formed from nine amino acids (cysteine-tyrosineisoleucine-glutamine-aspargine-cysteine-proline-leucine-glycineNH2), and consists of a ring
formed by a disulfide bridge between the two cysteines with a three amino acid tail [14, 15].
The molecular structure of oxytocin is shown in Figure 3.

4

Figure 3 Molecular structure of the neuropeptide oxytocin. Oxytocin has the molecular formula of
C43H66N12O12S2 and a molar mass of 1007.193 g/mol.

OT helps regulate maternal behaviors, social cognition and other physiological processes, such
as sexual behaviors, memory and learning processes [16-18]. In addition to its many roles in
the human body and brain, oxytocin has also proven to influence even social behavior.
Understanding the precise nature of that influence is crucial within the theoretical context of
neurobiology, social neuroscience, and brain evolution, but also within the clinical context of
disorders, such as autism, schizophrenia, and anxiety [19, 20].
Since oxytocin is present at an extremely low endogenous level (low pg/mL) in human plasma,
accurate measurements are difficult to achieve [15, 21]. Radioimmunoassay (RIA) and enzymelinked immunosorbent assay (ELISA) have been the methods of choice when monitoring OT
levels in plasma, however, their sensitivity and selectivity are questionable [21, 22]. RIA and
ELISA are also time-consuming methods [23]. Liquid chromatography combined with mass
spectrometry (LC-MS) has enabled accurate measurements/identifications of OT in small
samples [21, 24, 25]. LC-MS methods are commonly used in analytical laboratories and are
used when detailed information on compounds of interest is needed, such as molar mass,
charge, and molecular structure. LC-MS also provides excellent validity and high
accuracy/precision measurements [23].
Biological samples are quite complex and it can be challenging to analyze the different physical
and chemical properties of their components. The dynamic concentration range of main
compounds can also be rather large in real samples, thus making it difficult to detect them [3].
Clean up of the sample or enrichment of an analyte prior to the detection can be enabled by
5

using a separation technique. High-performance liquid chromatography (HPLC) coupled to
electrospray ionization mass spectrometry (ESI-MS) has been widely used for protein and
peptide separations in biological samples [6, 10, 13, 19, 26, 27].

2.2 High-performance liquid chromatography
In liquid chromatography (LC), sample components are separated according to differences in
their distribution between the mobile phase and the stationary phase [28]. The mobile phase
(MP) in LC is usually a mixture of two or more solvents, while the stationary phase (SP) is a
solid, often with a hydrophobic surface [29, 30]. The analytes in the sample are carried through
the column by the mobile phase, which will interact differently with the stationary phase and
elute at different times giving separation. The retention time of an analyte, tR, is defined as the
time it takes an analyte to migrate through the column and be detected by a suitable detector.
Reversed-phase high-performance liquid chromatography (RPLC) has become an essential tool
for protein and peptide analysis and identification [31, 32].
RPLC has shown to be the method of choice for peptides and proteins due to its excellent
resolution for closely related molecules, easily manipulated selectivity by changing the MP
characteristics, high recovery and productivity and excellent repeatability of repetitive
separations carried out over a long period of time [33]. Also, RPLC has shown to be most
compatible with ESI-MS since the MP used has low ionic strength and contains organic
modifiers [26].

2.2.1 Reversed-phase liquid chromatography
In reversed-phase liquid chromatography (RPLC), molecules are separated based on their
hydrophobicity. The solute molecules in the MP will bind to the hydrophobic surface attached
to the SP [33]. The most common SP involves the use of alkyl chains covalently bonded to
silica particles (a C-18 based sorbent).
The mobile phase is composed of a pH adjusted mixture of water and an organic modifier,
usually ACN or methanol. The elution can be either isocratic, where the concentration of the
organic modifier is constant or gradient, where the amount of organic solvent is gradually
increased [33]. Separations in RPLC can be easily manipulated by changing the gradient slope,
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the operating temperature, the pH, and the organic solvent composition. The compounds will
elute by increasing hydrophobicity [26, 30].
The dimension of the separation column determines the sample loading size and achievable
detection limits. A typical analytical column has an inner diameter (ID) of 4.6 mm. In order to
be able to detect the peptides derived from a limited amount of sample, the detection sensitivity
needs to be maximized. Therefore, more narrow columns have become increasingly used for
the separation of proteins and peptides [33].

2.3 Nano-liquid chromatography
Nanoscale liquid chromatography (nanoLC) can be considered a miniaturized version of
conventional HPLC. It has become a common tool for the separation of peptides and proteins
prior to MS and operates at a nL/min range flow rate of the mobile phase [34, 35]. The
difference between conventional HPLC columns and nanoLC columns is demonstrated in
Table 1 [30, 36, 37].
Table 1 Inner diameter, flow rate and injection volume for a column of 15 cm length (L) for different LC
modes. Table adapted from [38].

Column ID (mm)

Flow rate (µL/min)

Injection volume
(L = 15 cm)

Conventional LC

3.20 – 4.60

500 – 2000

~ 10 µL

Microbore LC

1.50 – 3.20

100 – 500

~ 2 µL

Micro LC

0.50 – 1.50

10 – 100

~ 400 nL

Capillary LC

0.10 – 0.50

1 – 10

~ 30 nL

Nano LC

0.01 – 0.10

0.01 – 0.1

~ 2.5 nL

Column category

The improvement in detection performance and sensitivity is a result of strongly reduced radial
dilution of the chromatographic bands in narrow columns. With concentration sensitive
detectors, an increased sensitivity will theoretically occur when reducing the column ID from
d1 to d2. The potential gain in sensitivity can be expressed as the downscaling factor, f, given
by [34, 39]:

𝑓=

𝑑12
𝑑22
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Eq. 1

For example, a reduction from a 4.6 mm column ID to 50 µm will result in a chromatographic
band 8464 times less diluted and an increase in signal intensity (for the same column length and
sample size). This is further demonstrated in Figure 4.

Figure 4 Comparison of radial dilution resulting from a 4.6 mm and 50 µm ID columns. The Axial dilution
remained unchanged while the reduction in column ID resulted in a more concentrated band and therefore a more
intense signal when coupled to a concentration sensitive detector. Figure adapted with modifications from [34].

Lower solvent consumption due to lower flow rates, improved limit of detection (LOD), which
will result in a reduced background signal, and improved temperature control that allows better
separations, are some of the advantages provided by nanoLC [30]. Another important advantage
is the enhanced compatibility with concentration sensitive detectors such as electrospray
ionization MS (ESI-MS). By decreasing the flow rate into the ion source, smaller droplets will
form which will lead to better transfer of ions into the MS and hence decreasing the occurrence
of ion suppression [34, 35].

When downscaling the LC system, it is crucial to consider dead volumes that can occur in
connections and couplings before and after the column. Dead volumes can result in peak
broadening and disruption of the gradient profile [39]. “Zero dead volume” connections should
be utilized to ensure low dead volumes [35]. Another disadvantage is the decreased detection
sensitivity, which arises from the small injection volumes. However, this problem can be solved
by utilizing solid phase extraction columns (SPE), also known as pre-columns or trap columns
[37].
8

2.4 Online column switching systems
NanoLC columns have an ID ranging from 10 µm to 100 µm, which will greatly reduce the
injected volumes to 2.5 nL compared to 10 µL for conventional columns, as seen in Table 1.
The severe reduction in the injection volume might be problematic considering the low
concentration of proteins and peptides in the sample, as well as the limited availability of such
samples. The limit of detection will also increase, which will compromise the sensitivity of the
method. An online solid phase extraction (SPE) column can be employed to enrich the
proteins/peptides prior to nanoLC-MS. The SPE column allows large volume injections
(several µL) without causing column band broadening [34, 40]. An online SPE nanoLC-MS
system is illustrated in Figure 5.

Figure 5 A schematic drawing of an online SPE nanoLC-MS system for large volume injections. The sample
can be loaded on to the SPE column with a high flow rate since it is shorter than the analytical column. The nonretained compounds are then transferred to waste (A). After loading, the waste position is closed and the solvent
flows through the SPE column to the LC column (B). The analytes are transferred to the LC column using a solvent
gradient (or isocratic).

9

Two different approaches for transferring the analytes from the SPE column onto the LC
column can be used: front-flushing or back-flushing [30]. In Figure 5, front-flushing is used.
Re-focusing of the analytes at the beginning of the analytical column can be achieved by using
a trap column with a lower hydrophobicity. The refocusing of the analytes after elution from
the SPE column results in improved chromatography. It is, therefore, crucial to avoid using a
more hydrophobic SPE column than the analytical column [34, 40]. RP based SPE-LC is
typically used, allowing trapping and separation of relatively hydrophobic analytes [41].

2.5 Column performance
Columns can be characterized by their separation efficiency, selectivity, mass transport kinetics
and column loadability [42]. In this thesis, the chromatographic performance of the monolithic
columns has been evaluated using the column efficiency, retention factor, and peak shape.

Column efficiency
The column performance can be described by a dimensionless parameter, called the column
plate number, N, which depends on the band broadening. The evaluation of the column
efficiency can be determined only with isocratic elution, i.e. a constant composition of the
mobile phase, temperature, and flow rate. The plater number N is calculated using Equation 2
[30, 42].
2

𝑡

𝑡

2

𝑁 = (𝜎𝑅 ) ≈ 5.54 (𝑤 𝑅 )
𝑡

0.5

Eq. 2

where N is the plate number, tR is the retention time, σt is the standard deviation for the
Gaussian-shaped chromatographic peak and w0.5 is the peak width at half peak height.
The plate number is directly proportional to the column length L and inversely proportional to
the plate height H of the column, which is independent of column dimensions. The plate height
is calculated using Equation 3.
𝐿

𝐻=𝑁

Eq. 3

The plate number N should be large for a good efficiency and the plate height H should be
small. An indication of high column efficiency is narrow peaks in the chromatograms.
10

Band broadening
Upon injection of a band of solute, broadening will occur as it moves through the column. The
broadening is caused by diffusion of the analyte molecules from more concentrated into less
concentrated regions inside the column (longitudinal diffusion) [30, 43]. Other physical
processes such as eddy dispersion and resistance to mass transfer can also cause band
broadening [44]. In a porous particle packed column, there are channels of different widths and
lengths. These channels take form because of unevenness in the packing bed. A band of solute
traveling through these channels will have different travel times (faster in wider channels),
which will cause band broadening (eddy dispersion) [44, 45]. Eddy dispersion is considered the
prime contributor to band broadening in LC and is a function of the particle diameter. Column
length, column internal diameter and column packing efficiency, besides particle size and
homogeneity can greatly contribute to eddy dispersion. Transporting the analytes by diffusion
and convection from one phase to another (mobile phase, stationary phase and stagnant mobile
phase in the pores) also causes band broadening (resistance to mass transfer). The resistance to
mass transfer is dependent on the size and distribution of the pores in the bed particles, the
diffusion in the stationary phase and the retention factor of the solute [30, 42].
The different contributions to band broadening can be described by the Van Deemter equation,
given in Equation 4 [30]:
𝐵

𝐻 = 𝐴 + 𝑢 + 𝐶𝑢 = 2𝜆𝑑𝑝 +

2𝛾𝐷𝑚
𝑢

+

2𝑢
𝑓(𝑘)𝑑𝑝

𝐷𝑚

Eq. 4

where A is the eddy dispersion, B is the longitudinal diffusion, C is the resistance to mass
transfer, u is the linear flow rate, λ is a constant dependent on the particle shape, dp is the particle
diameter, Dm is the diffusion coefficient of a solute in the mobile phase, γ is a constant and f(k)
is a function dependent on the retention factor.

Retention factor
The retention factor is defined as the ratio of the number of molecules in the stationary phase
relative to that in the mobile phase [28]. The ratio can be calculated using Equation 5.
𝑘=

(𝑡𝑅 −𝑡𝑀 )
𝑡𝑀
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Eq. 5

where tR is the retention time of a compound with interactions to the SP and tM is the retention
time of a compound with no interaction with the SP [30].

Peak shape
Each analyte in a mixture of compounds results in its own peak in the chromatograms. The
ideal shape of a peak would have a perfect Gaussian distribution. In practice, a perfect Gaussian
peak is rarely observed, whereas peaks with tailing or fronting are more common [30, 46]. The
asymmetry can be caused by various chromatographic or instrumental sources, such as slow
kinetics of mass transfer between the MP and SP, extra column band broadening (from injector,
detector and the connecting tubing and fittings) and void volumes in the column (formed by
shrinkage of the column bed) [47]. Tailing or fronting of the chromatographic peaks should be
avoided, as they may lead to inaccurate measurements and imprecise quantitation. Peak
asymmetry can be measured as the asymmetry factor, at 10% of peak height. A perfectly
symmetrical peak As is equal to one. A good chromatographic column will result in a value
within 0.95 and 1.10 [48]. Figure 6 illustrates the difference between tailing, fronting and a
perfect Gaussian peak.

Figure 6 The difference between a perfect Gaussian peak (a), tailing (b) and fronting (c). (a) also shows the
measurement of the asymmetry of a chromatographic peak where a and b are measured at 10% of the peak height.

Extra column band broadening
When utilizing LC columns with a narrow ID, extra column band broadening becomes more
significant and can greatly influence the chromatographic performance of the column (the
separation efficiency). Extra column contributions from the injector, the detector, and the
connecting capillaries become more evident since peak volumes are directly related to the
square of the column diameter. Assuming that all contributions are independent, the total
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variance of a peak is the sum of these contributions [42, 47, 49]. The extra column band
broadening can be calculated using Equation 6.
2
2
2
2
2
2
𝜎𝑡𝑜𝑡𝑎𝑙
= 𝜎𝑐𝑜𝑙𝑢𝑚𝑛
+ 𝜎𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦/𝑡𝑢𝑏𝑖𝑛𝑔
+ 𝜎𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟
+ 𝜎𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟
+ 𝜎𝑜𝑡ℎ𝑒𝑟

Eq. 6

2
2
2
where 𝜎𝑡𝑜𝑡𝑎𝑙
is the observed peak variance, 𝜎𝑐𝑜𝑙𝑢𝑚𝑛
is the column variance, 𝜎𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦/𝑡𝑢𝑏𝑖𝑛𝑔
,
2
2
𝜎𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟
and 𝜎𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟
are the variances originating from tubing or capillaries, the injection
2
processes and the detector cell volume and contributions of the detector time constant. 𝜎𝑜𝑡ℎ𝑒𝑟
on

the other hand, is the variance from all other contributions, e.g. unions and emitter.
Zero dead volume unions, a minimum number of connections and tubing and a narrower ID of
tubings and capillaries should be used to reduce the amount of band broadening in the system
[47]. The injection process should also be optimized in order to reduce band broadening. Using
an appropriate injection mode and an injection valve with smaller bores would reduce the
dispersion resulting from the parabolic flow profile. The choice of detector used can also
influence the amount of band broadening. When using a UV detector, for example, selecting a
flow cell with minimum dispersion is mandatory. The dispersion in detectors is easily
manifested in the chromatogram and cannot be overcome by focusing procedures. On the other
hand, when using an MS the number of connections is reduced and the use of a flow cell is
absent and thereby reducing the band broadening considerably [42, 47, 49].

2.6 Column formats
There are three main types of column formats used in nanoLC; particle packed columns, open
tubular columns and monolithic columns, the latter is of interest in this thesis. However, particle
packed columns are still the most commonly used format. Figure 7 shows a comparison of all
three column formats, which will be explained in more detail in the following subsections.
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Figure 7 Scanning electron micrographs of the cross sections of the most common column formats, (A) particle
packed columns, (B) open tubular columns and (C) monolithic columns. The figure has been adapted with
modifications from [34].

2.6.1 Particle packed columns
Conventional particle packed columns are usually packed inside a stainless steel tube with 4.0
or 4.6 mm ID. Some columns (particularly the 0.5 mm ID columns) are made from glass-lined
stainless steel tubing in order to make them more inert [30, 36]. The particles commonly used
are low micrometer-sized silica particles, which are either fully porous or having only a nonporous solid core [50-52]. Solid core particles are made of a solid, non-porous core surrounded
by a shell of a porous layer, called core-shell particles [50, 52]. The particle diameters range
from 1.8 – 5 µm and can considerably influence the separation efficiency of the column. Pore
sizes between 100 – 300 Å (and above) can be utilized depending on the molecular size of the
analytes and the intended application. The stationary phase particles are held in place by frits
at each end of the column [30, 33]. In addition to particle packed columns, open tubular columns
where the stationary phase is attached to the column walls can be employed to even further
improve sensitivity and hence detection limits [53].

2.6.2 Open tubular columns
Open tubular columns (OT) have first been used in capillary gas chromatography, but have
gained significant interest in liquid chromatography since the 1970s [54]. The increasing
interest was because of their higher column permeability and the smaller influence of
convective dispersion. The ability to use longer columns and obtaining larger plate numbers
than packed columns was also a major advantage [55]. OTLC columns have proven to be a
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powerful tool for the separation of small molecules, peptides and intact proteins (metabolomics
and proteomics) thanks to their very high chromatographic efficiency, and high sensitivity,
which can be obtained. OT columns have very narrow IDs, which are typically 10 µm or less
and feature a thin polymeric layer coating (~1 µm) on the inner walls that serve as the stationary
phase [56]. The narrow IDs result in vastly reduced radial dilution and allow the use of even
smaller sample amounts [57-59]. Coupling OT columns with ESI-MS detection has allowed
ultra-trace LC-MS separations that have demonstrated subattomole LODs, high column-tocolumn repeatability and high resolving power [57, 58, 60]. OT columns have also been coupled
online with an SPE-LC system and 2D-LC system to achieve even higher resolving power [57,
59]. Another alternative for particle packed columns is monolithic capillary columns, which
enable the use of high flow rates without increasing system backpressure.

2.6.3 Monolithic columns
The quest for higher speed, better resolution and sensitivity for high-throughput analysis while
minimizing matrix effects, led to the invention of monolithic columns in the late 1980s [41, 6164]. The presence of large throughpores, which permit the use of high flow rates without
increasing system backpressure are what made monolithic materials intriguing [62]. In contrast
to particle packed columns and open tubular columns, monolithic columns consist of a
continuous porous structure attached to the column walls (see Figure 8).

Figure 8 Scanning electron microscopy (SEM) images of the monolithic structure (polymer-based) inside the
capillary. Figure adapted from [65].

15

The porous structure is made of either cross-linked polymers (organic polymer-based), porous
silica or a hybrid of both properties [50, 66, 67]. The structural differences between the organic
polymer- and silica-based monoliths are demonstrated in Figure 9.

Figure 9 Scanning electron microscopy (SEM) images of a silica-based monolith (left) and organic polymerbased monolith (right). The figure is adapted from [64].

The monolithic structure is somewhat similar for both the silica-based and polymer-based
monoliths. Both structures contain large macropores (also called throughpores, a few µm in
diameter) that enable an easy flow of the mobile phase at a significantly lower backpressure
than in packed columns [30, 68]. However, contrary to the organic polymer-based monoliths,
the silica based-monoliths also contain mesopores (2-50 nm) and micropores (< 2nm) [69]. The
mesopores are filled with the more stagnant mobile phase, providing access to the active
adsorption sites for the solute molecules. The volume of mesopores and their morphology
significantly affect the mass transfer resistance and hence the chromatographic band
broadening. It also contributes to the overall size of the surface area. A balanced ratio of
mesopores and macropores in the monolithic structure is essential for an adequate retention
capacity and convection [70]. Figure 10 demonstrates the mesopores, macropores, and
micropores in a monolithic structure.
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Figure 10 SEM images of a monolithic structure (silica-based) on the left with a magnification of the
mesopores and macropores (throughpores) in the middle and micropores on the right. Figure adapted from [71]
with modifications.

The structural differences in the polymer-based and silica-based monolithic columns have
made them advantageous for different fields of applications. The polymer-based monoliths
(which have little or no mesopores and micropores) have shown to be well suited for the
separation of large molecules, while the silica-based have enabled fast and efficient
separations of smaller molecules [69, 72].
Both monolithic materials have advantages and disadvantages. The organic polymer-based
monolithic materials are reported to be easier to prepare compared to silica-based monoliths.
Their porous and surface properties can easily be tailored by tweaking the polymerization
conditions. Polymer-based materials have also shown low flow resistance, excellent stability
under extreme pH and temperature conditions and good structural integrity. However, organic
monoliths tend to swell and are rather unstable, which reduces their lifetime and results in an
undesirable retention stability [72, 73]. On the other hand, silica-based materials have a wellcontrolled pore structure and good solvent resistance. Silica monoliths have yielded excellent
isocratic separations of small molecules and can even be considered rivals to particle packed
columns in chromatographic performance. However, their preparation is quite tedious,
sophisticated and time-consuming [61, 72-75]. In this thesis, organic polymer-based monolithic
columns have been focused upon and used, both as pre-columns and as analytical columns,
coupled in a nanoLC-MS system.
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2.7 Organic polymer-based monoliths
Polymer-based monolithic columns constitute an excellent stationary phase for the rapid
separation of large molecules, such as proteins, nucleic acids, and synthetic polymers. Their
excellence is thanks to their high porosity, reaching 60% to 80% of the column volume. The
high porosity of the monolithic structure enables the use of high flow rates with low flow
resistance and faster convection flow (compared to diffusional flow) [61, 67]. The high column
permeability enables an increased rate of mass transfer and reduced band broadening, which
results in enhanced separation efficiency, lower pressure requirements and faster separations
[76, 77].
The monolithic structure is prepared by in situ polymerization, i.e. inside a capillary, triggered
by thermal initiation or UV light initiation [76, 78]. The macroporous structure is thereby
attached to the capillary walls, rendering frits, which are usually placed at the ends of the
column to retain particles in packed columns, unnecessary [65, 76, 78, 79].
In contrast to silica-based monoliths, which are based on a rich network of mesopores (as seen
in Figure 9) and provide surface areas reaching hundreds of m2/g [80], the polymer-based
monoliths consist of a network of microglobules chemically linked to each other yielding
globule clusters, where their structural rigidity is secured through extensive crosslinking [81].
Polymer monoliths yield a much lower surface area compared to silica monoliths, being in the
low tens of m2/g. The porosity of the globules can, however, be controlled by the composition
of the polymerization mixture and polymerization conditions [80].

2.8 Preparation of organic polymer-based monoliths
Polymer-based monolithic materials are considered relatively easy to synthesize compared to
silica monoliths, as the polymer itself can be prepared in a single step from a homogeneous
polymerization mixture that contains monomers, porogens and a radical initiator that initiates
the polymerization reaction [62, 72].
Organic polymer-based monolithic columns can be polymerized in a three-step process; pretreatment, silanization, and polymerization. Any variations in these three steps might affect the
monolithic morphology and it is, therefore, crucial that they are under close control. By
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controlling the process and better understanding the steps, a more reproducible preparation can
be achieved as well as a better separation efficiency [76, 82, 83].

2.8.1 Pre-treatment
Prior to silanization of the fused silica capillary, a pre-treatment step needs to be performed in
order to ensure that the monolithic structure can be covalently attached to the inner walls. The
inner walls of the capillary are usually etched under alkaline conditions. The siloxane groups
on the inner surface of the capillary are hydrolyzed to form more reactive silanol groups, which
will then serve as anchors for the vinyl groups in the subsequent silanization step. Alkaline
etching under elevated temperatures provides a surface roughness that promotes adhesion [76,
82, 84]. Figure 11 shows the difference between a pre-treated and an untreated fused silica
capillary.

Figure 11 Scanning electron microscopy (SEM) images illustrating the importance of pre-treating the inner
surface of the fused silica capillary. The image on the left (A) shows the smooth inner surface of an untreated
fused silica capillary. Image (B) on the other hand, shows the rough surface of the inner walls resulting from
etching of capillary. Figure adapted from [82].

2.8.2 Silanization
Polymer-based monolithic columns tend to swell when using certain solvents or even shrink as
a result of the free volume decreasing upon conversion of the monomers to crosslinked
polymers. The inner surface of the capillaries is modified with vinylic groups to ensure a
covalent attachment of the polymer to the capillary wall [84]. The covalent attachment increases
the mechanical stability of the column and prevents the polymers from being pushed out of the
column when applying high pressures [82, 85]. The covalent attachment also prevents the
formation of void volumes between the monolith and the capillary because of shrinkage [86,
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87], which will in turn cause band broadening and reduction of the column efficiency, due to
the uneven radial flow resistance.
The inner surface of the fused silica capillary is usually treated with 3-(trimethoxysilyl) propyl
methacrylate (γ-MAPS), which is a common silanizing agent. The silanizing agent reacts with
the silanol groups on the capillary wall and creates a monomolecular layer of reactive chains
covalently attached to the capillary wall by siloxane linkage [82]. The monomolecular layer
will then serve as an anchoring site for the grafting of the polymer to the capillary wall during
polymerization. Figure 12 shows the reaction mechanism of γ-MAPS with the silanol groups
on the inner surface of the capillary.

Figure 12 Silanization reaction of the silanol groups on the inner surface of the fused silica capillary with γMAPS. Reprinted from [82].

The silanization process is preferably carried out at elevated temperatures. However, the
silanizing agent might polymerize via the vinyl groups. In order to prevent this from happening,
an inhibitor, usually 2,2-diphenyl-1-picrylhydrazyl (DPPH), is added to the reaction mixture
[82, 88]. In recent days, however, the inhibitor is pre-mixed in the γ-MAPS solution. Figure 13
shows the results of improper or absent silanization of the inner walls of the capillary.
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Figure 13 SEM images illustrating the outcome of improper or absent pre-treatment of the inner walls of the
fused silica capillary. Figure adapted from [88].

2.8.3 Polymerization
The polymerization of the monolithic structure occurs in situ, i.e. within the confines of the
final mold, in this case, a fused silica capillary. The capillary is filled with a polymerization
mixture consisting of a monomer, a porogen (inert diluent), and an initiator. The monomers in
the polymerization mixture consist of a crosslinking monomer (monomer with two or more
double bonds) and a functional monomer that controls the polarity of the monolith. The
porogenic agent in the mixture, however, determines the size and distribution of the pores. The
formation of the pores, on the other hand, is dependent on the thermodynamic quality of the
porogenic agent, the temperature and the content of the crosslinking agent [63, 89]. The
polymerization is then initiated by either heat or UV light, which are the most commonly
employed methods [62].
The polymerization of monomers is initiated by the decomposition of an initiator to form
radicals. The growing polymers become insoluble (nuclei) and precipitate in the reaction
medium due to their lack of solubility in the porogen. The remaining monomers and solvating
solvents are distributed around the nuclei, forming globules. As the polymerization continues
in the swollen globules, they increase in size, causing coalescence to form clusters, which in
turn join to form an integrated structure. A monolithic structure is then formed [63, 65]. The
composition and nature of the polymerization mixture largely affect the morphology of the
monolithic structure, as well as its functionality and surface chemistry. The functionality of the
monolith can be characterized according to the application and analyte. The functionalization
can be performed by attaching a specific functional group to the polymeric structure. The
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desired functionality can also be introduced into the polymer matrix by using a monomer
bearing the specific functional group, e.g. ionic, polar, non-polar, zwitterionic, etc., in the
polymerization mixture [62, 90, 91].

2.8.4 Pore morphology
The pore size distribution of the monolith is of extreme importance to the overall surface area
of the monolith, which affects the separation efficiency and column permeability. The pores
can be adjusted to fit the application and type of analyte. The composition of the polymerization
mixture, reaction temperature, crosslinking monomer concentration, the type and amount of
porogen and initiator concentration are the key factors that can be altered in order to vary the
pore morphology and size distribution [63, 70, 76, 83].

Polymerization temperature
Changing the polymerization temperature is an effective method to control the pore size
distribution without necessarily altering the composition of the polymerization mixture [63,
92]. According to Svec et al., higher temperatures lead to smaller pores [93]. By increasing the
temperature, a larger number of free radicals are produced, forming a higher number of nuclei
and globules. Since the amount of monomers in the polymerization mixture remains unchanged,
a higher number of globules leads to a smaller globule size. A smaller pore size is therefore
anticipated since interconnected globules compose the macroporous materials [94-96].

Porogens
The porogenic solvent can also be used to control the porous properties of the monolith without
altering the chemical composition of the final polymer [63, 92]. An increase in pore size is
observed when increasing the amount of porogen, hence reducing the overall surface area of
the polymer. The phase separation that occurs during the polymerization reaction can be directly
influenced by changing the thermodynamic quality of the porogenic solvent [95]. A porogen
that solves the monomers well is called a good porogen and a bad porogen if the opposite is
true. Using a good porogen will increase the solubility of the polymer during the polymerization
reaction and give a delayed phase separation [97]. The increased solubility will result in a
monolithic structure with smaller pores and microglobules. However, when using a bad
porogenic solvent, larger pores are obtained because of the reduced solubility of the polymer
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due to the late phase separation that occurs during polymerization. Thus, the porous properties
of the monolith are controlled by the porogenic solvent through the solvation of the polymer
chains in the reaction medium during the polymerization [63, 70]. An example of how the
porogen percentage in the polymerization mixture affects the porous properties of the monolith
is illustrated in Figure 14.

Figure 14 SEM images of organic polymer-based monolithic polymers prepared using different porogen
percentages in the polymerization mixture, where the monolith in (A) has the highest porogen percentage and
(C) the lowest. Figure adapted from [64].

Monomers
Monomers are small molecules that are thermodynamically better solvating agents for the
monolithic polymer than the porogens [92]. The nature of the porogens used is dictated by the
properties of the monomers in the polymerization mixture, while the functional monomer
controls the polarity of the final monolithic structure [70, 89]. The morphology of the monoliths
can be affected by variations in the ratio between the monomer and porogen phases in the
polymerization mixture [64]. There are four main groups of organic polymer-based monoliths,
based on the monomer system used; highly hydrophobic polystyrene monoliths, non-polar
monoliths (such as polynorbornene materials), moderately polar monoliths based on
methacrylic acid esters and highly polar acrylamide-based monoliths [62, 70, 79, 89]. In this
thesis, a poly(styrene-co-octadecene-co-divinylbenzene) (PS-OD-DVB) monolithic column
was prepared by introducing a C18 carbon chain as one of the monomers.
Methacrylate-based and polystyrene-divinylbenzene (PS-DVB) monolithic columns are
commonly used for protein and peptide analysis [98]. Figure 15 illustrates the difference in the
monolithic structure between the methacrylate-based and PS-DVB monolithic column.
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Figure 15 Scanning electron micrographs of a methacrylate-based monolithic column (A) and a PS-DVB
monolithic column (B). The images were adapted from [99] and [98] respectively.

Methacrylate-based monolithic columns
To prepare a polymethacrylate monolithic column, the polymerization mixture usually contains
an alkyl methacrylate monomer, such as butyl methacrylate (BMA), glycidyl methacrylate
(GMA) and ethylene dimethacrylate (EDMA) as the crosslinker. In the polymerization mixture,
porogen solvents such as different alcohols (1-propanol, 1,4-butanediol or dodecanol) and
tetrahydrofuran (THF) are commonly used [70]. According to Vlakh et al. [99], methacrylatebased monoliths represent the most popular and successfully explored class of sorbents.
Methacrylate-based columns have been often used as a support for online enzyme reactors [98,
100]. They have also been widely used in HPLC separations [99].

Polystyrene-divinylbenzene monolithic columns
PS-DVB monolithic columns were first used by Moore et al. for the reversed phase separation
and online electrospray mass spectrometry detection of proteins and peptides [101]. The
styrene-based monolithic polymers are prepared from a mixture of a styrene monomer, a
divinylbenzene crosslinker, and an initiator, usually 2,2’-azobisisobutyronitrile (AIBN) [98].
The monolithic polymer, which consists of coalesced spherical globules (10-30 µm in
diameter), has relatively large flow pores with a broad size distribution and irregular pore shape
[70]. PS-DVB monolithic columns can be directly used for RP separations [102] due to the
hydrophobic properties of the polystyrene-divinylbenzene and are comparable with a C4 or C8
RP column [103].

24

Crosslinking monomers
The amount of crosslinker present in the polymerization mixture affects both the porous
properties and chemical composition of the final polymer, contrary to the reaction temperature
and the porogenic solvent that only affect the porous properties [63, 95]. A higher crosslinking
agent concentration will lead to the formation of more highly crosslinked polymers during
polymerization, thereby leading to earlier phase separation, which will result in decreased pore
sizes [97]. The higher distribution of smaller pores results in monolithic structures with a larger
surface area, but having limited permeability and thus increased backpressure [63, 64, 70].
The morphology of the monolithic structure and its porous properties are dependent on the
quality of the porogenic solvent, the percentage of crosslinking monomer and the ratio between
the monomer and porogen phases [104].

Initiator concentration
The pore size and its distribution in the polymer can also be controlled by varying the
concentration of the initiator in the polymerization mixture. Increasing initiator content
accelerates the polymerization reaction, which gives rise to late phase separation and formation
of smaller nuclei and globules. The pore size in the monolithic structure is therefore decreased.
The decomposition rate of the free-radical initiator is also influenced by the nature of porogen
and/or monomer used [63, 70].

Polymerization time
The reaction time of the polymerization process can also be used as a tool to control the porous
properties of the monolithic polymer. By varying the polymerization times, the rate of monomer
conversion is affected [64, 104-107]. A lower monomer conversion leads to smaller polymer
globules in the monolithic structure, while a higher monomer conversion, attained with
prolonged polymerization times, yields larger globules [108]. Therefore, an increased
polymerization time results in larger heterogeneous globular structures yielding lower column
efficiency and surface area [105, 108, 109]. According to Nischang et al. a minimum
polymerization time of thirty minutes was required to obtain a rigid, coalesced and wall-adhered
macroporous polymer in the capillary [110]. An illustration of the effect of longer
polymerization times on column efficiency is shown in Figure 16.
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Figure 16 Chromatograms of a standard mixture of alkylbenzenes on porous monolithic poly(butyl
methacrylate-co-ethylene dimethacrylate) columns in a 100 µm ID capillary. Conditions: isocratic elution, flow
rate: 1.6 μL/min, mobile phase: 50% (v/v) acetonitrile in water. Injection volume: 4 nL. (a) shows a monolith
obtained after a 48-hour polymerization, while (b) was obtained after a polymerization of 30 minutes. Both
monoliths were polymerized with identical mixtures. The figures were adapted from [109, 110].

2.9 Disadvantages of organic polymer-based monolithic
columns: lack of repeatability and ruggedness
Although organic polymer-based monolithic columns have several advantages, such as high
mass transfer and column permeability, low backpressures and allow fast separations, there are
certain limitations and drawbacks that need to be taken into consideration.
The nature of the porogen used in the polymerization mixture affects the structural properties
of monolithic columns and the porosity of the monolithic structure [88, 111]. The properties of
the monolith obtained can also be affected by the temperature inconsistency of the
polymerization reaction (an exothermal reaction) and result in a radial heterogeneity. Since the
monolith is prepared within a fused silica capillary, heat transfer takes place radially (across the
column and the capillary walls), and this can result in an inconsistent temperature throughout
the column and therefore different throughpore sizes [111, 112].
Few/ no mesopores and micropores in the structure of the organic polymer-based monolith
make them ideal for the separation of large molecules, such as proteins and peptides, but falls
short for the separation of smaller molecules [113]. A polymer that possesses both large
throughpores and small pores is difficult to achieve in a single step, which might be a drawback
when analyzing a sample containing both larger and smaller molecules.
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Organic monoliths have also shown to be incredibly sensitive/fickle to slight changes in their
preparation, such as temperature, reaction time or concentration ratios of the components in the
polymerization mixture. It is, therefore, crucial to adjust the polymerization conditions to allow
a reproducible production of the monolithic structure [114].
Compared to particle packed columns, monolithic columns are still considered inferior in terms
of column efficiency and performance. However, their unique properties, such as their tolerance
to high flow rates and fast separations at low backpressures, make them superior for some
applications compared to particle packed columns [65, 114, 115].

2.10 Mass spectrometry
Liquid chromatography coupled to mass spectrometry (LC-MS) has become an essential tool
for the analysis of complex biosamples, giving both quantitative and qualitative information
about the analytes [116, 117]. Ions in the gas phase (negatively or positively charged) are
formed in the ionization source and then separated in the mass analyzer based on their mass-tocharge ratio (m/z). Each separated m/z value gives rise to an analog or digital output signal
(peak) which is picked up by a detector inside the mass analyzer. A mass spectrometer is
comprised of six major components: a sample introduction system, an ion source, a mass
analyzer, an ion detector, a vacuum system needed to prevent the loss of ions through collisions
and computers to control the operation of the instrument, record and process the data generated
(Figure 17) [118, 119].

Figure 17

Diagram of a mass spectrometer and its components and a brief description of their functions.
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Mass spectrometry is generally used for measuring the mass of the analyte or to determine
additional structural features. However, by combining two MS instruments, specific ions, which
are chosen after initial mass determination, are fragmented through collisions (typically by a
collision gas) and then separated by the second mass analyzer to obtain detailed structural
information of the analytes. This method is referred to as tandem MS or MS/MS [120].
Liquid chromatography has been coupled to mass spectrometry allowing pre-separation of
complex samples. However, the LC is operated at atmospheric pressure, while the MS is a
vacuum based technique. An interface is therefore needed to successfully ionize the analytes.
Electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and
atmospheric pressure photoionization (APPI) are some of the most common interfaces used.
The suitable interface is chosen based on the application and the nature of the analytes (polarity
and size) [30]. In this thesis, nanoelectrospray ionization (nanoESI) will be used as an ion
source and a triple quadrupole (TSQ) as a mass analyzer.

2.10.1 Electrospray ionization
Electrospray ionization (ESI) is a soft ionization technique for non-volatile compounds
containing polar groups (neutrals, acids, and bases) such as proteins and peptides. The
ionization actually starts (most often) in the mobile phase by adjusting the pH, thus protonating
or de-protonating the analytes (depending on their pKa values). The mobile phase containing
the charged analyte is then pumped through a capillary to which a high voltage is applied,
typically +5 or -5 kV, to electrostatically disperse small sized droplets. A nebulizing gas
(usually nitrogen) is mixed into the flow to facilitate the formation of droplets when normal
flow rates are used. The sample is turned into a spray of droplets as it leaves the capillary,
creating a Taylor cone. The droplets, which are highly charged, will rapidly decrease in size by
evaporation moving towards the MS inlet. The charge density increases and the droplets
explode into smaller droplets by repulsive forces that exceed the surface tension, yielding ions
in the gas phase. The evaporation of the droplets is supported by a heated gas, which is
introduced from the opposite direction [30, 118, 119, 121]. Figure 18 illustrates a typical ESIMS system.
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Figure 18 Schematic overview of an ESI-MS system and formation of gas-phase ions. The droplets, which
emerge from the Taylor cone become highly charged and rapidly decrease in size by evaporation. Gas-phase ions
are released and then enter the MS inlet.

Nanoelectrospray ionization
Nanoelectrospray ionization (nanoESI) is a miniaturized version of electrospray ionization that
operates with a flow rate in the nanoliter per minute range [119, 122]. In nanoESI, the needle
is replaced with a glass capillary or a stainless steel emitter, where the tip is only a few
micrometers (1 – 5µm) in diameter, yielding much smaller droplets. The minimized flow rates
result in improved ion formation allowing the tip to be closer to the MS inlet and therefore
sampling more ions, which reduces the detection limit [117, 121]. Smaller droplets evaporate
faster, increasing the ionization rate and thus rendering the heating gas unnecessary. The
nanoESI allows the use of high polarity solvents such as pure water in both positive and
negative mode. It also tolerates higher buffer salt concentrations than ESI and has extremely
low sample consumption due to the low flow rates [122, 123].

2.10.2 Triple quadrupole mass spectrometer
To achieve tandem MS, multiple mass analyzers can be connected in series, such as the triple
quadrupole, a quadrupole connected to a time of flight MS (Q-TOF) and a quadrupole coupled
with an Orbitrap (Q-Orbitrap) MS. The triple quadrupole MS consists of two quadrupole mass
analyzers (Q1 and Q3) and a collision cell. Each quadrupole consists of four rods placed parallel
to each other. The pairs of opposite rods are each held at the same potential, which is composed
of a direct current (DC) and a radio frequency potential (RF), creating an oscillating electrical
field. The collision cell, however, is applied only an RF field and is filled with a collision gas
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(usually argon). The ions passing through the collision cell are fragmented by collision-induced
dissociation (CID). The fragments emerging from the collision cell are scanned in Q3 by
collecting full spectra or by recording the intensity of a specific ion [117, 118]. A comparison
of a full scan MS mode and tandem MS mode is illustrated in Figure 19.

Figure 19 Comparison of a full scan MS (top) and a tandem MS mode (bottom). In a full scan mode, the ions
are separated based on their m/z in the mass analyzer before reaching the detector. In tandem MS mode, a specific
ion is selected in Q1, fragmented in q2, the fragments are then scanned in Q3, and the product ions are separated
and detected.

The sensitivity of the quadrupole MS is quite limited when collecting full spectra, but when
monitoring a single m/z value, they become highly sensitive. Quadrupole analyzers are low cost
and relatively small compared to other mass analyzers. They are also considered robust and
require low maintenance [117, 118]. Triple quadrupoles can operate at several different
scanning modes that enable a variety of analytical strategies, which increases its resolving
power, sensitivity, and limit of detection [117, 120]. The scanning modes used in this thesis are
shown in Figure 20 (see Appendix 7.2 for the other scanning modes).
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Figure 20 Schematic description of the different operational modes for the triple quadrupole. (a) In the full
scan mode, the instrument operates as a single quadrupole. (b) The selected reaction monitoring (SRM) allows
selective and sensitive detection of one analyte. If Q1 and/or Q3 is set to more than one m/z, the configuration is
called multiple reaction monitoring (MRM).

2.11 Scanning electron microscopy
Scanning electron microscopy (SEM) can be used to reveal information about a given sample
including morphology, chemical composition, and topography. It allows precise measurement
of very small features and objects down to about 50 nm depending on its resolution. The sample
is scanned with a finely focused electron beam that consists of accelerated electrons that carry
significant amounts of kinetic energy. This energy is translated into a variety of signals that are
produced by electron-sample interactions, which occur when the stimulated electrons are
slowed down in the solid sample. The finely focused beam of electrons scatters through the
sample within a defined area called the interaction volume. The size of the interaction volume
(IV) is dependent on the acceleration voltage and atomic number of the specimen. The signals
reflected from the interaction of the electron beam with the sample include secondary electrons,
backscattered electrons (BSE), X-rays, heat and light among others. The image is then created
by collecting these signals and amplifying them.
The most commonly used form of electrons for imaging samples are secondary- and
backscattered electrons. Secondary electrons are most valuable for showing morphology and
topography on a sample, whereas backscattered electrons are valuable for illustrating contrasts
in compositions in multiphase samples. Vacuum is needed to prevent electrical discharge in the
gun assembly (lightning), and to allow the electrons to travel within the instrument unhindered.
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Vacuum requirements are dependent on the type of detector used. The SEM is routinely used
to generate high-resolution images of desired specimens and to show spatial variations in
chemical compositions.
There are several types of SEM instruments available for different types of samples, e.g. the
environmental SEM (ESEM), the tabletop SEM and the high-resolution SEM. For more
challenging samples, such as insulating samples, vacuum-sensitive samples (e.g. biological
samples) and irradiation-sensitive samples (e.g. thin organic films), the ESEM can be used [124,
125]. In this thesis, however, the environmental SEM is used.
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2.12 Aim of study
The aim of this study was to develop a repeatable and robust method that produces rugged and
efficient organic polymer-based poly(styrene-co-octadecene-co-divinylbenzene) monolithic
trap columns (50 µm ID). The columns were to be incorporated in a miniaturized LC column
switching system with MS detection for bottom-up proteomics analysis. Polymerization time,
initiator concentration and porogen to monomer ratio in the polymerization mixture were to be
investigated in order to find the optimal monolithic structure. Column-to-column repeatability
was also to be examined, regarding both structural features (morphology) and chromatographic
performance to answer the question “How repeatable is the polymerization method?”. Oxytocin
was to be used as test compound to evaluate the columns.
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3 Experimental
3.1 Chemicals
Solvents, standards, and reagents
Type 1 water was produced by a Milli-Q Integral purification system with Q-POD (0.22 μm
filter) dispenser purchased from Millipore (Darmstadt, Germany). Nitrogen gas (≥ 99.999%),
which was used in the pressure bomb and argon gas (≥ 99.999%), which was used as a
fragmentation gas in the MS, were both purchased from Proxair (Oslo, Norway). HPLC grade
acetonitrile (ACN) HiPerSolv was purchased from Chromanorm (Radnor, PA, USA). Acetone
(≥ 99.5%), toluene (99% > 99.5) and methanol (≥ 99.8%) were purchased from VWR
International AS (Radnor, PA, USA). Hydrochloric acid (fuming, 37%) and caffeine (pure)
were obtained from Merck (Darmstadt, Germany). Formic acid (FA) (reagent grade, ≥ 95%),
uracil (≥ 99.0%), divinylbenzene (80% mixture of isomers), decanol (99%), lauroyl peroxide
(LP) (97%), 1-octadecene (≥ 95.0%), 3-(trimethoxysilyl)propyl methacrylate (γ-MAPS) (98%),
styrene (≥ 99%), sodium hydroxide pellets (99%), N,N-dimethylformamide (DMF) (anhydrous,
99.8%) and molecular sieve union carbide type 3Å (1/16”-rods) used for drying DMF were all
purchased from Sigma Aldrich AS (Darmstadt, Germany). Oxytocin (OT) acetate salt hydrate
(≥ 97%), oxytocin-d5 (98%, internal standard (IS)), adenosine (≥ 99%), 5-hydroxy-Ltryptophan, pooled human plasma with 4% trisodium citrate as anticoagulant (P9523-5 mL,
lot#: SLBK0464V), iodoacetamide (IAM) (≥ 99.0%) and dithiothreitol (DTT) (≥ 99.0%) were
purchased from Sigma Aldrich (St. Louis, MO, USA). 1M 2-amino-2-(hydroxymethyl)
propane-1,3-diol (tris) (pH 8) was obtained from Oslo University Hospital (Oslo, Norway).

3.2 Preparation of standard solutions and samples
3.2.1 Preparation and storage of oxytocin samples
Pooled human plasma and stock solutions of OT (5 µg/mL) and IS (10 µg/mL) were dissolved
in LC-MS grade water and stored in a freezer at -20°C.
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3.2.2 Standard solutions
A 1.0 M NaOH solution was made by mixing 4.0 g NaOH with type 1 water to a final volume
of 100 mL. A 0.1 M HCl solution was made by pipetting 826 µL 12.1 M HCl into type 1 water
to a final volume of 100 mL.
A standard solution of uracil (10 µg/mL) and caffeine (100 µg/mL) in type 1 water was made.
A 50 ng/mL oxytocin solution was made by diluting 500 ng/mL oxytocin in LC-MS grade water
containing 0.1% FA. A standard solution of 100 ng/mL oxytocin, adenosine 10 µg/mL and
caffeine 50 ng/mL diluted in type 1 water was prepared.

3.2.3 Reduction and alkylation of oxytocin in plasma
The prepared plasma samples were added 10 µL of a 100 ng/mL working solution of IS. The
IS concentration in the final reconstitution volume (100 µL) was 10 ng/mL. The plasma samples
(100 µL) were diluted with 200 µL Tris-HCl buffer (pH 8), which was spiked with adenosine
(20 µg/mL) and caffeine (50 ng/mL). The solutions were then whirlmixed at maximum speed
for 10 seconds. For the reduction of the disulfide bonds in OT, 5 µL of 0.5 M DTT was added
to the plasma samples, followed by whirlmixing for 30 sec, incubation at 37 °C for 45 min, and
finally cooling to room temperature (22°C). Alkylation was done by adding 15 µL 0.5 M IAM
to the solutions followed by whirlmixing for 30 sec before placing them in the dark for 20 min
at room temperature. Protein precipitation (PPT) was performed by adding 700 µL of 80% icecold ACN in LC-MS grade water (v/v). The solutions were whirlmixed for 10 seconds and then
centrifuged at 12 000 rcf for 20 min. 900 µL of the supernatant was removed to a new eppendorf
vial and placed in the speed vacuum until dryness (~ 90 min). The sample was then resolved in
100 µL 0.1% FA, whirlmixed for 20 seconds and then centrifuged at 12 000 rcf for 10 min.
Finally, the supernatant was transferred to an autosampler vial and analyzed by the nanoLCMS system.

3.3 Materials and equipment
For preparation of solutions
For preparation of solutions, a 20-200 µL F2 finnpipette, a 100- 1000 µL F2 finnpipette and a
1-10 mL F2 finnpipette from Thermo Fisher Scientific (Waltham, MA USA), an analytical
balance (AE 166) from Mettler Toledo (Columbus, Ohio, USA) and an analytical balance (BL
35

210S) from Sartorious (Göttingen, Germany) were used. Disposable glass Pasteur pipettes (150
mm) from VWR were used. For pH adjustment, a Universal indicator pH 0-14 indicator strips
from Merck were used. For sample drying, an Eppendorf Concentrator Plus centrifugal
evaporator from Eppendorf (Hamburg, Germany) was used. Centrifugation of samples was
conducted using an Eppendorf 5415 R-model centrifuge also from Eppendorf.

Vials and containers
Small volume solutions were prepared in 1.5 mL “Safe Lock” tubes and plasma samples were
prepared in 1.5 mL “Protein LoBind” tubes, both from Eppendorf. Glass vials used for packing
(1.5 mL Chromatography autosampler vials) were purchased from VWR.

Column body materials
Fused silica capillaries (340 µm outer diameter (OD), 50 µm inner diameter (ID)) were
purchased from Polymicro Technologies Inc. (Phoenix, AZ, USA).

Column preparation equipment
A gas chromatography (GC)-oven (GC-17A) purchased from Shimadzu (Kyoto, Japan) was
used to heat the capillaries during silanization and polymerization. Rubber septa from Supelco
(Bellefonte, PA, USA) or Agilent (Santa Clara, CA, USA) were used to seal the ends of the
capillaries during heating steps. An ultrasonic bath (model 5510) from Branson Ultrasonics
(Danbury, CT, USA) was used for degassing the polymerization mixtures.

Couplings and tubings
Polyetheretherketone (PEEK) tubings (20 µm x 550 mm), which were obtained from IDEX
Health and Science (Oak Harbor, WA, USA) were connected with “Supelco PEEK fitting onepiece fingertight nuts” from Sigma Aldrich and ZU1C stainless steel unions from Vici Valco
(Houston, TX, USA). Fused silica capillaries and columns were connected with the stainless
steel unions, FS1.3-5 graphite ferrules (0.3 mm ID modified by Inge Mikalsen to 0.35 mm ID)
and steel nuts (1.4 mm) also from Vici Valco. The capillaries were connected to a 30 µm ID
PicoTip emitter (FS360-75-30-D-20, 30 ± 2µm tip) from New Objective (Woburn, MA, USA)
or a stainless steel nanobore emitter (ES542) 20 μm ID from Thermo Fisher Scientific using an
“Upchurch PEEK Microtight® Connector Butt” with “MicroFingertight I Fittings” and a 360 μm

36

ID “Upchurch Microtight® Tubing Sleeve” (all from Sigma Aldrich). The pre-column and
analytical column were connected using a 1.6 mm (1/16″) stainless steel Tee from Vici Valco.

3.4 Monolithic column preparations
All monolithic columns were prepared using an in-house pressure bomb. Fused silica capillaries
were filled, rinsed and dried using this system. Glass vials containing the solutions/mixtures
were placed inside a large steel nut, on a steel platform, where nitrogen gas enters through a
tunnel. A capillary is then connected with steel nuts (1.4 mm) (Vici Valco) and FS1.3-5 ferrules
with an ID of 0.3 mm, which were modified in-house to 0.35 mm (Vici Valco). The pressure
exerted by the nitrogen gas forces the solutions/mixtures into the capillary. A sketch of the
pressure bomb is shown in Figure 21.

Figure 21 A sketch of the laboratory-made pressure bomb. Sketch by Inge Mikalsen.

Pre-treatment
Fused silica capillaries (approximately 90 cm long) were rinsed with acetone and subsequently
flushed with 1M sodium hydroxide (NaOH) for 10 min for activation of the silanol groups on
the capillary walls. After filling with sodium hydroxide, both ends were sealed and the
capillaries were placed in the GC-oven at 100°C for 2 hours. The capillaries were then flushed
with water for 20 min followed by 1M hydrochloric acid for 20 min. Finally, the capillaries
were washed with water and acetone for 20 min each and then dried with nitrogen for 30 min.
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Silanization
A solution of 30% (v/v) γ-MAPS in dried DMF was filled into the capillaries. With both ends
sealed, the capillaries were placed in the GC-oven at 110°C for 30 min. The capillaries were
then finally rinsed with acetonitrile and water for 20 min each and dried with nitrogen gas for
30 min. The DMF was dried by adding molecular sieves to the bottle, which was left for 3 days
at room temperature for drying.

Polymerization
The polymerization mixture for the PS-OD-DVB monolithic columns consisted of initiator
(LP), crosslinker (divinylbenzene), monomer (styrene and 1-octadecene), good monomer
solvent (DMF) and bad monomer solvent (1-decanol). The chemicals were weighed to the
closest decimal on a four decimal analytical balance. Table 2 gives an overview of each
chemical used in the polymerization mixture. The mixture was always made fresh prior to its
use.
Table 2 Overview of the amount of reagents added to the polymerization mixture of the PS-OD-DVB
monolithic columns. The reagent amounts are described for monolithic columns with a monomer to porogen ratio
of 29/71.

Reagent

% by weight (wt%)

Weighed amount (g)

1 – 2 (with respect to monomers)

0.0010 – 0.0020

Divinylbenzene (v/v)

14.5

0.0290

Styrene (v/v)

7.3

0.0145

1-Octadecene (v/v)

7.3

0.0146

DMF (v/v)

11.8

0.0237

1-Decanol (v/v)

59.2

0.1184

LP (w/v)

The polymerization mixture for the PS-DVB monolithic columns, on the other hand, consisted
of initiator (LP), crosslinker (divinylbenzene), monomer (styrene and toluene), good monomer
solvent (DMF) and bad monomer solvent (1-decanol). The chemicals were weighed to the
closest decimal on a four decimal analytical balance. Table 3 gives an overview of each
chemical used in the polymerization mixture of the PS-DVB columns. The mixture was always
made fresh prior to its use.
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Table 3 Overview of the amount of reagents added to the polymerization mixture of the PS-DVB monolithic
columns.

Reagent

% by weight (wt%)

Weighed amount (g)

1 (with respect to monomers)

0.0010

Divinylbenzene (v/v)

20.0

0.100

Styrene (v/v)

20.0

0.100

Toluene (v/v)

10.0

0.040

1-Decanol (v/v)

50.0

0.200

LP (w/v)

The unused solutions were discarded. The polymerization mixture was degassed by
ultrasonication before filling it into the capillary. The filled and sealed capillaries were then
placed in the GC-oven for polymerization at 73°C. An illustration of the filling method of the
capillaries is shown in Figure 22.

Figure 22 Process of filling the polymerization solution into pre-treated fused silica capillaries. (A) shows the
initial procedure used, where the 90 cm long fused silica capillary was first filled with the solution and then sealing
both ends. The capillary was then cut into two pieces and polymerized in the GC-oven at 73°C. One piece was
polymerized for one hour, while the other for two hours. (B) shows the adjusted procedure, where the capillary
was first cut into two pieces before filling it with the polymerization mixture. Method B was used in later batches
of the PS-OD-DVB monolithic columns (B22 and 23).

An additional step of washing the column with methanol and then water before drying with
nitrogen was performed if SEM images were to be taken. Figure 23 shows an example of a
monolithic column and how the polymer is formed inside the capillary.
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Figure 23 Illustration of the polymer formed inside the fused-silica capillary. Once a continuous polymer is
observed using SEM, a 5cm piece (pre-column) and a 10 cm piece (analytical column) are cut from the column
and tested in the LC-MS system.

3.5 Instrumentation
Microscopy characterization
A microscope with w10x/20 mm eyepiece magnification from Motic (Wetzlar, Germany) was
used to investigate the degree of polymerization in the monolithic capillaries. A FEI Quanta
(200 FEG-ESEM) scanning electron microscope (SEM) (Hillsboro, OR, USA) was used to take
images of the monolithic structures. This was done by placing 1 cm pieces of the columns on a
holder with carbon tape inside the sample chamber. The images were taken in low vacuum
mode with large field detector (LFD) and solid-state detector (SSD) with a voltage of 15 kV
and a working distance of 1-2 cm. The software used to take the pictures is called TSL OIMTM
Data collection.

Liquid chromatography-ultraviolet detection test systems
The LC-UV test system consisted of a 4-port injector with a 50 nL internal loop from Vici
Valco coupled with an Easy-nLC (RH U0095) pump and a variable wavelength UV detector
(UltiMate 3000 RS) equipped with a 50 nL flow cell both from Thermo Fisher Scientific. The
system set-up is illustrated in Figure 24. A Dionex interface UCI-50 from Thermo Fisher
Scientific was used for data sampling. Injections were done manually with a 10 μL syringe from
SGE (Ringwood, VIC, Australia). Isocratic elution was used with a mobile phase consisting of
type 1 water with 0.1% (v/v) FA (channel A) and of (ACN, water, and FA (80/20/0.1, v/v/v))
(channel B). The length of the monolithic columns tested was approximately 10 cm. The
detector was operated at 254 nm. ”Chromeleon 7” software, also from Dionex, was used to
obtain chromatograms.

40

Figure 24 A schematic description of the LC-UV system used for testing of the monolithic columns. The
nanoLC pump was connected to the 4-port two-position valve through a 20 µm x 435 mm fused-silica capillary.
The monolithic column (50 µm x 100 mm) was connected to a fused-silica capillary (20 µm x 272 mm) by a
stainless steel union, which was in turn connected to the UV detector. Column/capillary dimensions and calculated
amount of dead volumes in the system are illustrated in the figure.

Liquid chromatography-mass spectrometry test systems
Further testing of the monolithic columns was done with an Easy-nLC pump-1200 coupled to
a triple quadrupole (TSQ) mass spectrometer, both from Thermo Fisher Scientific. The system
set-up is shown in Figure 25.
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Figure 25 A schematic description of the LC-MS column switching system used for testing of the monolithic
columns. The nanoLC pump was coupled to the monolithic pre-column (50 µm x 50 mm) through a stainless steel
union and a PEEK tubing (20 µm x 550 mm). Via a Tee union, the pre-column was coupled to a waste outlet and
a monolithic column (50 µm x 100 mm). The column was further connected to an emitter (20 µm x 40 mm) at the
end. Column/capillary dimensions and calculated amount of dead volumes in the system are illustrated in the
figure.

A PEEK tubing (20 µm x 550 mm) was connected from the nanoLC pump outlet to the
monolithic pre-column using a stainless steel union. In order to facilitate connecting the precolumn in the LC-MS system a 5 cm length was chosen. The monolithic pre-column was further
connected to a Tee union where the analytical column and fused silica capillary (to the waste
valve inlet) were connected. The analytical column end was connected to the emitter (20 µm x
40 mm) using the “Upchurch PEEK microtight butt connector” with a tubing sleeve (360 µm
ID). Electrospray ionization was used, where a voltage of 2.2 kV was applied to the nanoemitter in positive mode. Mobile phase A consisted of 0.1% (v/v) FA in LC-MS grade water,
while mobile phase B consisted of ACN, LC-MS grade water, and FA (80/20/0.1, v/v/v). The
loading mobile phase consisted of 0.1% (v/v) FA in LC-MS grade water. All mobile phases
were degassed using the ultrasonic bath. The nanoLC pump was operated at a flow rate of 500
nL/min in isocratic mode for the determination of the column efficiency and in gradient elution
when analyzing samples. The gradient program was composed as follows: The program started
at 5% B and increased linearly to 35% B in 10 minutes. Isocratic elution at 90% B for 2 minutes
was then performed. The flow rate during the chromatographic separation was 500 nL/min
(unless stated otherwise). The injection volume was 1 µL. The SPE was equilibrated with 8 µL
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of the loading MP at a constant flow rate of 3 µL/min, while the separation column was
equilibrated with 15 µL at a flow rate of 3 µL/min before each injection. The MS was operated
in positive mode and selected reaction monitoring (SRM) mode was used. “Xcalibur™
Software” version 3.0 from Thermo Fisher Scientific was used to obtain chromatograms and
mass spectra and to operate the MS. The operating parameters of the MS are shown in Table
4.
Table 4 Operating parameters of the MS/MS.

Positive

Polarity
Spray voltage (V)

2200

Ion transfer tube temperature (°C)

310

Scan type

SRM

Scan rate (amu/sec)

1000
Nanospray interface (NSI)

Ion source type
Q1 resolution

1.2

Q3 resolution

1.2

Chrom filter (secs)

3

Source fragmentation (V)

25

Collision induced dissociation (CID) gas (mTorr)

3

Cycle time (secs)

1
185

RF lens (V)

Several compounds were analyzed using the method described above. The precursor ions,
product ions and collision energies for each compound are described in Table 5.
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Table 5 Compounds analyzed using LC-MS in SRM mode; the product ions and the collision energies used
are described in the table.

Compound

Oxytocin

Oxytocin-d5 (IS)

Precursor ion
(m/z)

Reduced and alkylated IS

1128.547

Caffeine

285.125

28

723.225

30

290.125

38

723.225

30

285.125

38

839.302

30

290.125

38

839.302

30

119.104

61

136.104

23

160.075

15

162.050

15

204.065

15

138.080

30

1012.475

1123.547

5-Hydroxy-L-tryptophan

Collison
energy (V)

1007.475

Reduced and alkylated (R/A)
oxytocin

Adenosine

Product ion
(m/z)

268.104

221.090

195.080
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4

Results and discussion

Several students have previously attempted making poly(styrene-divinylbenzene) (PS-DVB)
monolithic columns, however, the repeatability of the polymerization method showed to be
unsatisfactory [126-128]. An optimized method that produces rugged and efficient organic
polymer-based poly(styrene-co-octadecene-co-divinylbenzene) (PS-OD-DVB) and PS-DVB
monolithic pre-columns/trap columns (50 µm ID) was therefore developed. The repeatability
and robustness of the polymerization method were also to be investigated. The monolithic
columns were to be incorporated in a miniaturized LC column switching system (section 2.4)
with MS detection for bottom-up proteomics analysis.
The initial procedure for making PS-OD-DVB and PS-DVB monolithic pre-columns was based
on a procedure by Gu et al. for the preparation of monolithic pre-columns with a 320 µm ID
[129]. The PS-DVB columns (50 µm ID) made accordingly (see Appendix 7.3) were however
found to be either clogged or empty. The reduction in column ID could have had an influence
on the formation of the monolithic structure, thus making the procedure unfit for the chosen
conditions. In addition to the encountered complications, the PS-DVB monolithic columns were
revealed to have lower sample capacity compared to the PS-OD-DVB monolithic columns, as
proven by Dr. Tore Vehus [130], as well as Gu et al [129]. Preparing PS-DVB monolithic
columns according to Gu et al. was therefore abandoned. On the other hand, the initial making
of PS-OD-DVB columns (see Appendix 7.4.) appeared more promising and their preparation
was therefore further studied. The initial polymerization temperature used was 70°C as
described by Gu et al., however, it was soon changed to 73°C, since Dr. Tore Vehus had
previously tested different temperatures and concluded that 73°C was optimal for a successful
polymerization [130].

In order to investigate the columns and their performance, several test methods were used. A
polymerized capillary was first flushed with methanol to check whether the column was open
or clogged. A light microscope was used to check the presence of a polymer and its length,
while SEM (section 2.11) was used to observe the morphology of the monolithic structure.
Finally, LC-UV and LC-MS were used to obtain information about column backpressure and
efficiency. Caffeine and uracil are standard compounds used in the Bioanalytical group to test
column performance and were therefore used to evaluate the chromatographic performance of
the monolithic columns on the LC-UV system. For column evaluation on the LC-MS system,
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oxytocin (section 2.1) was chosen as a test compound since it is a peptide and the monolithic
columns were meant to be used for proteomics analysis. Figure 26 shows a schematic
description of the column evaluation steps. Capillaries with empty or incomplete
polymerization were discarded, only successfully polymerized columns were further examined.
Columns that had good separation efficiency of caffeine and uracil were later tested with an
LC-MS system.
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Figure 26 Schematic description of the column evaluation process after polymerization. The monolithic
columns were first flushed with methanol to ensure that they were open. The columns were then observed under a
light microscope to confirm a successful polymerization. SEM was then used to examine the monolithic structure.
Columns with a successful polymerization were used in LC-UV and LC-MS test systems to assess their efficiency.
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4.1 Polymerization parameters and their effects on the
monolithic structure
Low backpressure, small pores, and high column efficiency are some of the characteristics that
we opt for. The starting polymerization mixture composition was 40 wt% monomers, 60 wt%
porogens and 1 wt% initiator with respect to monomer content [129]. The above-mentioned
composition, however, resulted in clogged columns and was therefore altered. Polymerization
time, initiator concentration and monomer to porogen ratio were the main parameters altered
given that they can greatly affect the mesoporous structure of the monoliths as well as their
morphology [95].

The polymerization temperature (section 2.8.4) can also greatly affect the pore size in the
monolithic structure through its effects on the kinetics of polymerization [63, 76, 81]. Initially,
a reaction temperature of 70°C was used, however, the columns were revealed to be clogged.
A polymerization temperature of 73°C was then employed as suggested by Dr. Tore Vehus
[130].

4.1.1 Polymerization time
A small variation in the polymerization time (section 2.8.4) and temperature can greatly affect
the mesoporous structure of the monoliths, affecting both efficiency and permeability [95, 108].
A polymerization temperature of 73°C was kept constant throughout the experiments as
mentioned above. Different polymerization times were investigated in order to find the optimal
monolithic structure that has a high permeability (large number of throughpores) and a large
surface area to ensure high loading capacity. The polymerization time was altered while other
parameters, such as monomer to porogen ratios and temperature were kept constant. The
reaction times investigated were 30 minutes, 45 minutes, 1 hour and 2 hours. Figure 27 shows
SEM pictures of the different structures obtained from changing the reaction times.
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Figure 27 SEM pictures of the monolithic columns using different reaction times and two different monomer
to porogen ratios. Example 1 is a column with a monomer to porogen ratio of 33/67, example 2 is a column with
a monomer to porogen ratio of 40/60 and example 3 is a column with 29/71 monomer to porogen ratio. The
polymerization temperature was kept constant at 73˚C.

The SEM images show that at a minimum of a one hour reaction/polymerization time was
optimal in order to obtain a monolithic structure with an appropriate pore size and backpressure.
However, pore size has also shown to be dependent on the composition of the polymerization
solution used.

Therefore, both polymerization times of one and two hours were continued to be used for all
columns to be made.

4.1.2 Monomer to porogen ratio
The final morphology of the monolithic structure is largely affected by the composition and
nature of the polymerization mixture (section 2.8.4). In the original recipe [83], Svec et al. used
40 wt% monomers and 60 wt% porogens (as well as 1 wt% initiator with respect to the
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monomer content) in the making of their PS-DVB monolithic columns. Porogens can greatly
affect the porosity of the monolithic structure and it is, therefore, crucial to choose the right
mixture of good and bad solvents. Adding a good solvent to the monomers encourages late
phase separation and gives rise to smaller pores, while a greater amount of bad solvent can shift
the pore size distribution to larger pore sizes [131, 132]. In this study, DMF was used as the
good solvent, while 1-decanol was the bad solvent. An optimal ratio between monomers and
porogens is vital in order to obtain a monolithic structure with good permeability, low
backpressure, and a large surface area. Different proportions of monomer to porogen were
therefore investigated. The percentages between each monomer and porogen were kept constant
at 50/50 and 15/85 respectively, as previous students [126, 127] proved that these ratios
produced decent monolithic structures. The different ratios used are shown in Table 6.
Table 6 Monomer/porogen weight percentages investigated.

Monomers
Styrene/1octadecene

42

40

33

32

31

30

29

28

27

58

60

67

68

69

70

71

72

73

(50/50) w/w
Porogens
DMF/1-decanol
(15/85) w/w

Figure 28 shows SEM images of the different monolithic structures obtained with the various
monomer to porogen ratios investigated. As seen in Figure 28A and Figure 28B, the lack of
macropores at lower porogen percentages in the polymerization mixture resulted in a denser
monolithic structure, which gave rise to higher backpressures. These columns resulted in too
high pressure for the available pump and were therefore discarded. Figure 28C, D, E, G, and
H show signs of rupture of the monolithic structures, which can be seen as empty spaces. These
ruptures could have been a result of cutting the capillary in order to obtain 1 cm pieces for the
SEM instrument. Figure 28I showed a PLOT column structure and was therefore discarded.
When a 30/70 monomer to porogen ratio (seen in Figure 28F) was used, the lowest
backpressure was obtained, as well as a larger number of macropores (throughpores). A
comparison of the monolithic structures obtained with a polymerization time of two hours is
illustrated in Table 7.
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Figure 28 SEM pictures of the PS-OD-DVB columns made using various monomer to porogen ratios (upper
left corner in each picture). The polymerization mixture contents are shown in the figure. All columns were
polymerized at 73°C for two hours. The backpressure for a 15 cm long column was measured with a flow rate of
400 nL/min with a mobile phase consisting of 20% B (ACN, water, and FA, 80/20/10 (v/v/v)) and 80% A (water
and 0.1% (v/v) FA) and is illustrated in bar (lower left corner in each picture).
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Table 7 Effects of changing the monomer to porogen ratio on the monolithic structure and its macroporous
properties. Clogged or open columns were verified by nitrogen pressurization or flushing with methanol as solvent.
All columns were polymerized for two hours at 73°C. Globule sizes were measured for monolithic structures, while
layer thickness was measured for the PLOT structures.

Monomer to
porogen ratio

Clogged/Open

Globule size/Layer

Backpressure (bar)

thickness (µm)

for a 15 cm length

42/58

Clogged

-

> 200

40/60

Clogged

-

> 200

33/67

Open

1.6

26

32/68

Open

1.7

37

31/69

Open

1.6

27

30/70

Open

0.7

11

29/71

Open

1.9

22

28/72

Open

1.8

22

27/73

Open (PLOT)

0.5

18

The monolithic columns shown in Figure 29 were only polymerized for one hour, unlike the
previously shown columns in Figure 28, which were polymerized for two hours. The columns
presented in Figure 29B, C, D, G, and F showed a PLOT column structure and were therefore
discarded. The column shown in Figure 29A was also discarded due to its overly dense
structure, which resulted in a very high backpressure and was therefore not suitable to be a precolumn. The only columns polymerized for one hour that gave monolithic structures were the
ones made with 30/70 and 29/71 monomer to porogen ratios. The structures showed a large
number of macropores as well as a low backpressure when a flow rate of 400 nL/min was
applied. A comparison of the monolithic structures obtained with a polymerization time of one
hour is illustrated in Table 8.
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Figure 29 SEM pictures of the PS-OD-DVB columns made using various monomer to porogen ratios (upper
left corner in each picture). The polymerization mixture contents are shown in the figure. All columns were
polymerized at 73°C for one hour. The backpressure for a 15 cm long column was measured with a flow rate of
400 nL/min with a mobile phase consisting of 20% B (ACN, water, and FA, 80/20/10 (v/v/v)) and 80% A (water
and 0.1% (v/v) FA) and is illustrated in bar (lower left corner in each picture).
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Table 8 Effects of changing the monomer to porogen ratio on the monolithic structure and its macroporous
properties. Clogged or open columns were verified by nitrogen pressurization or flushing with methanol as solvent.
All columns were polymerized for one hour at 73°C. Globule sizes were measured for monolithic structures, while
layer thickness was measured for the PLOT structures.

Monomer to
porogen ratio

Clogged/Open

Globule size/Layer

Backpressure (bar)

thickness (µm)

for a 15 cm length

40/60

Clogged

-

> 200

33/67

Open (PLOT)

0.7

-

32/68

Open (PLOT)

1.5

-

31/69

Open (PLOT)

0.5

-

30/70

Open

1.0

25

29/71

Open

1.2

22

28/72

Open (PLOT)

1.8

22

27/73

Open (PLOT)

0.3

20

Further testing with LC-UV and LC-MS was done in order to decide upon the optimal monomer
to porogen ratio that gave large enough macropores that allow high flow rates without giving
too high backpressure.

4.1.3 Initiator concentration
According to Svec, a more rigid monolithic structure is formed, when the amount of initiator in
the polymerization mixture is increased [92]. The initiator content (section 2.8.4) is an efficient
tool to control the porosity of the monolithic structure through its effects on the polymerization
kinetics [133]. The initial recipe utilized AIBN as initiator instead of LP [129]. However, LP
was proven to be a better initiator than AIBN by a previous student [127] and was therefore
employed instead. Different amounts of the initiator LP were tested and its effects on the
monolithic structure were examined. Gu et al. suggested an initiator amount corresponding to
1 wt% of the monomer content in the polymerization mixture [129]. Several amounts ranging
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from 1 wt% to 4 wt% of the monomer content were tested. Their effects on the monolithic
structures are shown in Figure 30.

Figure 30 SEM images of monolithic columns prepared using various amount of initiator content (LP). All
columns were polymerized for two hours at 73°C. The monolithic columns presented had different monomer to
porogen ratios. All columns, except the top middle, have a monomer to porogen ratio of 29/71. The column in the
top middle was polymerized with a monomer to porogen ratio of 33/67.

All columns polymerized with an initiator amount above 1 wt% (with respect to monomer
content) seemed to have formed a decent monolithic structure. The macroporous structure of
the polymers, however, varied based on the amount of initiator used. Since the amount of LP
weighed was below the minimum weighing amount (200 mg) of the scale, there was an
increased uncertainty regarding the actual amount that was weighed. It was therefore decided
that the initiator amount would be increased by 10-folds along with the porogen 1-decanol (also
10-fold amount). A tenth of the amount was then pipetted, weighed and added to the
polymerization mixture. A comparison of the resulting monolithic structures is shown in Figure
31.
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Figure 31 SEM images of monolithic columns prepared using various amounts of initiator content (LP). All
six columns had a monomer to porogen ratio of 29/71 and were polymerized for two hours at 73°C. (A) shows the
columns where the weighed amount of initiator was below scale minimum (200 mg). (B) shows the columns where
the amount of LP was increased in order to avoid weighing uncertainty.

There did not seem to be a significant difference between the columns shown in Figure 31. The
initial method was, therefore, continued to be employed, even though it was relatively
uncertain, in order to keep the polymerization conditions comparable.
Thus, reaction times of one and two hours, an initiator amount above 1 wt% of the monomer
content, and a reaction temperature of 73°C were kept constant for the next monolithic columns
to be made.

4.2 Liquid chromatography-ultraviolet detection
While efficiency in packed columns is dependent on the particle size, polymer microglobules
and macropore size are what decide the column efficiency in monolithic columns. Plate height
is therefore decreased by reducing pore size, however, it could have a negative effect on column
permeability [131]. Once the morphology of the monolithic structure was examined using SEM,
the columns were connected to an LC-UV system as described in section 3.5. Backpressure,
plate height (efficiency) and retention factor of caffeine were the main parameters measured.
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Uracil, on the other hand, was used to determine the zero retention time (tM). Examples of
caffeine chromatographed on various columns are shown in Figure 32.

Figure 32 UV chromatograms of uracil and caffeine on 50 µm x 100 mm PS-OD-DVB monolithic columns
using a mobile phase consisting of water/ACN/FA (90/10/0.1, v/v/v) at a flow rate of 300 nL/min. The UV
detector was operated at 254 nm. A 50 nL injection volume was employed. Monomer to porogen ratios of the
various columns are described in the figure. All columns were polymerized at 73°C for two hours.

The chromatograms show that caffeine had retention on the columns with a mobile phase
consisting of 90% A (type 1 water with 0.1% (v/v) FA) and 10% B (ACN, water, and FA
(80/20/0.1, v/v/v)). However, the plate heights varied from 165 µm to 267 µm (calculations of
plate height and plate number for each column are found in Appendix 7.5). Three injections
(50 nL volume) were carried out for each column. When using the UV detector, the flow
properties of the detector cell, its volume, other construction features and detector response
time should be taken into consideration, because they contribute to band broadening, which in
turn affects column efficiency [47]. Figure 24 demonstrates the various contributions of the
57

LC-UV system to radial dilution, which may partly explain the large plate heights. The
operation conditions described in Figure 32 also resulted in surprisingly low backpressures of
~12 bar.
The retention factor k, on the other hand, may be used to give an approximate indication of the
surface area of the monolithic structure. According to Bruchet et al. high retention factors
illustrate a higher surface area [134]. Based on the results obtained through LC-UV and SEM,
a higher value of the retention factor k (0.74) gave a relatively high surface area (smaller
globules) and a rather large plate height (218 µm). Alternatively, a smaller k value (0.27) gave
larger globules that resulted in a smaller surface area and an even larger plate height (266 µm)
(see Figure 32).

It was therefore decided that an LC-MS system would be a better choice for efficiency
measurements since it has less extra-column band broadening (see Figure 25).

4.3 Liquid chromatography-mass spectrometry
4.3.1 Comparison of prepared poly(styrene-co-octadecene-codivinylbenzene) monolithic columns
Column efficiency
Even though the PS-OD-DVB columns are meant to be used as pre-columns/trap columns in a
miniaturized LC-MS column switching system (section 2.4), they were used both as analytical
columns and pre-columns in this study. Their use as analytical columns enables better and more
accurate efficiency and repeatability measurements. Columns made with various conditions
were tested in isocratic mode using the LC-MS system with a triple quadrupole MS (section
2.10.2). In addition to efficiency, the monolithic columns were tested for retention time
repeatability and carry-over from previous injections using oxytocin as the test compound. The
detection of oxytocin occurred in SRM mode (see Table 5) and the injection volume was set to
1 µL. A mobile phase consisting of LC-MS grade water with 0.1% (v/v) FA (A) and 80% (v/v)
ACN with 0.1% (v/v) FA (B) with a flow rate set to 500 nL/min was employed. The loading
mobile phase, which consisted of LC-MS grade water with 0.1% (v/v) FA, had low elution
strength and should have resulted in oxytocin being retained at the pre-column inlet in a narrow
band. A front-flush was performed when the system was switched to inject and oxytocin was
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carried to the analytical column. The column length was therefore considered as 15 cm long
when column efficiency was to be calculated. A comparison of the monolithic columns, which
were polymerized for two hours at 73°C, is illustrated in Figure 33. Figure 34, on the other
hand, demonstrates a comparison of the PS-OD-DVB columns polymerized for one hour at
73°C.

Figure 33 Chromatograms of oxytocin on six columns made with various monomer/porogen ratios. All
columns were polymerized for two hours at 73°C. All analytical monolithic columns were 50 µm x 100 mm, while
the monolithic pre-columns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen
to monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A
(water and 0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for
detection. The concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms
were recorded from the time point when the pump switched to mobile phase delivery to the column. The pictures
were taken with SEM in order to compare the morphology of the monolithic structures.
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Figure 34 Oxytocin chromatographed on two columns made with various monomer/porogen ratios. All columns
were polymerized for one hour at 73°C. All analytical monolithic columns were 50 µm x 100 mm, while the
monolithic pre-columns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen to
monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water
and 0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The
concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded
from the time point when the pump switched to mobile phase delivery to the column. The pictures were taken with
SEM in order to compare the morphology of the monolithic structures.

The plate heights ranged from 62 µm to 148 µm for both polymerization times. The PS-ODDVB monolithic column with a monomer to porogen ratio of 29/71 and polymerized for one
hour gave the lowest plate height of 62 µm. Efficiency calculations for each column are found
in Appendix 7.6.2. Compared to plate heights obtained from the LC-UV test system, plate
height values were considerably lower with the LC-MS system and this confirmed previous
assumptions that the LC-UV system undervalues the column efficiency. The average RSD in
plate height for the columns polymerized for two hours was close to 44%, while the columns
polymerized for one hour had an average RSD of 40%. A comparison of column efficiency
between all the different columns made with various monomer to porogen ratios is illustrated
in Figure 35.
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Figure 35 Plate height for all PS-OD-DVB columns made with various monomer to porogen ratios. A shows
all the columns polymerized for two hours, while B shows the columns polymerized for one hour, both at 73°C.
Ten injections were carried out for each column with oxytocin as the test analyte. The analysis was done in
isocratic mode with a flow rate of 500 nL/min.
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Retention time repeatability
The retention time repeatability between the different monolithic columns was assessed by
repeated injections of oxytocin under constant chromatographic conditions. Ten injections were
performed per column to evaluate the repeatability of the retention behavior. The retention
times for oxytocin varied based on the monolithic structure for each column, ranging from 2.40
min to 4.83 min. Interactions between the analyte and the monolithic structure/stationary phase
are dependent on the macroporous properties of the polymer, leading to different retention
profiles [131]. The retention time repeatability also varied between the columns with a relative
standard deviation (RSD) ranging from 2% to 16%.

Carry-over
Carry-over, i.e. transferred sample/analyte from previous injections, was also investigated for
each column by injecting 50 ng/mL oxytocin, followed by two blank injections. Low sample
carry-over is desirable for the system to be reliable, to extend the analytical concentration
ranges, and to enable fast analysis that requires few blanks in-between runs [135, 136]. The
carry-over percentage for each column is shown in Table 9.
Table 9 Measured carry-over after injecting 50 ng/mL oxytocin, followed by two blanks. Ten injections were
carried out for each column and the relative standard deviation was calculated. The RSD (%) is shown between
brackets.

Polymerization

Column (monomer to

time

porogen ratio)

Carry-over blank 1 (%)

Carry-over blank 2 (%)

33/67

3.7 (51)

2.7 (58)

32/68

10.0 (127)

6.7 (103)

31/69

2.0 (76)

1.9 (37)

30/70

5.5 (20)

4.5 (37)

29/71

9.9 (118)

6.9 (46)

28/72

6.3 (28)

6.6 (35)

30/70

0.16 (127)

0.16 (224)

29/71

5.0 (38)

3.2 (25)

2 hours

1 hour
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The carry-over seems to vary depending on the monolith morphology, however, it is still
considered low (below 10%). The RSD, on the other hand, was quite high and was lowest for
the column with a monomer to porogen ratio of 30/70 and a polymerization time of two hours.

The monolithic column with a monomer to porogen ratio of 29/71 and a reaction time of one
hour was the most promising with a plate height of 62 µm and a pressure of 22 bars. The
monolithic structure had a globule size of 1.2 µm and gave an oxytocin retention factor of 0.27
with the chosen mobile phase. The low retention factor might not necessarily correlate to a
higher surface area. However, the retention times were rather repeatable with an RSD of 2.6%.

4.4 Repeatability of polymerization procedure
Once the optimal porogen to monomer ratio, polymerization time and polymerization
temperature were decided upon, the repeatability of the procedure needed to be examined.
Thirteen columns were made using the monomer to porogen ratio of 29/71, a polymerization
temperature of 73°C and polymerization times of one and two hours (both polymerization times
were applied, yielding two columns each). Figure 36 shows SEM images of some examples of
the PS-OD-DVB monolithic columns that were made using the procedure described in
experimental (The SEM images of the remaining nine columns are shown in Appendix 7.7).
The columns were polymerized for one hour at 73°C.
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Figure 36 SEM pictures of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71. All
columns were polymerized at 73°C for one hour. Pictures of the column inlet (left), midsection (middle) and outlet
(right) are shown.

When a polymerization time of one hour was employed, eight columns out of thirteen had
formed a monolithic structure. However, the monolithic structures were not consistent
throughout the capillaries. The lack of monolith formation could be a result of late nucleation
and phase separation during the polymerization reaction [92], making a one hour
polymerization time insufficient. The inconsistency in the polymer formation, on the other
hand, could be due to the filling method employed, which is filling the polymerization mixture
into the capillary using nitrogen gas and the laboratory made pressure bomb. Also, nuclei and
clusters could have sedimented to either end of the capillary since it is hanged inside the GCoven during polymerization, and thereby forming inconsistent growing layers of the porous
structure [61, 106]. Some of The PS-OD-DVB columns that were polymerized for two hours at
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73°C are shown in Figure 37. The remainder of the SEM images of the monolithic columns
can be seen in Appendix 7.7.

Figure 37 SEM pictures of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71. All
columns were polymerized at 73°C for two hours. Pictures of the column inlet (left), midsection (middle) and outlet
(right) are shown.

A comparison of Figure 36 and Figure 37 shows that a polymerization time of two hours
yielded more columns that had polymers than a polymerization time of one hour using the same
procedure. Another observation was the increased globule size in the polymers when a
polymerization time of two hours was utilized. According to Svec, the surface area of the
monolith dropped considerably when increasing the polymerization time from 1 hour to 24
hours, which was due to the increased monomer conversion during the polymerization reaction
[92]. However, it is worth mentioning that the monolithic structure and its morphology varied
greatly from one batch to another, even though the same polymerization procedure was used.
Further testing using the nanoLC-MS column test system (section 2.3) was done in order to
examine the repeatability and reproducibility of the columns.
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4.4.1 Column-to-column repeatability
Column efficiency
To assess the repeatability of the polymerization method, oxytocin was chromatographed in
isocratic mode. The column efficiency measured as theoretical plates can be performed only
with isocratic elution. Backpressure, plate height (efficiency) and retention factor of oxytocin
were the main parameters measured. Examples of oxytocin chromatographed on various
columns are shown in Figure 38. The remaining chromatograms are shown in Appendix 7.7.2.

Figure 38 Oxytocin chromatographed on four columns made with a monomer/porogen ratio of 29/71. Each
polymerization time is indicated in the figure. All analytical monolithic columns were 50 µm x 100 mm, while the
monolithic pre-columns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen to
monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water
and 0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The
concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded
from the time point when the pump switched to mobile phase delivery to the column. The pictures were taken with
SEM in order to compare the morphology of the monolithic structures.

Column efficiency was calculated using Eq. 2 (see Appendix 7.7.3) for the various monolithic
columns (see Figure 39). The plate height varied between 48 µm and 113 µm, while the column
backpressure was typically around 30 bars for all the columns. The average RSD in plate height
for the columns polymerized for two hours was around 36%, while the columns polymerized
for one hour had an average RSD of 33%.
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Figure 39 Plate heights for all PS-OD-DVB columns made with a monomer to porogen ratio of 29/71. A shows
the columns polymerized for one hour, while B shows the columns polymerized for two hours, both at 73°C. Ten
injections were carried out for each column with oxytocin as the test compound. The analysis was done in isocratic
mode with a flow rate of 500 nL/min.
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Retention time repeatability
The retention time repeatability was assessed by repeated chromatography of oxytocin under
constant chromatographic conditions. Ten injection replicates were performed per column to
evaluate the repeatability of the retention behavior. The retention time for oxytocin was
consistent and repeatable for all columns and was around 2.50 min at the chosen conditions
with an average RSD of 2%. The slight variations in retention times could be an effect of partial
clogging of the emitter attachment/needle. Differences in the macroporous structure (see
Figure 37 and Appendix 7.7.1) in the various monolithic columns made could also have led to
different flow paths for oxytocin, which in turn resulted in varying retention times.

Was the method repeatable?
A single factor ANOVA test was performed in order to evaluate the repeatability of the
polymerization method. The variance within the columns and between the different columns
was calculated and shown in Appendix 7.7.4. For a method to be considered repeatable, the
ratio of the variance within and between the columns (F) has to be lower than the critical value
(Fcritical). The ratio of the variance within and between the columns (4.82) polymerized for two
hours showed to be higher than the critical value, which was 1.88. The ANOVA test, therefore,
implies that there was a significant difference between the columns polymerized for two hours.
The same conclusion was observed for the columns polymerized for one hour.
The polymerization method is therefore not considered repeatable, even though the retention
time for oxytocin at the given conditions proved to be repeatable.

4.4.2 Method reproducibility
In order to investigate the reproducibility of the polymerization method, five individuals, of
which individual#4 was inexperienced in making monolithic columns, were asked to remake
the PS-OD-DVB monolithic columns according to the described procedure. In this thesis, the
term reproducibility refers to the degree of agreement between the results of experiments
conducted by different individuals using the same instruments at the same location. Figure 40
and Figure 41 show SEM images of the monolithic columns that were polymerized by the five
different individuals.
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Figure 40 SEM pictures of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71 by two
different individuals. The columns were polymerized at 73°C for one hour. Pictures of the column inlet (left),
midsection (middle) and outlet (right) are shown. The other two individuals did not make columns that were
polymerized for one hour.
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Figure 41 SEM pictures of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71 by
four different individuals. The columns were polymerized for two hours at 73°C. Pictures of the column inlet
(left), midsection (middle) and outlet (right) are shown.

Some differences were noticed in the macroporous structure of the monolithic columns. For
example, the column made by individual#2 had a denser structure than the remaining columns,
while individual#4 produced an incomplete polymer throughout the capillary. Even though the
individuals followed the procedure thoroughly, there were minor deviances in the amount of
reagents added in the polymerization mixture, which could have influenced the porous
properties of the monolithic columns. The column efficiency, backpressure and retention factor
for oxytocin were calculated and are shown in Table 10.
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Table 10 Average retention time (tR), zero retention time (tM), retention factor (k), standard deviation (STD)
and relative standard deviation (RSD) of plate number (N), Column backpressure and plate height (H).
Column made by:
Individual#1

One hour
polymerization
time

Individual#2

Average tR (min),
n = 10

2.36

Average tM (min)

1.68

Retention factor k

0.41

Average N, n = 10

3.8 103

Column
backpressure
(bar)

22

Plate height (µm)

50

STD H (µm),
n = 10

24

Individual#4

Individual#5

49%

% RSD H, n = 10

Two hours
polymerization
time

Individual#3

Average tR
(min), n = 10

2.52

2.57

2.50

2.41

2.50

Average tM (min)

1.68

1.68

1.68

1.68

1.68

Retention factor k

0.50

0.53

0.49

0.43

0.49

2.0 103

1.6 103

1.6 103

2.2 103

3.9 103

Column
backpressure
(bar)

22

23

23

22

24

Plate height (µm)

81

118

120

69

42

STD H (µm),
n = 10

18

40

57

9

14

23%

34%

47%

13%

33%

Average N,
n = 10

% RSD H, n = 10
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The columns that produced monolithic structures were further tested using the nanoLC-MS
system, with oxytocin. The monolithic columns were used both as analytical column and as
trap column. The chromatograms are shown in Figure 42.

Figure 42 Oxytocin chromatographed on six columns made by different individuals. The polymerization times
are indicated in the figure. All analytical monolithic columns were 50 µm x 100 mm, while the monolithic precolumns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen to monomer ratios.
The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water and 0.1% (v/v)
FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The concentration
of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded from the time
point when the pump switched to mobile phase delivery to the column. The pictures were taken with SEM in order
to compare the morphology of the monolithic structures.
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Column backpressure showed to be consistent and repeatable and was around ~25 bar for all
six columns. The retention time repeatability was also satisfactory with an average RSD of 2%.
The peak width at half peak height was typically below 0.20 min with an average RSD of 19%.
Variations in the peak shapes could be an effect of the varying monolithic structure between
the columns.

Was the method reproducible?
A single factor ANOVA test was performed in order to evaluate the reproducibility of the
polymerization method. The variance within the columns and between the different columns
was calculated and shown in Appendix 7.9.1. The ratio of the variance within and between the
columns (10.50) polymerized for two hours showed to be higher than the critical value, which
was 2.58. The ANOVA test, therefore, implies that there was a significant difference between
the columns. The ANOVA test was not performed for the column polymerized for one hour
because there was only one.
The polymerization method is therefore not considered reproducible, even though the retention
time for oxytocin at the given conditions proved to be repeatable. The polymerization method
showed to be neither repeatable nor reproducible, which might be because of the differences in
the macroporous properties of the monolithic structures of the various monolithic columns.

4.4.3 Monolithic columns and high percentages of organic solvents
The ability of the PS-OD-DVB monolithic to withstand high percentages of organic solvents in
the nanoLC-MS system was put to test. A monolithic column that had a polymer through the
entire capillary was used as an analytical column with 70% B (ACN, water, and FA (80/20/0.1,
v/v/v)) in the mobile phase for 24 hours. The column was then dried with nitrogen gas and new
SEM images were taken (see Figure 43).
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Figure 43 SEM images taken of a monolithic column that was applied a flow rate of 500 nL/min with a mobile
phase consisting of 70% B (ACN, water, and FA (80/20/0.1, v/v/v)) for 24 hours. Pictures of the column inlet
(left), midsection (middle) and outlet (right) are shown.

The organic polymer-based monoliths are known to swell when high organic solvents are used,
which might result in a reduced pore size and decreased permeability [137]. Polystyrene is also
proven to be incompatible with ACN over extended periods of time. Changes in the physical
properties of polystyrene, such as softening or swelling and stress-cracking due to interactions
with the chemical, might occur [138]. Seeing how the monolithic column did not withstand the
high percentages of organic solvent in the mobile phase over an extended amount of time and
how the polymer got flushed out raises questions regarding its well-praised rigidity.

4.5 Ability to separate multiple compounds
Once the repeatability and reproducibility of the polymerization procedure were evaluated, the
next step was to check whether the columns were able to separate a mixture of compounds that
had different molecular sizes. A standard solution containing 10 µg/mL adenosine, 50 ng/mL
caffeine, 100 ng/mL oxytocin and 10 µg/mL 5-hydroxy-L-tryptophan was used. Column#11
(see Figure 36) that was polymerized for one hour at 73°C and had a monomer to porogen ratio
of 29/71 was used both as an analytical column and trap column. Column#11 had a plate height
of 48 µm, a backpressure of 26 bar and an oxytocin retention factor of 0.37. The column was
able to separate all four compounds (see Figure 44).
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Figure 44 Chromatograms of adenosine (10 µg/mL), caffeine (50 ng/mL), oxytocin (100 ng/mL) and 5hydroxy-L-tryptophan (10 µg/mL) in a standard solution of type 1 water added 0.1% (v/v) FA. The flow rate was
500 nL/min, with a solvent gradient of 15 - 50% of mobile phase B (ACN, water, and FA (80/20/0.1, v/v/v)) for 10
minutes. The injection volume was 1 µL. The chromatograms were recorded from the time point when the pump
switched to mobile phase delivery to the column. Electrospray MS in positive mode was used for detection. The
product ions used for quantification of each compound is shown in the figure.
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4.6 Oxytocin in plasma samples
Seeing how the PS-OD-DVB monolithic column was able to separate all four compounds
without complications, it was further tested by analyzing plasma samples. The plasma samples
were spiked with oxytocin (100 ng/mL), adenosine (20 µg/mL) and caffeine (50 ng/mL). 5Hydroxy-L-Tryptophan was not included due to low MS signal in the standard solution
analysis. The analysis was performed using gradient elution with a flow rate set to 1000 nL/min.
The solvent gradient was 5 -35% of mobile phase B (ACN, water, and FA (80/20/0.1, v/v/v))
for 10 minutes. Electrospray MS in positive mode was used for detection. The chromatograms
are shown in Figure 45. The column was able to separate all three compounds in the plasma
sample. The peak shapes in the first chromatogram (first injection) were narrow and
symmetrical, however, in the second chromatogram (fifteenth injection) the peak shape for
oxytocin seemed to deteriorate. It is also worth noting that the system backpressure remained
unchanged. According to Brandtzaeg et al. oxytocin strongly binds to plasma proteins [19],
which might explain the deterioration observed in the later injections. It was therefore decided
to perform a reduction and alkylation step (section 3.2.3), which will liberate OT from the
plasma proteins.
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Figure 45 Chromatograms of adenosine (20 µg/mL), caffeine (50 ng/mL) and oxytocin (100 ng/mL) in a plasma
sample. The flow rate was 1000 nL/min, with a solvent gradient of 5 - 35% of mobile phase B (ACN, water, and
FA (80/20/0.1, v/v/v)) for 10 minutes. The injection volume was 1 µL. The chromatograms were recorded from the
time point when the pump switched to mobile phase delivery to the column. Electrospray MS in positive mode was
used for detection. The product ions used for quantification of each compound is shown in the figure.
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4.7 Reduced and alkylated oxytocin in plasma
A reduction and alkylation (R/A) step (section 3.2.3) of oxytocin in plasma samples was
performed in order to allow precise quantification of oxytocin [19]. The samples were also
spiked with adenosine, caffeine and IS to a concentration of 20 µg/mL, 50 ng/mL and 10 ng/mL
respectively. After the R/A step, oxytocin and the IS obtained different m/z values. The
precursor ion for R/A oxytocin and IS were m/z 1123.547 and m/z 1128.547, respectively. For
R/A oxytocin, the product ions were m/z 285.125 and m/z 839.302. For R/A IS the product ions
were m/z 290.125 and m/z 839.302. m/z 839.302 for both R/A oxytocin and IS was used as a
quantifier, while the other masses were used as qualifiers. The same column (column#11) was
used for the analysis, both as an analytical column and as a trap column. The chromatograms
are shown in Figure 46.
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Figure 46 Chromatograms of adenosine (20 µg/mL), caffeine (50 ng/mL) and R/A oxytocin and IS (10 ng/mL)
in a plasma sample. The flow rate was 1000 nL/min, with a solvent gradient of 5 - 35% of mobile phase B (ACN,
water, and FA (80/20/0.1, v/v/v)) for 10 minutes. The injection volume was 1 µL. The chromatograms were
recorded from the time point when the pump switched to mobile phase delivery to the column. Electrospray MS in
positive mode was used for detection. The red arrow in the figure displays where R/A oxytocin was supposed to
elute (at 4.19 min) (see Appendix 7.10). The product ions used for quantification of each compound is shown in
the figure.
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The retention times of oxytocin and the internal standard seemed to have shifted forward and
the peak shapes for all the compounds seemed to have worsened. For the fifth injection, the
peaks for all four compounds seemed to have disappeared. The system backpressure, however,
did not increase, and this might indicate that the column was not clogged. Another attempt was
performed, on a different column (column#23). Initial testing was performed on the column in
order to assure that it was able to chromatograph reduced and alkylated OT (see Appendix
7.10). Once the initial testing showed to be successful, a plasma sample that was added
adenosine (20 µg/mL), caffeine (50 ng/mL), and R/A IS (10 ng/mL) was analyzed. The analysis
was performed with the same conditions as described in Section 4.7. The chromatograms are
shown in Figure 47.

Figure 47 Chromatograms of adenosine (20 µg/mL), caffeine (50 ng/mL) and reduced and alkylated oxytocin
(100 ng/mL) and IS (10 ng/mL) in a plasma sample. The flow rate was 1000 nL/min, with a solvent gradient of
5 - 35% of mobile phase B (ACN, water, and FA (80/20/0.1, v/v/v)) for 10 minutes. The injection volume was 1
µL. The chromatograms were recorded from the time point when the pump switched to mobile phase delivery to
the column. Electrospray MS in positive mode was used for detection. The red arrow in the figure displays where
R/A oxytocin was supposed to elute (at 4.19 min) (see Appendix 7.10). The product ions used for quantification of
each compound is shown in the figure.
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The column was able to chromatograph adenosine and caffeine in a complex matrix such as
plasma. The absence of R/A oxytocin and R/A IS peaks might be because of their strong binding
to the proteins in the plasma sample or that their concentration is below the system LOD.
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5 Conclusion
Poly(styrene-co-octadecene-co-divinylbenzene) monolithic columns with a 50 µm ID were
successfully polymerized using a polymerization mixture consisting of a 29/71 monomer to
porogen ratio and 1 – 4 wt% (with respect to monomer content) initiator concentration. The
columns were polymerized for two hours at 73°C.
Several batches were produced using the optimized polymerization procedure in order to
investigate its repeatability. The parameters and characteristics that were of interest were
monolith morphology, backpressure, column efficiency and retention time. A miniaturized LCMS column switching system was used to evaluate the performance of the monolithic columns,
where both the trap column and the analytical column were from the same polymerized
capillary. SEM was used to investigate the macroporous properties of the columns. To the
question “was the optimized polymerization procedure repeatable?”, the answer was not
sufficiently.
The columns showed repeatable retention times for oxytocin as a test compound, however,
column efficiency varied greatly from one column to another. A single factor ANOVA test was
performed and proved that there was a significant difference between the columns, concluding
that the polymerization procedure was not repeatable. To be fair though, all the monolithic
columns prepared provided retention and decent chromatographic efficiency for oxytocin,
which might be sufficient considering that the main goal is to use these columns as trap columns
for compound enrichment prior to separation by another column.
The reproducibility of the polymerization procedure was also put to test. Five different
individuals made columns using the same procedure and the same instruments without any
supervision or help from the author. They all succeeded in making columns that had repeatable
retention times, decent monolithic structures and acceptable column efficiencies. A single
factor ANOVA test was also performed and it proved that the method was not reproducible.
The robustness of the monolithic structure also proved to be questionable, seeing how the
polymer got flushed/washed out of the column, which could have been a consequence of
mechanical instability or chemical degradation when pressure was applied.
The PS-OD-DVB monolithic columns were also used to separate various compounds including
oxytocin in plasma samples. There were some issues regarding the measurement of oxytocin in
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plasma, even though a reduction and alkylation step was performed. The strong binding of
oxytocin to plasma proteins might have been the main contributor to this problem.
Thus, even though the polymerization method is still lacking on the matter of repeatability,
reproducibility and robustness, high column efficiency was achieved for some columns, as well
as high retention time repeatability for the chromatography of oxytocin. The column efficiency
and repeatability achieved might be sufficient for their use as trap columns for compound
enrichment prior to separation with another column.

5.1 Future work
The polymerization procedure for poly(styrene-co-octadecene-co-divinylbenzene) monolithic
columns should be further investigated with more focus on the monomer to porogen ratio in the
polymerization mixture. The loading capacity, volume, and speed of the columns should also
be examined. The applicability of the PS-OD-DVB monolithic columns as trap columns with
other analytical columns, such as PLOT columns, should be investigated. The robustness of the
monolithic columns should also be examined with regard to samples containing intact proteins
in future experiments.
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7 Appendix
7.1 Additional equations
Resolution
The separation degree of two closely eluting peaks is defined as the resolution, Rs. The
resolution can be calculated using Equation 7.
𝑅𝑠 =

2 (𝑡2 −𝑡1 )

Eq. 7

(𝑤1 +𝑤2 )

Where t1 and t2 are the retention times of two compounds and w1 and w2 are their peak widths.
When Rs is equal to 1.5, there is a baseline separation between the two close eluting peaks (with
perfect Gaussian form). The resolution of two peaks can be improved by increasing the plate
number N, the retention factor k or the separation factor α, which is defined as the relative
retention factor of two compounds (k2/k1). For closely eluting compounds, the resolution can
also be described by Equation 8 [30].
𝑅𝑠 =

1
4

𝑘

(𝛼 − 1)√𝑁 (1+𝑘)

Eq. 8

Peak capacity
The peak capacity, nc, is defined as the measure of the number of compounds that can be
theoretically resolved in a column. For gradient elution, the peak capacity can be used as a
description for column efficiency [139]. The peak capacity is given by Equation 9.
𝑛𝑐 =

𝑡𝑥 −𝑡1
𝑤𝑎𝑣

Eq. 9

where t1 is the retention time of the first eluting peak, tx is the retention time of the last eluting
peak and wav is the average peak width at the base or at half the peak height [30].
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7.2 Supplementary figures

Figure 48 Schematic description of the different operational modes for the triple quadrupole. (a) The product
ion scan mode is used to provide structural information on ions with a specific m/z. (b) The precursor ion scan
mode is used to identify the precursor ions that yield a specific ion upon fragmentation (the common fragment in
the parent ions). (c) The neutral scan mode is used to identify all parent ions that loose a specific neutral.
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7.3 Initial procedure for the monolithic columns
Pre-treatment and silanization
Table 11 Pre-treatment steps.

1

Pre-treatment
A fused-silica capillary is rinsed with acetone

2

The capillary is activated with 0.1M NaOH for 10 min

3

The solution is filled into the capillary

4

Both ends are plugged with a rubber septum

5

The capillary is placed in the GC-oven at 100˚C for 2 hours

6

The capillary is rinsed with water then flushed with 0.1 M HCl for 20 min

7

The capillary is rinsed again with water then acetone for 20 min each

8

The capillary is dried with nitrogen for ~30 min

Table 12 Silanization steps.

1

Silanization
The capillary is filled with 30% (v/v) Υ-MAPS in acetone

2

The capillary is left at 40˚C for 14 hours

3

The capillary is finally rinsed with acetone (~20min) then with water (~20min)

4

The capillary is then dried with nitrogen gas for ~30min
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Polymerization
Table 13

Polymerization procedures for making PS-DVB and PS-OD-DVB monoliths.

PS-DVB monoliths

1

PS-OD-DVB monoliths

The polymerization mixture is prepared by

The polymerization mixture is

mixing 20% (v/v) styrene, 20% (v/v) DVB,

prepared by mixing 10% (v/v) styrene,

10% (v/v) toluene, 50% (v/v) 1-decanol

20% (v/v) DVB, 10% (v/v) 1-

and 1% (w/v) LP

octadecene, 10% (v/v) DMF, 50%
(v/v) decanol and 1% (w/v) LP

2

3

4

5

The solution is degassed by ultrasonication

The solution is degassed by

for 5 minutes

ultrasonication for 5 minutes

The solution is then filled in the capillary

The solution is then filled in the
capillary

Both ends are sealed with a rubber septum

Both ends are sealed with a rubber
septum

The capillary is left to polymerize at 70˚C

The capillary is left to polymerize at

for 2 hours

70˚C for 2 hours
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7.4 Altered procedure for poly(styrene-co-octadecene-codivinylbenzene) monolithic columns
Table 14 Altered procedure for making PS-OD-DVB monolithic columns. The steps that differed from previous
procedures are written in bold.

Pre-treatment

Silanization

PS-OD-DVB monoliths
The polymerization mixture is
prepared by mixing 10% (v/v)

A fused-silica capillary is
rinsed with acetone

The capillary is filled
with 30% (v/v) Υ-MAPS
in DMF

styrene, 20% (V/V) DVB, 10%
(v/v) 1-octadecene, 10% (v/v)
DMF, 50% (v/v) decanol and
1% (w/v) LP (all solutions
should be at room
temperature)

The capillary is activated

The capillary is left at

The solution is degassed by

with 1M NaOH for 10 min

110˚C for 30 minutes

ultrasonication for 5 minutes

The capillary is finally
The solution is filled into the

rinsed with ACN

The solution is then filled in the

capillary

(~20min) then with

capillary

water (~20min)
Both ends are plugged with a
rubber septum

The capillary is then dried
with nitrogen gas for
~30min

Both ends are sealed with a
rubber septum

The capillary is placed in the

The capillary is left to

GC-oven at 100˚C for 2

polymerize at 73˚C for 2

hours

hours

The capillary is rinsed with
water then acetone for 20
min each
The capillary is dried with
nitrogen for ~30 min
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7.5 Raw data and calculations based on liquid
chromatography-ultraviolet detection analysis
Table 15 Column efficiency calculations made according to data obtained using the LC-UV test system. Three
injections were performed for all columns. The polymerization time is indicated as 2t for two hours and 1t for one
hour.
Column
(porogen
%)

N

tR
(min)

tM
(min)

Width
(50%)
min

Average
N

STD

%STD

Average,
tR

Average,
tm

k

p (bar)

H (µm)

B#12 67%

581

2.33

1.52

0.22

593

10

2

2.50

1.52

0.65

12

169

599

2.56

1.52

0.25

599

2.60

1.52

0.25

601

1.96

1.31

0.19

607

6

1

2.04

1.32

0.55

13

165

612

2.09

1.34

0.20

607

2.08

1.32

0.20

463

2.37

1.43

0.26

460

16

3

2.35

1.42

0.66

14

218

443

2.33

1.39

0.21

474

2.36

1.43

0.26

586

1.98

1.40

0.19

563

28

5

1.96

1.40

0.40

16

178

532

1.95

1.40

0.20

570

1.96

1.40

0.19

434

2.57

1.48

0.29

440

6

1

2.57

1.48

0.74

12

227

440

2.56

1.48

0.29

446

2.58

1.48

0.29

420

1.94

1.45

0.22

421

4

1

1.91

1.43

0.34

11

238

425

1.89

1.41

0.22

417

1.90

1.42

0.22

374

1.80

1.41

0.22

375

2

1

1.80

1.41

0.27

11

266

378

1.80

1.42

0.22

374

1.79

1.40

0.22

B#12 68%

B#12 69%

B#14 70%
1t

B#14 70%
2t

B#14 71%
1t

B#14 71%
2t
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7.6 Raw data obtained from liquid chromatography-mass
spectrometry
7.6.1 Testing of optimal monomer to porogen ratio
Average and relative standard deviation of peak area, retention time and peak width at half peak
height were calculated for each column. Oxytocin was used as a test substance and was analyzed
at a flow rate of 500 nL/min with a mobile phase consisting of 80% A (LC-MS grade water
with 0.1% (v/v) FA) and 20% B (ACN, water, and FA (80/20/0.1, v/v/v)). The calculations are
shown in Table 16 and Table 17.
Table 16 Average, standard deviation (STD) and relative standard deviation (RSD) of peak areas (PA),
retention times (tR) and peak width at half peak height (FWHM) of oxytocin in a standard solution (n = 10).
The polymerization time for the columns was two hours.

Monomer to porogen ratio
33/67

32/68

31/69

30/70

29/71

28/72

Average PA, n = 10

6 .103

10 .103

6 .103

10 .103

1 .103

7 .103

STD PA

1 .103

2 .103

2 .103

2 .103

0.5 .103

4 .103

% RSD PA

20%

16%

24%

23%

37%

54%

2.79

2.50

3.60

2.46

2.84

2.55

STD tR (min)

0.44

0.16

0.07

0.13

0.20

0.09

% RSD tR

16%

6%

2%

5%

7%

3%

0.19

0.20

0.22

0.18

0.19

0.17

STD FWHM (min)

0.04

0.02

0.10

0.05

0.04

0.03

% RSD FWHM

21%

16%

31%

26%

22%

21%

Average tR (min),
n = 10

Average FWHM
(min), n = 10
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Table 17 Average, standard deviation (STD) and relative standard deviation (RSD) of peak areas (PA),
retention times (tR) and peak width at half peak height (FWHM) of oxytocin in a standard solution (n = 10).
The polymerization time for both columns was one hour.

Monomer to porogen ratio
30/70

29/71

Average PA, n = 10

0.5 .103

10 .103

STD PA

0.2 .103

1 .103

% RSD PA

32%

12%

Average tR (min) n = 10

4.26

2.63

STD tR (min)

0.41

0.07

% RSD tR

10%

3%

Average FWHM (min) n = 10

0.28

0.13

STD FWHM (min)

0.06

0.02

% RSD FWHM

23%

17%
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7.6.2 Efficiency calculations
Based on the data obtained from the LC-MS analysis, column efficiency was calculated for all
columns. The results are shown in Table 18 and Table 19.
Table 18 Average retention time (tR), standard deviation (STD) and relative standard deviation (RSD) of t R,
plate number (N) and plate height (H) and column backpressure. All columns were polymerized for two hours
at 73°C.

Monomer to porogen ratio
33/67

32/68

31/69

30/70

29/71

28/72

2.79

2.50

3.60

2.46

2.84

2.55

Average N, n = 10

1 .103

2 .103

2 .103

1 .103

1 .103

1 .103

STD N, n = 10

1 .103

0.43 .103

1 .103

% RSD (N), n = 10

71%

28%

62%

59%

42%

37%

Average H (µm), n = 10

140

105

113

148

127

120

STD H (µm), n = 10

70

27

63

73

51

50

% RSD (H), n = 10

50%

26%

56%

49%

40%

42%

26

37

27

11

25

22

Average tR (min), n = 10

Column backpressure
(bar)

100

0.78 .103 0.58 .103 0.54 .103

Table 19 Average retention time (tR), standard deviation (STD) and relative standard deviation (RSD) of t R,
plate number (N) and plate height (H) and column backpressure. All columns were polymerized for one hour at
73°C.

Monomer to porogen ratio
30/70

29/71

Average tR (min), n = 10

4.26

2.13

Average N, n = 10

2 .103

4 .103

STD N, n = 10

1 .103

3 .103

% RSD (N), n = 10

79%

86%

Average H (µm), n = 10

128

65

STD H (µm), n = 10

65

19

% RSD (H), n = 10

50%

30%

25

22

Column backpressure (bar)

7.7 Repeatability of polymerization procedure
7.7.1 Polymer formation
The polymerization procedure of the PS-OD-DVB monolithic column that yielded lowest plate
height and highest column efficiency was to be tested for its repeatability. Thirteen columns
were produced separately (different days and separate polymerization mixtures) using two
different polymerization times, which resulted in twenty-six columns total. The SEM images
taken of the columns are shown in Figure 49 and Figure 50.
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Figure 49 SEM images of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71. All
columns were polymerized at 73°C for one hour. Pictures of the column inlet (left), midsection (middle) and outlet
(right) are shown.
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Figure 50 SEM images of the PS-OD-DVB columns made using a monomer to porogen ratio of 29/71. All
columns were polymerized at 73°C for two hours. Pictures of the column inlet (left), midsection (middle) and outlet
(right) are shown.
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7.7.2 Column-to-column repeatability
The columns that showed presence of a monolithic structure were further tested using nanoLCMS. Oxytocin was chromatographed on the monolithic columns, which were used both as
analytical columns and trap columns. The chromatographs are shown in Figure 51 and Figure
52.

Figure 51 Oxytocin chromatographed on three columns that have a monomer/porogen ratio of 29/71. The
columns were polymerized for one hour each. All analytical monolithic columns were 50 µm x 100 mm, while the
monolithic pre-columns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen to
monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water
and 0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The
concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded
from the time point when the pump switched to mobile phase delivery to the column. The pictures were taken with
SEM in order to compare the morphology of the monolithic structures.

106

107

Figure 52 Oxytocin chromatographed on twelve columns that have a monomer/porogen ratio of 29/71. The
columns were polymerized for two hours each. All analytical monolithic columns were 50 µm x 100 mm, while the
monolithic pre-columns were 50 µm x 50 mm. The analytical columns and pre-columns had the same porogen to
monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water and
0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The
concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded
from the time point when the pump switched to mobile phase delivery to the column. The pictures were taken with
SEM in order to compare the morphology of the monolithic structures.

7.7.3 Efficiency calculations
Based on the data obtained from the LC-MS analysis, column efficiency, average retention
times and retention factors for oxytocin were calculated for all columns. The results are shown
in Table 20 and Table 21.
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Table 20 Average retention time (tR), zero retention time (tM), retention factor (k), standard deviation (STD)
and relative standard deviation (RSD) of plate number (N) and plate height (H) and column backpressure. All
columns were polymerized for one hour at 73°C.

Column
C9

C11

C13

Average tR (min), n = 10

2.35

2.30

2.51

Average tM (min)

1.68

1.68

1.68

Retention factor k

0.40

0.39

0.49

Average N, n = 10

2 .103

4 .103

2 .103

0.55 .103

3 .103

0.26 .103

29%

72%

16%

Average H (µm), n = 10

84

48

95

STD H (µm), n = 10

26

25

14

% RSD (H), n = 10

31%

52%

15%

29

26

49

STD N, n = 10
% RSD (N), n = 10

Column backpressure (bar)
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Table 21 Average retention time (tR), zero retention time (tM), retention factor (k), standard deviation (STD)
and relative standard deviation (RSD) of plate number (N) and plate height (H) and column backpressure. All
columns were polymerized for two hours at 73°C.
Column

C14

C15

C16

C17

C18

C19

C20

C21

C22

C23

C25

C26

2.97

2.49

2.54

2.39

2.44

2.35

2.59

2.38

2.41

2.50

2.34

2.74

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

0.77

0.48

0.51

0.43

0.45

0.40

0.54

0.42

0.44

0.49

0.39

0.63

2

2

2

2

1

2

3

3

2

4

2

1

Average tR
(min), n = 10
Average tM
(min)
Retention
factor k
Average N,
n = 10

STD N, n = 10

% RSD (N),
n = 10
Average H
(µm), n = 10
STD H (µm),
n = 10
% RSD (H),
n = 10

.10

.10

.10

.10

.10

.10

.10

.103

1

0.07

1

2

0.95

0.42

1

0.78

0.21

.103

.103

.103

.103

.103

.103

.103

.103

.103

.103

55%

26%

55%

5%

63%

54%

35%

25%

32%

49%

15%

91

78

93

86

105

76

66

61

95

42

113

109

24

32

24

46

6

25

31

21

30

14

65

17

27%

41%

25%

53%

5%

33%

47%

34%

32%

33%

58%

16%

23

26

30

29

25

30

25

22

23

24

27

66

.10

3

3

3

.10

.10

.10

1

1

0.44

.103

.103

56%

3

3

3

3

3

3

3

3

Column
backpressure
(bar)
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7.7.4 Single factor ANOVA
A single factor ANOVA test was done to evaluate the repeatability of the polymerization
method. Twelve columns were prepared using the same polymerization conditions/method. The
ratio of the variation within and between columns was calculated, giving a statistic value (F),
which was then compared to the critical value (Fcritical) to determine if there was a significant
difference between the columns or not. The calculations are shown in Table 22 and Table 23.
Table 22 A summary of the plate number values for the columns polymerized for two hours at 73°C is shown,
where the count is number of replicated per column and the variance is the standard deviation. SS stands for
the sum of squares, df is the degrees of freedom, MS is the mean square and P-value is the probability. fF

SUMMARY
Groups

Count

Sum

Average

Variance

Column 1
Column 2
Column 3
Column 4
Column 5
Column 6
Column 7
Column 8
Column 9
Column 10
Column 11
Column 12

10
9
10
10
10
10
10
10
9
9
9
10

19019
21301
17093
22076
14314
23525
29106
27121
15317
35094
14258
14111

1902
2367
1709
2208
1431
2352
2911
2712
1702
3899
1584
1411

1146349
1716156
196766
1473612
5268
2195929
2467796
901084
177029
1519537
612831
42963

ANOVA
Source of
Variation
Between Groups
Within Groups

SS

df

MS

F

P-value

Fcrit

55148683
108072326

11
104

5013517
1039157

4.82

5.58 10-6

1.88

Total

163221009

115

111

Table 23 A summary of the plate number values for the columns polymerized for one hour at 73°C is shown,
where the count is number of replicated per column and the variance is the standard deviation. SS stands for
the sum of squares, df is the degrees of freedom, MS is the mean square and P-value is the probability.

SUMMARY
Groups

Count

Sum

Average

Variance

Column 1

10

19169

1917

305323

Column 2

9

37768

4197

9112366

Column 3

10

16146

1615

67793

SS

df

MS

F

ANOVA
Source of variation
Between Groups

37130601

2

18565300

Within Groups

76256970

26

2932960

Total

113387570

28

6.33

P-value

Fcrit

-6

3.37

5.76 10

7.8 Additional experiments
7.8.1 Column length
It was previously mentioned that the polymerization mixture was initially filled in ~90 cm long
fused silica capillaries. However, the monolithic structure proved to be incomplete/inconsistent
throughout the capillary. An additional experiment was therefore performed, where the
polymerization mixture was filled into a one-meter long capillary. The monolith (29/71
monomer to porogen ratio) was successfully polymerized and SEM images were taken of the
column inlet, 5 cm from the inlet and column outlet (see Figure 53).
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Figure 53 SEM images of the PS-OD-DVB column made using a monomer to porogen ratio of 29/71. The
column was polymerized at 73°C for two hours. Pictures of the column inlet (left), midsection (middle) and outlet
(right) are shown. The length of the analytical column was 95 cm, while the trap column was 5 cm.

So far, the monolithic column seemed to have a polymer that was consistent throughout the
capillary. Further testing on the nanoLC-MS system was therefore performed. Oxytocin was
chromatographed on the monolithic column, which was used both as analytical column and trap
column. The chromatographs are shown in Figure 54.

Figure 54 Oxytocin chromatographed on a 95 cm long column that had a monomer/porogen ratio of 29/71.
The column was polymerized for two hours at 73°C. The analytical monolithic column was 50 µm x 950 mm, while
the monolithic pre-column was 50 µm x 50 mm. The analytical column and pre-column had the same porogen to
monomer ratios. The mobile phase consisted of 20% B (ACN, water, and FA (80/20/0.1, v/v/v)) and 80% A (water
and 0.1% (v/v) FA), with a flow rate of 500 nL/min. Electrospray MS in positive mode was used for detection. The
concentration of oxytocin was 50 ng/mL and the injection volume was 1 µL. The chromatograms were recorded
from the time point when the pump switched to mobile phase delivery to the column. The pictures were taken with
SEM in order to compare the morphology of the monolithic structures.
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Ten injections were performed to evaluate the retention time repeatability. The monolithic
column was able to separate oxytocin at an average retention time of 7.23 min. The RSD in
retention time was 0.3%. The chromatographic peak had some tailing probably due to the length
of the column. The peak width at half peak height had an average of 0.29 min and an RSD of
10%. The backpressure of the column, however, was around 30 bar, which was considered
rather strange compared to the length of the column. It was therefore assumed that the
monolithic structure was not consistent throughout the capillary. The 95 cm long column was
cut into 10 cm pieces and new SEM images were taken (see Figure 55).

Figure 55 SEM images of the PS-OD-DVB column made using a monomer to porogen ratio of 29/71. The
column was polymerized at 73°C for two hours. The column had an initial length of 95 cm but was cut into 10 cm
pieces.

Odd enough, the column had a consistent monolithic structure throughout the capillary, even
though the column backpressure was only 30 bar. The 10 cm pieces were tested as analytical
columns in the LC-MS system. Oxytocin was used as a test compound and the same conditions
as described earlier were used. Five injections of 1 µL volume were performed for each column.
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An example of the chromatograms obtained is shown in Figure 56. Column efficiency, average
retention time, average peak width at half peak height and retention factor were calculated (see
Table 24).

Figure 56 Oxytocin chromatographed on a column (20 cm) that had a monomer/porogen ratio of 29/71. The
column was polymerized for two hours at 73°C. The conditions for the analysis are as described in Figure 55.
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Table 24 Average retention time (tR), zero retention time (tM), retention factor (k), standard deviation (STD)
and relative standard deviation (RSD) of plate number (N) and plate height (H) and column backpressure. All
columns were polymerized for two hours at 73°C.
Column
10 cm

20 cm

30 cm

40 cm

50 cm

60 cm

70 cm

80 cm

90 cm

2.16

2.38

2.36

2.35

2.32

2.30

2.38

2.32

2.31

Average tM (min)

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

1.68

Retention factor k

0.29

0.42

0.40

0.40

0.38

0.37

0.42

0.38

0.38

Average N, n = 5

4 .103

3 .103

3 .103

3 .103

3 .103

3 .103

5 .103

2 .103

2 .103

STD N

2 .103

0.78

0.45

0.51

.103

.103

.103

2.103

1 .103

% RSD (N)

38%

29%

16%

20%

48%

26%

40%

53%

23%

33

51

48

52

45

41

33

65

57

STD H (µm)

11

14

9

10

18

10

18

26

13

% RSD (H)

34%

27%

18%

19%

40%

24%

54%

39%

22%

25

23

22

22

24

24

22

23

23

Average tR (min),
n=5

Average H (µm),
n=5

2 .103

0.87
.103

0.53
.103

Column
backpressure
(bar)

The monolithic columns had an average retention time of 2.32 min with an average RSD of 1%.
The peak width at half peak height had an average value of 0.10 min and an RSD of 16%. The
plate height ranged from 33 µm to 65 µm and all the columns had a backpressure around 22
bar. The results are quite surprising, seeing how several columns polymerized in 90 cm or 30
cm long capillaries had inconsistent polymers throughout the capillaries.
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7.9 Method reproducibility
7.9.1 Single factor ANOVA
A single factor ANOVA test was performed to evaluate the reproducibility of the
polymerization method. Five different individuals prepared the columns, where individual #4
was inexperienced in making monolithic columns. The ratio of the variation within and between
columns was calculated, giving a statistic value (F), which was then compared to the critical
value (Fcritical) to determine whether a significant difference between the columns existed or not.
The calculations are shown in Table 25.
Table 25 A summary of the plate number values for the columns polymerized for two hours at 73°C is shown,
where the count is the number of replicated per column and the variance is the standard deviation. SS stands
for the sum of squares, df is the degrees of freedom, MS is the mean square and P-value is the probability.

SUMMARY
Groups

Count

Sum

Average

Variance

Column 1
Column 2
Column 3
Column 4
Column 5

10
10
10
10
9

19676
15686
16284
22232
35094

1968
1569
1628
2223
3899

310268
1154596
978337
136981
1519537

SS

df

MS

F

P-value

F crit

Between Groups
Within Groups

33761389
35377934

4
44

8440347
804044

10,50

4,66E-06

2,58

Total

69139323

48

ANOVA
Source of Variation

117

7.10 Reduced and alkylated oxytocin in plasma
A reduction and alkylation (R/A) step was performed on oxytocin in plasma in order to liberate
it from the plasma proteins. An initial attempt of measuring reduced and alkylated OT in plasma
was performed, however, it was unsuccessful. The main reason for the failed attempt was that
the column previously used for plasma sample analysis was clogged/damaged. The column was
therefore swapped with column#23. The initial step was to analyze a standard solution
containing 50 ng/mL OT, 20 µg/mL adenosine and 50 ng/mL caffeine (see Figure 57).

Figure 57 Chromatograms of adenosine (20 µg/mL), caffeine (50 ng/mL) and oxytocin (100 ng/mL) in a
standard solution. The flow rate was 1000 nL/min, with a solvent gradient of 5 - 35% of mobile phase B (ACN,
water, and FA (80/20/0.1, v/v/v)) for 10 minutes. The injection volume was 1 µL. The chromatograms were
recorded from the time point when the pump switched to mobile phase delivery to the column. Electrospray MS in
positive mode was used for detection. The product ions used for quantification of each compound is shown in the
figure.
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The column was able to separate all three compounds. The next step was to check whether the
column was able to separate reduced and alkylated OT and IS in a standard solution. A
reduction and alkylation step was performed on a solution containing 50 ng/mL OT and 10
ng/mL IS. The same conditions as previously described were used for the analysis. Figure 58
shows the successfully separated OT and IS (R/A).

Figure 58 Chromatograms of reduced and alkylated OT (50 ng/mL) and IS (10 ng/mL) in a standard sample
consisting of type 1 water with 0.1% (v/v) FA. The flow rate was 1000 nL/min, with a solvent gradient of 5 - 35%
of mobile phase B (ACN, water, and FA (80/20/0.1, v/v/v)) for 10 minutes. The injection volume was 1 µL. The
chromatograms were recorded from the time point when the pump switched to mobile phase delivery to the column.
Electrospray MS in positive mode was used for detection. The product ions used for quantification of each
compound is shown in the figure.

Since the column successfully separated OT and IS that were reduced and alkylated, a plasma
sample containing adenosine (20 µg /mL), caffeine (50 ng/mL) and R/A IS (10 ng/mL) was
analyzed. The column was able to separate adenosine and caffeine, but failed to separate IS and
OT (see Figure 47).
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