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Abstract 

The three-dimensional liver cellular cluster model, known as liver organoids, is a promising 

tool to better mimic human physiology for drug development. The composition and function of 

liver organoids are not yet fully understood, calling for sensitive proteomic analysis due to 

limited sample size and availability. The use of narrow inner diameter (ID) liquid 

chromatography (LC) separation columns is beneficial for increased sensitivity. A relevant 

column format to explore is the porous layer open tubular (PLOT), which with narrow ID and 

low backpressure permit the use of longer columns for higher separation power. Proteomic 

analysis of organoids using PLOT at column format was yet to be explored. The goal of this 

work was to prepare silica-based PLOT columns functionalized with octadecyl (C18) with 

narrow ID (10 and 5 µm) suitable for sensitive proteomic analysis of liver organoids with mass 

spectrometry detection. Two approaches for the preparation of silica-based PLOT columns 

functionalized with C18 were explored and successfully prepared. Scanning electron 

micrographs could indicate that a porous layer was present with both preparation methods; 

however, one method had challenges regarding clogging during the preparation of the columns. 

A peak capacity of 127 was obtained with an in-house made PLOT column (10 µm x 115.2 cm) 

when analysing 20 ng HeLa tryptic digest using a 240-minute linear gradient (2.7-15% 

acetonitrile in water + 0.1% formic acid). Proteins related to the liver metabolic pathways were 

identified from the analysis of liver organoid fractions using one in-house made PLOT column. 

Thus, indicating that silica-based C18 PLOT columns constitute a promising tool for the 

bioanalysis of limited samples. 
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1 Introduction 

1.1 The drug development process 

Drug discovery and development constitute a lengthy and costly process involving preclinical 

and several clinical trials (Figure 1). Preclinical trials consist of testing the developed drug on 

two-dimensional (2D) cell cultures and animal models. The preclinical trials are performed to 

investigate the toxicity of the drug before it is tested on humans [1].  According to the U.S. 

Food & Drug Administration, the clinical trials are split into three phases; I, II and III to 

determine if the new drug is safe for human uses [2]: In phase I of the clinical trials, the drug is 

tested on 20-100 people (healthy or with the disease) for several months to determine the drug 

safety and dosage. Approximately 70% of the tested drugs move to phase II of the clinical trials 

where the drug efficacy and the side effects are to be determined. Up to several hundreds of 

people (with the disease/condition) take part in the phase II trials for several months or up to 

two years, and approximately 33% of the drugs move to phase III. For 1-4 years, 300-3000 

people are part of the phase III studies, where about 25-30% of the drugs make it through. Phase 

III may show long term effects of the drug. The clinical trials are time-consuming, and it is 

estimated that 1 out of 10 drugs that enter clinical trials will make it to the market, costing the 

pharmaceutical companies a lot of money [3].  

 

Figure 1. Phases of drug development. Discovery: Process through which a new potential drug is 

discovered.  Preclinical: Investigation of drug toxicity on 2D cell cultures and animal models. Phase I: 

Assesses the dose-response in healthy volunteers or patients. Phase II: Tests the efficacy and side-effects in 

a larger group of people. Phase III: Is tested on a group of 300-3000 people and is more likely to reveal 

long-term or rare side effects. The figure is adapted from [3]. 

 

One explanation for the numerous drug candidate failures is that the models used in the 

preclinical trials do not mimic human physiology to a great extent. The 2D cell culture in vitro 

models have existed for a long time [4], but lack the complexity of the human physiology. 

Animal models better mimic human complexity, but the different physiology does not give a 

good representation of the human. An emerging tool to better mimicking the human physiology 
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and bridge the gap from preclinical trials to the clinical trials are the three-dimensional (3D) 

cellular clusters known as organoids.  

 

1.2 Organoids 

The term organoid refers to 3D multicellular clusters in vitro that self-organize, prepared to 

better mimic in vivo tissue [5]. The first attempt of in vitro organism regeneration was described 

by Wilson in 1907 with the use of sponge cells where he demonstrated that dissociated cells 

could self-organize to regenerate a whole mechanism [6]. Hence, the idea of self-organizing 

cellular structures is not novel, but it was not until 1998 that embryonic stem cells (ESCs) were 

isolated and derived from human blastocysts [7].  

Organoids can be derived from induced pluripotent stem cells (iPSCs), ESCs or in vivo derived 

progenitor populations [8, 9]. Both iPSCs and ESC can be differentiated into all cells present 

in the human body. As the iPSCs can be derived from any subject, this also opens for the 

possibility of personalization.  

The term organoid is simply defined as “Resembling an organ” [10], which implies that the 

organoid must be able to mimic some organ-specific functions (e.g. drug metabolism for liver 

organoids) and that the cells are grouped spatially organized similar to an organ. Several types 

of organoids have been prepared, including stomach [11], lung [12, 13], brain [14] and liver 

[15-17]. In more recent years, the organoids have been predicted to play a significant role in 

disease modelling, personalized medicine and drug development. Liver organoids are 

especially interesting regarding drug development as drug-induced liver injury is a possible 

side-effect from clinical trials.  

1.2.1 Liver organoids 

The human liver is a vital organ and the main metabolizing organ in the human body [18]. The 

liver performs several different functions, including glycogen storage, control of metabolism, 

drug detoxification, regulation of cholesterol synthesis and transportation, metabolism of urea, 

and secretion of plasma proteins (e.g. albumin) [19]. In vitro models of the liver are traditionally 

based on hepatocyte cultures since they account for 60% of the total cells in the organ, being 
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the main metabolizing unit of the liver; however, the complexity of the liver is lost when using 

hepatocytes only. Accordingly, the use of liver organoids can be a valuable tool in drug 

development and screening [20]. 

Liver organoids constitute a novel tool in medicinal research, and their compositions are not 

fully established, calling for proteomic analysis, i.e. mapping their proteins and the relative 

levels of these – compared to an in vivo liver. Proteomic analysis has been used for different 

organoid materials, including healthy and tumour human colon organoids [21]) to generate 

personal human proteome profiles.  

 

1.3 Proteomics 

The term proteomics can be defined as “…the large-scale characterization of the entire protein 

complement of a cell, tissue or organism, rather than the study of a particular protein in a disease 

setting.” [22] There is a linear relationship between the DNA base sequence of a gene and the 

amino acid sequence of the protein encoded [23] (Figure 2). The protein function is determined 

by its shape and side-chain modifications (e.g. post-translational modifications (PTMs)), and 

the protein structure is determined by the primary structure (i.e. amino acid sequence), 

determined by the protein encoding DNA. Proteomics can help define the functions and 

relationships of proteins in an organism [24, 25]. 



4 

 

 

Figure 2. The relationship between DNA, RNA and a protein. DNA is transcribed to RNA, and the RNA 

base sequence is translated into the corresponding amino acid sequence. Figure adapted from [23]. 

1.3.1 Top-down and bottom-up proteomics 

When performing proteomic analysis of a complex sample, there are two main approaches: the 

top-down and the bottom-up approach. In top-down (Figure 3A) approaches, intact proteins 

are measured using mass spectrometry (MS) detection, while in bottom-up approaches (Figure 
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3B) proteins are cleaved into smaller peptides before peptide separation and MS detection [26].

 

Figure 3. (A) Top-down approach for proteomics. The whole protein ion is analysed as well as fragment 

ions from the gas-phase dissociation. (B) Bottom-up approach for proteomics. Peptides from protein 

digestion are analysed. Figure adapted from [26]. 

 

Top-down approaches give more structural information about the proteins and commonly 

include a less extensive sample preparation. However, intact proteins are not easily transferred 

into gas phase due to their high mass and they can be difficult to handle as they may not all be 

soluble under the same conditions. 

When using the bottom-up approach, proteins are cleaved by proteolysis at known positions in 

the amino acid sequence to make it possible to compare the mass value of the digested peptides 

to that of the theoretically generated peptides. Trypsin is a common protease, which cleaves 

explicitly at arginine (R) and lysine (L), if not followed by a proline (P), at the C-terminal end 

by hydrolysis (Figure 4) [27].  
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Figure 4. Cleavage sites for a protein when using trypsin for enzymatic digestion and proteolytic 

cleavage by hydrolysis where R1 is arginine and R2 is threonine. All amino acids are listed with the one-

letter code, see Appendix, Table 13 for translation to amino acids. 

 

For complex protein mixtures, gel-based fractionation can be used for pre-separation of proteins 

[28]. The gel is then sliced into an appropriate number of gel fractions, where each fraction is 

subjected to in-gel enzymatic digestion; however, this will not be the focus of this thesis. An 

enzymatic digest increases the complexity of the sample dramatically. However, the bottom-up 

is the best approach regarding sensitivity and the approach is most often used for protein 

determination using liquid chromatography (LC) coupled with MS detection [29-34]. 

 

1.4 Mass spectrometry 

A simple MS consists of an ion source, a mass analyser and a detector, where the two latter are 

operated in a vacuum. The vaporized ionized analytes enter the mass analyser, where the 

charged analytes are separated according to their mass-to-charge ratio (m/z). There are several 

types of mass analysers, including quadrupole (Q), time of flight (TOF), Fourier-transform ion 
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cyclotron resonance (FT-ICR), ion trap (IT) and orbitrap [35]. Important parameters regarding 

instrument performance include resolution, mass accuracy, upper mass limit, and scan speed.  

The resolution of a mass analyser is arguably one of the most important performance parameters 

of a MS. It is a measure of the ability of a mass analyser to separate ion with different m/z-

values. For a single signal peak made up of singly charged ions at mass m (or rather m/z) in a 

mass spectrum, the resolution may be expressed as m/Δm where Δm is the width of the peak at 

a height which is a specified percentage (e.g. 50%, 5% or 0.5%) of the maximum peak height 

[36]. A common standard is the definition of resolution based upon Δm being the full width of 

the peak at half its maximum height (FWHM, Figure 5). A high resolution MS is considered 

to provide a resolution greater than 10,000, while an ultra high resolution MS provides a 

resolution that is greater than 100,000 [37].  

 

Figure 5. Definition of full width (Δm) at half maximum peak height of a signal peak. 

 

Mass accuracy is the difference between the calculated and experimentally determined masses 

of an ion. With a good mass accuracy, isobaric ions (ions with identical mass to others, but with 

different atomic composition, e.g. a positive ion with m/z 28, which can be CO, N2 and C2H4) 

can be differentiated. The upper mass limit is the maximum measurable m/z that can be 

observed in a given MS, and scan speed is the rate at which mass spectra are acquired.  

1.4.1 Mass analysers 

The mass analyser is arguably the most central part of an MS. An overview of different mass 

analysers and their performance parameters is presented in Table 1. 
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Table 1. Performance parameters of mass spectrometers used in liquid chromatography-mass 

spectrometry (LC-MS). Table adapted from [37].  aFT-ICR, IT and orbitrap also include common hybrid 

configurations with Q or linear ion trap as the first mass analyser. bThe resolution was calculated using the 

peak width at FWHM. cQuadrupoles with hyperbolic rods provide mass accuracies lower than 5 ppm. 

Mass analysera Resolutionb 

(x 103) 

Mass 

accuracy 

(ppm) 

m/z upper 

limit   

(x 103) 

Scan 

speed 

(Hz) 

FT-ICR 750-2500 0.3-1 4-10 0.5-2 

Orbitrap  100-240 1-3 4 1-5 

TOF 10-60 1-5 10-20 10-50 

IT 4-20 Low 4-6 2-10 

Q 3-5 Lowc 2-3 2-10 

 

Tandem mass spectrometry 

When two mass analysers are coupled in series (or in time), tandem mass spectrometry 

(MS/MS) can be performed. With such instrumentation, an ion (specific m/z value), the 

precursor ion, is selected by the first analyser and transferred to a collision cell where it is 

fragmented to several product ions which are sent to the second analyser for separation and 

subsequent detection. In the case of two or more ions entering the MS simultaneously, 

fragmentation of the ions is essential for identification, as compounds of different structures 

often have different fragmentation patterns even if they have the same m/z-values (e.g. isomers). 

The Q-orbitrap used in this work is a tandem MS containing a quadrupole and an orbitrap as 

mass analysers (Figure 6). The ions are transported from an ion source into a Q mass analyser 

(Figure 7) through a bent flatapole ion guide. From the Q mass analyser, the ions are sent to an 

IT consisting of four curved electrodes with a radio frequency (RF) field, called the C-trap. Ions 

pass from the C-trap to the higher-energy collisional dissociation (HCD) cell and undergo 

fragmentation. The ions are then transferred back to the C-trap and relaxed before being injected 

to the orbitrap mass analyser (Figure 8), where the fragmented ions are separated and detected 

based on their axial oscillation and produced image currents, as described below.  
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Figure 6.  Schematic illustration of the central parts of the Q-orbitrap. Ions are guided into the Q mass 

filter through a bent flatapole, passed through the C-trap to the HCD cell for fragmentation before transported 

back to the C-trap. The fragmented ions are then injected to the orbitrap from the C-trap and separated based 

on their m/z. Figure adapted from [38]. 

 

The Q, in this instrument functioning as a mass filter, consists of four electrode rods. The two 

rods opposite one-another is hereafter called a pair. An RF alternating current and a direct 

current (DC) is applied to each pair, creating an oscillating field. Ions with stable trajectories 

will pass through the Q mass filter, while ions with unstable trajectories will collide with the 

rods and be lost. The oscillation of the ions are dependent on their m/z values, and only ions of 

particular m/z values can pass through the Q mass filter at a given time [39].  
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Figure 7. Schematic illustration of a Q mass analyser. The Q mass analyser consist of four electrode rods 

placed parallel to one another with opposite applied RF (𝑽𝒄𝒐𝒔 𝝎𝒕) and DC (U) potentials. Ions enter from 

the ion source, and the ions with specific m/z values will have a stable trajectory and pass through the Q mass 

analyser. Figure adapted from [40]. 

 

The orbitrap is a mass analyser consisting of a spindle-like central electrode at -5kV and a 

barrel-like outer electrode that are electrically isolated from each other at close to ground 

potential [41]. Ions must be injected into the orbitrap in a small packet, and this is done by the 

C-trap. The electrical field in the orbitrap pushes the ions towards the centre of the mass 

analyser (Figure 8A), and the ions start to oscillate axially. The axial oscillation frequency of 

an orbitrap is proportional to 1/√
𝑚

𝑧
, meaning that larger ions have a lower oscillating frequency 

than smaller ions. The image currents produced by the oscillating ions create a signal current 

over time (Figure 8B). A computer decomposes the current into the component frequencies, 

leading to the component m/z values through Fourier transformation.  
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Figure 8. Schematic drawings of A) the electric field in one longitudinal plane of the orbitrap, B) the 

recorded image current from two ions with different m/z values and Fourier transformation. Outer 

electrodes are electrically isolated from each other. The arrow lengths indicate a smaller and a larger axially 

oscillating frequency. Figure adapted from [41]. 

 

Peptide fragmentation 

When the Q-orbitrap is operated in MS/MS mode, the ions are transferred from the C-trap to 

the HCD cell, where ions are fragmented via collision of e.g. nitrogen gas. The collisions lead 

primarily to the fragmentation of the C-N bond in the peptide backbone resulting in b and y 

fragment ions [38, 42] (Figure 9). After fragmentation, the product ions are sent from the HCD 

cell to the C-trap and injected to the orbitrap in small packets, resulting in an MS/MS spectrum 

for the peptides and proteins to be identified.  

 

 

Figure 9. Schematic figure of cleavage sites of a peptide with amino acid side chains, Rn. The peptide 

backbone can be cleaved in three positions, producing a, b, or c fragments if the charge is retained on the N-

terminal fragment or x, y and z fragments if the charge is retained on the C-terminal fragment. 
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1.4.2 Peptide and protein identification 

MS-based proteomics can be targeted or untargeted (also called comprehensive proteomics). In 

targeted proteomics, only peptides or proteins of interest are investigated. With a Q-orbitrap, 

detection is done with parallel reaction monitoring, where the precursor ions are defined, 

fragmented and detected [43], giving increased sensitivity by removing background noise. The 

goal of comprehensive proteomics is to discover as many proteins as possible, meaning that 

there are no target proteins.  

A typical data acquisition strategy is based on data-dependent acquisition (DDA) [44-46]. All 

ions are monitored with a full scan performed, and a chosen number of the most abundant ions 

per scan are selected for fragmentation (Figure 10) and subsequent detection, giving data-

dependent MS/MS (dd/MS/MS). DDA can provide a limited dynamic range by selecting the 

top abundant precursor ions for further fragmentation multiple times. Another challenge with 

DDA can be the lack of fragmentation of medium to low abundant peptides, causing variations 

across replicates [47]. Dynamic exclusion is used to prevent reselection of the same precursor 

ion multiple times and has greatly increased the dynamic range of detection and proteome 

coverage.  

 

Figure 10. Illustration of the data-dependant acquisition approach. The most abundant peptide ion is 

selected for fragmentation (left). The MS/MS spectrum (right) is submitted for data analysis and matched 

with an in-silico spectrum, identifying the precursor ion. 
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To expand a greater detectable dynamic range of the proteome, data-independent acquisition 

(DIA) can be used as an alternative approach to DDA [48, 49]. All ions within a given m/z 

interval are fragmented and analysed, resulting in highly multiplexed fragment ion spectra. 

MS-based proteomics produces several thousands of mass- and fragmentation spectra, and the 

processing of the mass spectra is done with data processing tools. Search algorithms, such as 

MASCOT [50] and SEQUST [51], use in-silico digested protein libraries and compare 

theoretical MS/MS spectra to the MS/MS spectra obtained experimentally. The peptide with 

the best correlation between the in-silico and experimentally obtained spectra is identified as 

the precursor peptide. It is given a score expressing the correlation, where 0 expresses no 

correlation. If several significant peptides (i.e. peptides with scores the database-search indicate 

are significant) identify a protein, the protein identification is accepted. However, some small 

peptides match more than one protein, and this is taken into account by the data processing 

tools. The proteins are given a score, usually by adding up the peptide scores [52]. 

An MS measures ion in the gas phase. For the peptides to enter and be separated in the MS, 

there is need of an ion source converting the peptides (in a liquid sample) into gaseous ions. 

The ionization of peptides can be achieved with different ionization techniques.  

1.4.3 Ionization techniques 

Peptides can be challenging to get into the gas phase without decomposition due to their high 

mass. The use of soft ionisation techniques as electrospray ionization (ESI) and matrix assisted 

laser desorption ionization (MALDI) can be used to transfer peptides from liquid to gas phase 

ions without much decomposition [53]. ESI is easier to couple on-line with an LC system and 

couples the LC system directly to the MS. MALDI is not equally easy to couple to the LC 

system, and as ESI was used in this project, the principles of MALDI will not be further 

explained. 

Electrospray ionization 

ESI (Figure 11) was developed by Yamashita Fenn in 1984 [54] but first described by Dole et 

al. in 1968 [55]. The LC-column outlet is directly coupled to an electrospray needle (often 

called emitter), and a potential difference is applied between the capillary and the heated MS 

inlet, creating an electric field. When operated in positive mode, the MS-inlet is at a negative 
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potential relative to that of the emitter. Positive ions are repelled from the emitter and the surface 

of the liquid and negative ions are drawn towards the liquid meniscus at the emitter tip where 

the charge density is increased. The repulsion forces between the charged ions (Coulomb 

forces) are increased with the charge density. When the Coulomb forces overcome the surface 

tension of the eluent (mobile phase (MP) containing already charged analytes), the shape of the 

meniscus is changed to conic to relieve the charge repulsion. This cone is known as the Taylor 

cone. The Taylor cone emits a jet of small droplets containing cations, and these droplets get 

smaller as the MP is evaporated with the assistance of a nebulizing gas (often N2). As the solvent 

evaporates from the droplets, the Coulomb forces between the ions within the droplets increase. 

When the Coulomb forces overcome the surface tension, it leads to the splitting of the droplets, 

leading to the formation of gas phase ions that can be detected by the MS. 

 

Figure 11. The formation of electrospray in positive mode. An electrical potential is applied between the 

emitter and the MS-inlet creating an electric field. The MP containing already ionized analytes forms a Taylor 

cone at the end of the emitter due to Coulomb forces between the ions, and the MP is dispersed creating a 

spray. The charged droplets are attracted to the negatively charged MS-inlet. This figure represents the 

ionization source operated in positive mode. Figure adapted from [56]. 

 

For the formation of the gas-phase ions, various theories have been proposed (Figure 12); the 

ion evaporation model (IEM) for ions with low m/z-values [57] (e.g. amino acids) and the 

charge residue model (CRM) for macromolecules [55] (e.g. peptides and proteins). The IEM 

was introduced by Iribarne and Thomson [58, 59]. The charged droplets containing the charged 
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analytes shrink by evaporation of the solvent, to increased Coulomb forces between the ions. 

When the Coulomb forces exceed the surface tension in the smaller droplets, ions will desorb 

into the gas phase. The CRM suggests that the droplets undergo evaporation and Coulomb 

fission cycles, leading to droplets that contain one ion. The gas-phase ions are then formed after 

the evaporation of the solvent. 

 
Figure 12 Schematic figure of two models for the formation of gas-phase ions in ESI. Top, IEM: Gas-

phase ions are formed through the desorption from small droplets where the Coulomb forces have exceeded 

the surface tension due to solvent evaporation. Bottom, CRM: Gas-phase ions are formed by a series of 

evaporation and coulomb fission. Figure adapted from [60]. 

 

The ESI coupled to the MS turns the MS into a concentration sensitive detector [61], meaning 

that in LC-MS, the use of more narrow separation columns is beneficial (further explained in 

Section 1.5.2). With a decrease in column inner diameter (ID) follows a reduction of volumetric 

flow rate (to nL/min) and the use of nano ESI (nESI). 

Nano electrospray ionization 

The principles of standard ESI and nESI are the same, the latter without the use of nebulizing 

gas due to lower volumetric flow rates. Using nESI, smaller droplets are formed due to the 

smaller ID of the emitter and the low volumetric flow. Ion suppression effects are minimized 
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[62] increasing ionization efficiency and providing more sensitive detection. The increased 

sensitivity is beneficial for biological samples with low analyte concentrations, such as digested 

protein samples. 

 

1.5 Liquid chromatography-mass spectrometry 

Because of the increased complexity of the samples using the bottom-up approach for 

proteomic analysis, there is a need for extensive separation of the peptides prior to MS 

detection. LC is a powerful separation tool where the MP carries the analytes through an 

analytical column with a stationary phase (SP). Depending on the chemical and physical 

properties of the analytes, they will interact differently with the SP. The analytes will thus elute 

at different time points. Peptides can be separated using different chromatographic principles 

[63-67]. The most commonly used principle is reversed phase (RP) liquid chromatography as 

it enables increased efficiency and repeatability. 

1.5.1 Reversed phase liquid chromatography  

In RP chromatography, nonpolar compounds are more retained on a nonpolar SP than polar 

compound. In proteomics, the SP is usually silica-based hydrophobic octadecyl (C18) material 

(Figure 13), and peptides are eluted based on their hydrophobicity (the most hydrophobic 

peptides are eluted last). The MP mainly used is an aqueous MP with an organic solvent 

miscible in water such as acetonitrile (ACN) or methanol (MeOH) with a buffer or acid for pH 

control. Water is considered a weak eluent and the organic solvent a strong eluent. If the 

composition of the MP remains constant through the separation, the separation is termed an 

isocratic elution. If there is a continuous change in MP composition to increase the solvent 

strength, the separation is considered a gradient elution. 
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Figure 13. The chemical structure of silica-based materials with C18 groups.  

 

Isocratic elution (Figure 14 A) is preferable for a simple sample mixture as it is easier to 

optimize than gradient elution and does not require re-equilibration of the analytical column 

after a run. Gradient elution, on the other hand, allows for improved resolution of poorly 

retained compounds early in the gradient when the MP has low elution strength, and compounds 

with stronger retention are eluted within a shorter time (Figure 14 B). Even though the column 

must be re-equilibrated after an analytical run, the overall time may be shorter due to faster 

analysis with gradient elution [68].  

 

Figure 14. Example of separation using isocratic elution (A) and gradient elution (B). The orange lines 

represent the percentage of organic solvent in the MP throughout the run. Figure adapted from [69]. 
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1.5.2 Miniaturized liquid chromatography 

A comprehensive proteomic analysis requires a sensitive analytical system in order to detect 

low abundant peptides in samples that may be of low concentrations and small volumes. For 

this reason, nano LC (nLC) columns (i.e. columns with ID ≤ 100 µm) are often used for 

proteomic analyses [70-72]. The reduction in the ID of the column reduces radial dilution within 

the column when a sample of equal concentration and amount is injected  (Figure 15), which 

theoretically leads to a more concentrated band entering the detector. If the said detector is 

concentration sensitive (e.g. ESI-MS), a greater signal is obtained, allowing for more sensitive 

detection. The reduction of ID also leads to lower consumption of MP. However, nLC is less 

robust than conventional LC, and the use of narrow columns are more susceptible to band 

broadening effects caused by extra-column dead volumes [73]. 

 

Figure 15. Illustration of radial dilution in a conventional (top) and a narrower column (bottom). An 

equally concentrated sample amount (and volume) is introduced to the analytical columns. The darkness of 

the colour indicates the concentration of the sample. When a more concentrated band enters the detector, 

there will be a greater signal when using a concentration sensitive detector, such as ESI-MS. Figure adapted 

from [70]. Figure not to scale. 

 

1.5.3 Column formats in miniaturized liquid chromatography 

There are different column formats suitable for the separation of peptides for proteomic analysis 

with nLC-MS. The most common column formats are particle packed columns (often referred 
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to as packed columns), monolithic columns and open tubular (OT) columns (Figure 16) [70]. 

Packed columns with silica-based particles (either fully porous particles or superficially porous 

particles, also referred to as core-shell) are most often used in proteomic analysis [74-77]. Core-

shell particles provide higher separation efficiency than fully porous particles under the same 

chromatographic conditions because the diffusion of compounds when the particle has a solid 

core is smaller than for a fully porous particle [78]. However, the core-shell particles have less 

loadability.  

Monolithic columns, on the other hand, contain no particles, but a continuous sponge-like 

structure created by monomers. The monolithic structure contains large macropores (through-

pores, typically a few µm ID) and mesopores (2-5 nm) [79]. The monolithic polymers can be 

organic [80] or silica-based [81, 82]. Compared to that of the packed columns, the monolithic 

columns have low backpressures, but generally have lower column efficiency per meter than a 

packed column.  

The last format, OT columns, have the SP on the inner circumference of the capillary walls and 

an open void centre. OT column will be the focus of this study as they may have the highest 

potential for sensitive proteomics analysis coupled to MS detection. This potential is due to the 

low backpressure and the possibility of very narrow ID (down to 2 µm ID [83]) and will be 

further discussed in Section 1.8). 

 

Figure 16. Cross-section of the most common column formats in LC: (Left) Packed column, (Middle) 

monolithic column and (Right) OT column. Typical IDs (in nano format) are 75 µm ID [84, 85], ≤100 µm  

[86, 87] and ≤ 50 µm [88-94] for packed columns, monolithic columns and OT columns, respectively. Figure 

not to scale.  
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1.6 Band broadening 

1.6.1 Extra column band broadening 

Band broadening outside the column can take place in the injector, connections and the detector. 

As nESI-MS does not use flow cells (as with e.g. UV detection), the contribution of band 

broadening from the detector is low. However, the use of an emitter will contribute to band 

broadening, especially if the emitter has a larger ID than the analytical column [95].  

By refocusing the analyte onto the column, the band broadening from the injector and 

connecting tubing before the column can be reduced. In nLC, refocusing is performed by 

trapping of analytes on an on-line solid phase extraction column, also known as a pre-column. 

1.6.2 Column band broadening 

Physical processes that can contribute to increased band broadening in the columns include 

longitudinal diffusion in the MP, resistance to mass transport and eddy dispersion. Longitudinal 

diffusion occurs in the MP and refers to the diffusion of analytes from a concentrated band to 

less concentrated zones.  Resistance to mass transfer can occur in the MP, stagnant MP and the 

SP and refers to the band broadening that occurs as a result of the exchange kinetics of the SP 

and MP. The main contributor to band broadening in the column for packed columns is eddy 

dispersion, which occurs due to analytes taking different paths in the column [96]. OT columns 

are not as susceptible to eddy dispersion as they have an open void in the centre of the column 

and therefore have a greater potential of providing narrower peaks if the ID is low (see Section 

1.7.3).  

 

1.7 Column performance 

In chromatography, a main parameter is the retention factor, k, which is a measurement of the 

time a compound (i.e. analyte) resides in the SP compared to than in the MP, i.e. the retention 

of an analyte [36]. The retention factor for isocratic elution can be determined experimentally 

by equation (1) [79]. 
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𝑘 =

𝑡𝑅 − 𝑡𝑀

𝑡𝑀
 

(1) 

where tR is the retention time of the compound and tM is the void time or the retention time of 

an unretained compound.  

With gradient elution, the analytes will typically move slowly at the start of the gradient (large 

interaction with the SP) and faster with the increased amount of organic solvent in the MP. The 

gradient retention factor, kg, is the average retention factor experienced through the MP gradient 

and can be determined by equation (4) [97]. 

 
𝑘𝑔 =

𝑡𝑅 − 𝑡𝑀

𝑡𝑀
 

(2) 

1.7.1 Column efficiency  

The extent of band broadening can be expressed by the column efficiency, N, if each band is 

assumed to be a Gaussian distribution [79]: 

 
𝑁 = (

𝑡𝑅

𝜎
)

2

 
(3) 

where σ2 is the band variance in time units – meaning that a small band variance (narrow peaks) 

will give high efficiency. 

The column efficiency (and hence the band broadening) is often given in plate height, H, 

showing that column efficiency is also dependent on column length, L, and inversely 

proportional to the column efficiency (equation (4)) [79]:  

 
𝐻 =

𝐿

𝑁
 

(4) 

1.7.2 Plate height in packed columns 

The column efficiency, N, is dependent on the plate height, H, and is a function of the band 

variance (see Section 1.7.1). As explained in Section 1.6.2, the column band broadening is a 

result of several physical processes occurring in the column. The contribution of the different 

processes to band broadening can be expressed as contributions to the plate height. For packed 

columns, the plate height is expressed by the Van Deemter equation (5) [79]. 
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𝐻 = 2𝜆 ∙ 𝑑𝑝 +

2𝛾 ∙ 𝐷𝑚

𝑢
+ 𝑓(𝑘)

𝑑𝑝
2 ∙ 𝑢

𝐷𝑚
 

(5) 

where λ is a constant related to particle shape, dp is the particle diameter, γ is a constant, Dm is 

the diffusion coefficient in the MP, u is the linear MP flow rate and f(k) is a function dependent 

on the retention factor. Hence, the efficiency of a packed column is dependent on the particle 

size and reducing the ID will not affect the efficiency of the column.  

 

1.7.3 Plate height in open tubular columns 

For OT columns, the plate height is expressed by the Golay equation (6) [79]. 

 
𝐻 =

2𝐷𝑚

𝑢
+

𝑓𝑔 ∙ 𝑑𝑐
2 ∙ 𝑢

𝐷𝑚
+

𝑓𝑠 ∙ 𝑑𝑓
2 ∙ 𝑢

𝐷𝑠
 

(6) 

where 𝑓𝑔 =
1+6𝑘+11𝑘2

96∙(1+𝑘)2 , dc is the column ID,  𝑓𝑠 =
2

3
∙𝑘

(
1

𝑘
)

2, df is the film thickness and Ds is the 

diffusion coefficient in the SP. The efficiency of an OT column is therefore highly reliant on 

the ID of the column, making it especially compatible with nESI. OT columns constitute the 

most commonly used column format in gas chromatography (GC); however, OT columns are 

not that well established in LC. For OT columns in LC to reach the same efficiency as GC OT 

columns, the ID needs to be 5-10 µm. Compared to that of GC columns (0.25-0.32 mm ID) this 

is very small, and preparing OT columns for LC can be a challenge. The reason for the large 

reduction in the ID of OT in LC compared to GC is that the Dm is much smaller in a liquid than 

a gas. To obtain similar plate height in LC as in GC the ID must be reduced.  

1.7.4 Peak capacity 

Equation (3) and (4) are valid for isocratic elution, but cannot be used for gradient elution as 

they depend on a constant MP composition. Peak capacity (PC)  is deemed the best 

measurement of the performance of gradient elution [98]. The PC is the maximum number of 

resolved compounds that can be separated in a given retention window [99] and takes both the 

average peak width and the elution window to account. The PC is given by equation (7) [100]. 



23 

 

 
𝑃𝐶 =

𝑡𝑙𝑎𝑠𝑡 − 𝑡𝑓𝑖𝑟𝑠𝑡

𝑤𝑎𝑣𝑔
 

(7) 

where tfirst is the retention time of the first eluting compound, tlast is the retention time of the last 

eluting compound and wavg is the average peak width. The peak widths are often measured at 

50% or 10% peak height, where the latter better accounts for peak deformation such as tailing 

or fronting (Figure 17). The different measures of peak widths can make it challenging to 

compare PCs, as the PC at 50% peak height (PC50) will be larger than the PC at 10% peak 

height (PC10) 

 

Figure 17. Peak width measured at 50% and 10% peak height. The measurement at 10% peak height 

accounts for the tailing of the peak. 

 

The theoretical PC for a column can vary from less than 20 to more than 1000 [101, 102]. The 

PC mainly is dependent on the analytical column, but is also affected by gradient length, column 

temperature and MP flow rate. When focusing on the column, the peak capacity can be 

increased by increasing column length or by decreasing the plate height, which for open tubular 

columns is dependent on column ID.  
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1.8 Porous layer open tubular columns in liquid 

chromatography 

Capillary OT structures can be divided into two groups: those with a non-porous layer as a film 

coating or immobilised non-porous particles or porous layer open tubular (PLOT) structures 

with a porous layer on the inner circumference of the capillary wall [103]. The structures and 

phases with no or low porosity have limited application on LC due to low loading capacity and 

will not be further discussed.  

The porous layer in PLOT columns used in LC is usually silica- [88, 89, 104, 105] or polymer-

based (also called organic) [31, 33, 106], with a structure similar to that of a monolithic column 

that is formed in situ. Polymer PLOT can more easily be tailored for specific chemical 

properties by selecting suitable monomers, cross-linkers and porogens. Polymer PLOT columns 

can withstand extreme pH conditions but are prone to swell or shrink when in contact with 

organic solvents. 

Silica-based PLOT columns have a porous layer similar to that of silica-based monolithic 

columns. Through-pores provide fast mass transport through the porous media, and the 

mesopores in the silica-structure give an increased surface area. Opposed to polymer-based 

monolithic structures, the silica-based structures show great mechanical strength as they 

withstand solvent shrinking and swelling. Silica-based structures are, however, limited by the 

pH as pH<2 and pH>8 leads to the stripping of the bonded phase and the dissolving of the silica 

support, respectively. Because of the presence of mesopores, silica-based monolithic structures 

have a larger surface area compared to that of their polymer counterparts leading to potentially 

greater retention and better selectivity, and silica-based PLOT columns will be the focus in this 

thesis.  

1.8.1 Preparation of silica-based porous layer open tubular columns 

Silica-based PLOT columns were first fabricated by Tock et al. in 1987 [107] by the 

precipitation of silica from polyethoxysiloxane coated on the inner wall of fused silica 

capillaries of 10 and 25 µm ID. In more recent works, silica-based PLOT columns have been 

prepared using a solution of the silicon alkoxide tetramethyl orthosilicate (TMOS) and a 

porogen like polyethylene oxide [105] or polyethylene glycol (PEG) [88, 89, 108]. The 

preparation of RP silica-based PLOT columns can be challenging and time-consuming, and 



25 

 

consist of three main steps: pre-treatment, the formation of the porous layer and 

functionalization.  

Pre-treatment 

Before the formation of the porous layer, the fused silica capillary needs to be pre-treated to 

break siloxane bonds to form sufficient silanol groups. The pre-treatment is often performed 

with sodium hydroxide. The formed silanol groups act as anchor points for the silane groups 

during the formation of the porous layer, attaching the silica skeleton to the capillary wall. 

Porous layer formation 

The porous silica layer is formed by a silicon alkoxide (e.g. TMOS) and a porogen (e.g. PEG), 

constructing the silica skeleton and through-pores in the porous layer, respectively, by a sol-gel 

process. The sol-gel process (Figure 18) consists of hydrolysis and condensation reactions of 

a silicon alkoxide [109]. The silanes undergo a hydrolytic polymerization in acidic solutions 

(e.g. acetic acid, Aa) [110]. When the porous silica structure has set, the porogens are washed 

out, and a silica skeleton with through-pores is left. With varying concentrations of the porogen, 

the size of the through-pores will vary. If the porogen concentration is too high, separate 

particles will be formed, and the through-pores will not be connected if the concentration is too 

low [111].  

 

Figure 18. Illustration of the sol-gel process. Hydrolysis (top), alcohol condensation (middle) and water 

condensation (bottom) reactions during the synthesis of the porous silica layer. If the silicon alkoxide is 

TMOS, the R groups are -CH3 and MeOH is produced. Figure adapted from [109]. 
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The size of mesopores in the porous silica structure can be controlled by the basicity of the 

solution in the sol-gel process and the temperature treatment during the formation of the layer 

[112]. Urea, which is often added to the solution of silicon alkoxide, porogen and acid, is 

decomposed to ammonia and carbon dioxide when exposed to heat in an aqueous solution 

aiding the formation of mesopores [113]. Hara et al. reduced the mesopore size from 12-13.5 

nm to 7.5-9 nm by adjusting the hydrothermal treatment temperature from 95°C to 80°C, 

thereby increasing the surface area of the porous layer by 40% [114]. 

Functionalization  

To functionalize the PLOT capillaries, a solution containing the SP reagent (e.g. chlorosilane) 

is filled into the capillary. The silanol groups on the surface of the porous layer react with the 

chlorosilane, covalently binding the SP to the porous silica structure (Figure 19). If the desired 

SP is C18, a solution of chlorodimethyl-n-octadecylsilane dissolved in p-xylene [108] or 

octadecyldimethyl-N,N-diethylaminosilane [89] in toluene can be used. 

 

Figure 19. Functionalization process of where C18 is covalently bonded to the porous silica layer.   

 

1.8.2 Characterization of porous layer open tubular columns 

The most typical characterization technique used to investigate the thickness and structure of 

the porous layer is scanning electron microscopy (SEM) [88, 89, 114, 115]. When using SEM, 

a beam of electrons replaces the lamp found in traditional light microscopy, and the electron 

beam is focused using magnetic fields instead of glass lenses [116]. Both backscatter electrons 

and secondary electrons are scattered from the irradiated area. Secondary electrons are 

produced when the specimen irradiated absorbs energy from the electron beam and emit 

electrons that are detected. Backscatter electrons are not emitted from the sample but are 

reflected. The signal recorded produces an image describing the 3D structure of the surface 

[117]. 



27 

 

1.9  Aim of study 

The aim of this study was to develop and implement narrow ID silica-based PLOT columns (10 

and 5 µm ID) functionalized with C18 SP for sensitive proteomic analysis of liver organoids. 

To the author's knowledge, the analysis of organoids using the PLOT column format has not 

previously been explored.  

Toward this aim, two different preparation methods of silica-based PLOT columns were to be 

explored and compared. The performance of the prepared silica-based PLOT columns was to 

be compared to that of commercial packed columns using an nLC-ESI-MS system analysing 

readily available protein standards. Peptide distribution, peak capacity, peak width and the 

number of identified proteins and peptides were the main parameters to be evaluated.  
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2 Experimental 

2.1 Chemicals 

2.1.1 Solvents, test substances and reagents 

All water used in this project was type 1 water acquired from a Milli-Q® Integral water 

purification system from Merck Millipore (Billerica, MA, USA) unless otherwise stated. Acetic 

acid (Aa, 100%) was purchased from BHD laboratory supplies (Poole, England, UK). 

Polyethylene glycol (PEG, Mn = 10,000), urea (98%), chloro(dimethyl)octadecylsilane (95%) 

and TMOS (≥ 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetone 

(100%), acetonitrile (HiPerSolv CHROMANORM), technical ethanol (EtOH), technical and 

LC-MS grade MeOH, tetrahydrofuran (THF) and LC-MS grade water were purchased from 

VWR (Radnor, PA, USA). Hydrochloric acid (37%), sodium hydroxide pellets (99%) and LC-

MS grade formic acid (FA) 98-100% were purchased from Merck KGaA (Darmstadt, 

Germany). P-xylene was purchased from Fluka (Buchs, Switzerland). Dionex™ Cytochrome 

C Digest and PierceTM HeLa Protein Digest standard were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Helium (He, ≥ 99.999%) and nitrogen gas (N2, ≥ 99.99%) 

were purchased from Praxair, now Nippon Gases Norge AS (Oslo, Norway). 

2.1.2 Solutions 

The solvents and reagents were weighed using a METTLER AT200 analytical scale from 

Mettler Toledo (Columbus, OH, USA). 

Preparation of porous layer open tubular columns 

A 1 M NaOH solution was made by dissolving 4.0 g NaOH pellets in 100 mL water. A 0.01 M 

Aa solution was made by adding 57.5 µL Aa (100%) to water with a final volume of 100 mL. 

A 1 M HCl solution was prepared by adding 8.3 mL HCl (37%) to water with a final volume 

of 100 mL.  
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The solutions for the formation of the porous silica layer were made as follows:  

Solution without urea, based on Vehus et al. [88] 

PEG was dissolved in 0.01 M acetic acid to a concentration of 9 ± 1% (w/w), stirred for at least 

30 minutes at 4°C (in a refrigerator) and filtered through a 0.20 μm filter PuradiscTM 25 AS 

sterile and non-pyrogenic filter with polyethersulfone membrane from Whatman® (Maidstone, 

England, UK). TMOS was then added dropwise to the mixture to a final concentration of 17 ± 

1% (w/w). The solution was then homogenized using an MS2 Minishaker from IKA Works 

GmbH & Co. (Staufen im Breisgau, Germany) or stirred at 4°C for 40 minutes and in room 

temperature for 10 minutes using a Topolino magnetic mini-stirrer from IKA, before filtered 

through a 0.20 µm filter.  The masses used to make the solution are given in Appendix Table 

15 and Table 16. 

 

Solution with urea, based on Hara et al. [89] 

A 10 mL of 0.01 M Aa solution filtered through a 0.20 µm filter was added to 0.430 g PEG and 

0.900 g urea and stirred at 4°C for 30 minutes. 5.0 mL TMOS was added dropwise to the 

solution while stirring. The solution was then stirred at 4°C for 40 minutes and in room 

temperature for 10 minutes, before filtered through a 0.20 µm filter. The masses used to make 

the solution are given in Appendix, Table 17 and Table 18. 

 

The functionalization solution  

Chlorodimethyl-n-octadecylsilane was dissolved in p-xylene to a concentration of 70/30 (w/w), 

homogenized with an MS2 Minishaker from IKA and filtered through a 0.20 µm filter. The 

masses used to make the solution are given in Appendix, Table 19. 

Test solutions 

PierceTM HeLa Protein Digest standard was dissolved in 0.1% FA to a concentration of 200 

ng/µL, 20 ng/µL, and 2 ng/µL, respectively. 

The preparation of a 500 fmol/µL Dionex™ Cytochrome C Digest solution was done as 

described in [118]: 200 µL LC-MS water/ACN + 0.1% FA (98/2, v/v) was added to the ampule 

with 1.6 nmol Cytochrome C (Cyt C) tryptic digest to give a concentration of 8 pmol/µL of Cyt 
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C. The solution was briefly sonicated before waiting 10 minutes to ensure reconstitution. A 10 

µL aliquot of the 8 pmol/µL solution was then added 150 µL of LC-MS grade water + 0.1% 

FA to a final concentration of 500 fmol/µL. The solution was mixed using an automatic pipette. 

A 100 fmol/µL solution was also prepared diluting the 500 fmol/µL with LC-MS grade water 

+ 0.1% FA. 

Five fractions from in-gel digested (using trypsin) and desalted liver organoid samples were 

provided by Ph.D. candidate Frøydis Sved Skottvoll. (The approximately 20 days old liver 

organoids were provided by Dr. Sean Harrison). The protein concentration in each fraction was 

approximately 1 µg/µL, and LC-MS grade water + 0.1% FA was added to the fractions to yield 

a final protein concentration of approximately 20 ng/µL. 

 

2.2 Materials and equipment 

2.2.1 Columns for comparison  

Acclaim PepMapTM 100 (75 µm x 2 cm, 3 µm particles, 100 Å, C18), Accucore® (75 µm x 15 

cm, 2.6 µm particles, 150 Å, C18) and Acclaim PepMapTM rapid resolution liquid 

chromatography (RSLC, 75 µm x 25 cm, 2 µm particles, 100 Å, C18) columns were purchased 

from Thermo Fisher. A PLOT column (10 µm x 56 cm effective length, C18, end-capped) 

column was kindly provided by professor Gert Desmet from Vrije University, Belgium, made 

as described in [89] – hereafter called Vrije-PLOT. 

2.2.2 Connections and couplings 

A PicoClearTM union was purchased from New Objective (Woburn, MA, USA). Polyimide 

coated fused silica capillaries (360 μm outer diameter (OD) with 5, 10, 15, 20, 50 or 75 μm ID) 

were purchased from Polymicro Technologies (Phoenix, AZ, USA). Upchurch polyether ether 

ketone (PEEK) Microtight® Connector Butt, MicroFingertight I Fittings and 360 μm ID 

Upchurch Microtight® Tubing Sleeve were purchased from Sigma-Aldrich. NanoViperTM 

Fingertight Fittings (20 µm and 75 µm x 550 mm) and a stainless-steel (SS) viper union were 

purchased from Thermo Fisher. SS unions (for 1/16” tubing), steel nuts, SS tee-piece, SS cross 

piece and graphite/vespel ferrules (0.3 mm ID and opened to 0.37 mm in-house) were purchased 
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from Valco Instruments Company Inc. (VICI®, Houston, TX, USA). CHROMACOL septa 

were purchased from Teknolab (Ski, Norway). 

2.2.3 Other equipment 

A pressure bomb system (Figure 20) was used to fill the fused silica capillaries with solutions 

and solvents. 

 

Figure 20. Schematic illustration of the pressure bomb system designed by Inge Mikalsen. The fused 

silica capillary is pushed through the top screw, ferrule and top cap before being placed on the pressure bomb 

system with capillary placed in the solution. The top nut is fastened, and the nitrogen flow turned on (150-

200 bar), pushing the solution through the capillary. Figure adapted from [76].  

 

2.3 Preparation of porous layer open tubular 

columns 

The methods used to prepare PLOT columns are adaptations of the method by Hara et al. [89] 

and Vehus et al. [88] with inputs from former master student Tao Angell-Petersen Mc Quade 
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(not published), hereafter called H- and V-PLOTs, respectively. The TMOS container was filled 

with nitrogen gas after each opening. 

2.3.1 Pre-treatment of fused silica capillaries 

A length of approximately 1.5 m of 5 or 10 µm ID fused silica capillary was filled with 1 M 

NaOH using the pressure bomb system (Figure 20). A GC septum was placed on each end of 

the capillary to seal it, and the capillary was kept in a horizontal position at room temperature 

for at least 24 hours. The capillary was then subsequently flushed with, in sequence; water, 1 

M HCl, water and MeOH for at least 15 minutes each, and then dried with N2 for at least 15 

minutes.  

2.3.2 Formation of the porous layer 

V-PLOT 

The preparation of the solution forming the porous layer, containing PEG, 0.01 M Aa and 

TMOS is described in section 2.1.2. The solution was filled in a pre-treated fused silica 

capillary, which was plugged with GC septa at both ends and heated at 40°C for 48 hours in a 

GC oven, either a GC-17A from Shimadzu (Kyoto, Japan) or a GC8000 series oven from Fisons 

(Manchester, England, UK), before instantly increasing the temperature to 200°C, where it was 

kept for 24 hours. The capillary was then flushed with EtOH for at least 2 hours using the 

pressure bomb system and then dried with N2. The capillaries with a formed porous layer were 

stored at room temperature with ends plugged with GC septa. An overview of the process for a 

single capillary is shown in Figure 21. 
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Figure 21. A schematic drawing of the process of making a porous layer in a fused silica capillary. 

 

H-PLOT 

The preparation of the solution forming the porous layer, containing PEG, urea, 0.01 M Aa and 

TMOS is described in Section 2.1.2. The solution was filled in a pre-treated fused silica 

capillary before being plugged with GC septa and placed in a SUB Aqua 5 Plus water bath from 

Grant Instruments Ltd (Shepreth, England, UK) at 25°C for 18 hours. The capillary was then 

placed in the GC8000 oven for heat treatment (Table 2), with septa on.  
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Table 2. The temperature program used in the preparation of the porous layer. 

Temperature Duration Time (h:min) 

26-80°C, 0.1 K/min 9 h 09:00 

80°C 15 h 24:00 

80-40°C, 0.2 K/min 4 h 10 min 28:10 

 

After heat treatment, the capillary was washed with MeOH/water (90/10, v/v) at room 

temperature for at least three days using an 1100 series HPLC pump from Agilent Technologies 

(Santa Clara, CA, USA). Set-up for washing several capillaries simultaneously is shown in 

Figure 22.  

 

Figure 22. Schematic drawing of the washing process with MeOH/water (90/10, v/v) of four capillaries 

at a time. 

 

The capillaries were then placed in a GC oven (either GC-17A or GC8000 series) at 120°C for 

24 hours for drying. The capillaries with a formed porous layer were stored at room temperature 

with ends plugged with GC septa. An overview of the process for a single capillary is shown in 

Figure 23. 
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Figure 23. A schematic drawing of the process of making a porous layer in a fused silica capillary. 

 

2.3.3 Functionalization 

To functionalize the capillary with octadecylsilane, was filled with a 70/30 (w/w) 

chloro(dimethyl)octadecylsilane/p-xylene solution. The preparation of the solution is described 

in section 2.1.2. The ends of the capillary were plugged with GC septa and the capillaries placed 

in the GC8000 series oven for heat treatment to carry out the functionalization (Table 3). The 

functionalized capillary was then flushed subsequently with THF, LC-MS grade MeOH, 50/50 

(v/v) LC-MS grade water/MeOH and LC-Ms grade MeOH before the ends were plugged with 

GC septa and the column was stored filled at room temperature. 
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Table 3. The temperature programs used in the functionalization of the PLOT columns 

Temperature Duration Time (h:min) 

30-110°C, 5 K/min 16 min 00:16 

110°C 18 h 18:16 

110-30°C 5 K/min 16 min 18:32 

 

2.4 Characterization of the columns using scanning 

electron microscopy  

Micrographs were captured with the aid of Ph.D. candidate Christine Olsen using an FEI 

Quanta 200 FEG-E SEM (Hillsboro, OR, USA) located at FERMiO, Forskningsparken. 

 

2.5 Liquid chromatography-mass spectrometry 

systems 

2.5.1 Instrumentation 

Testing of the columns was done using a Q-ExactiveTM Orbitrap (quadrupole-orbitrap) 

MS, a nanoFlex ESI ion source and an EASY-nLC 1000 pump with auto-

sampler, all from Thermo Fisher. 

Set-up for commercial packed columns 

The sample valve from the EASY-nLC 1000 pump was connected to an Acclaim PepMapTM 

(75 µm x 2 cm) pre-column through a 550 mm nanoViperTM (20 µm ID). The pre-column was 

connected to an SS tee-piece, also coupled to the waste valve (port 2) through a 550 mm 

nanoViperTM (75 µm ID), and to the analytical column, either Accucore® (75 µm x 15 cm) or 

Acclaim PepMapTM RSLC (75 µm x 25 cm). The analytical column was coupled to a 40 mm 

SS emitter (20 μm ID) purchased from Thermo Fisher using an Upchurch PEEK Microtight® 

Connector Butt with MicroFingertight I Fittings and a 360 µm ID Upchurch Microtight® Tubing 

Sleeve from Sigma. The LC-MS set-up is shown in Figure 24. 
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Figure 24. A schematic drawing of the switching system used for the commercially packed columns. 

(A) Sample loading: The whole sample is loaded onto the pre-column. (B) Gradient elution: The sample is 

lead to the analytical column and introduced to the MS.  

 

Set-up for porous layer open tubular columns 

The nano pump sample valve was connected to a PEEK MicroTee piece using a 15.7 cm 20 µm 

ID fused silica capillary.  A 3.5 cm x 50 µm ID in-house made silica-based C18 monolithic pre-

column provided by Tao Angel-Petersen Mc Quade or Elisa Wiborg was connected between 

two PEEK MicroTee pieces. The MicroTee pieces were coupled to the pump waste valve (port 

1 and 5) using two 6.5 cm 20 µm ID fused silica capillaries, SS nuts, and graphite/vespel 

ferrules. The gradient split was obtained by a 15 µm fused silica capillary of various lengths for 

the preferred volumetric flow (Table 4). The Vrije-PLOT was connected to a 40 mm steel 

emitter (20 µm ID) and the in-house made PLOT columns were connected to a PicoTipTM silica 

emitter (6 cm x 20-10 µm ID) from New Objective (MA, USA) using an Upchurch PEEK 

Microtight® Connector Butt with MicroFingertight I Fittings and a 360 µm ID Upchurch 

Microtight® Tubing Sleeve. A column system was set up as in [34], and a schematic diagram 
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of the system is presented in Figure 25. The pre-column prepared by Tao Angell-Petersen Mc 

Quade and the SS emitter was used with the Vrije-PLOT column, while the pre-column 

prepared by Elisa Wiborg and the silica emitter was used with the in-house made PLOT 

columns 

 

Figure 25. A schematic drawing of the column switching system. (A) Sample loading: The whole sample 

is loaded onto the pre-column. (B) Gradient elution: The flow from the pump is split with a 15 μm ID fused 

silica capillary to get the desired flow through the analytical column at 50 nL/min or 60 nL/min. Figure 

adapted from [34].  

 

Table 4. Column length, length of the gradient split capillary (15 µm ID), the desired flow and the 

obtained flow through the Vrije-PLOT column and the in-house made PLOT-column. 

Column Column length 

(cm) 

Gradient split 

(cm) 

Desired flow 

(nL/min) 

Obtained 

flow (nL/min) 

Vrije-PLOT,  

10 µm ID 

62.3 (56 cm 

effective length) 

56.2 50 51.43 

H(10)-2A,  

10 µm ID 

118.4 250 60 59.88 

H(10)-7B 

10 µm ID 

115.2 170.6 60  60.88 
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The flow rate through the analytical column was measured as follows: A bubble appeared 

between the when the PLOT column and a 50 µm ID fused silica capillary when inserted into 

a PicoClearTM
 union (Figure 26). The time a bubble used from point A to B was 

measured (using a stopwatch and visual inspection), and the flow rate could 

be calculated (Appendix 6.3.2).   

 
Figure 26. Set-up for flow rate determination. The time one bubble used from A to B was measured, and 

the flow was calculated.  

  

2.5.2 Mobile phase composition and liquid chromatography 

gradients 

MP solution A was 0.1% FA in water while MP solution B was 10% water and 0.1% FA in 

ACN (all LC-MS grade). Both solutions were degassed using helium for at least 30 minutes.  

The gradients used for HeLa cell samples was 3-17% B with different durations: 120, 240, 360 

and 480 minutes (Figure 27), while the gradient used for Cyt C samples was 3-50% B in 30 

minutes (Figure 28). 
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Figure 27. Mobile phase gradients used for HeLa cell digest samples with time(min) on the x-axis and 

%B on the y-axis. The gradient for the blank samples was 3-50% B in 15 minutes and a washing step: 50-

90% B for 2 minutes and 90% B for 8 minutes. The gradients used for the HeLa cell samples were linear (3-

17% B) with various durations: 120, 240, 360 and 480 minutes. All gradients had the same washing steps: 

17-55% B for 8 minutes, 55-100% B for 2 minutes and 100% B for 10 minutes. The flow rate delivered from 

the pump was 300 nL/min and 500 nL/min for the commercially packed columns and the PLOT columns, 

respectively.  

 

 

Figure 28. Graphic representation of the mobile phase gradients used for Cytochrome C digest 

samples. The gradient for the blank samples was 3-50% B in 15 minutes and a washing step: 50-90% B for 

2 minutes and 90% B for 8 minutes. The gradient used for the Cyt C tryptic digest samples was 3-50% B in 

30 minutes, and a washing step: 50-100% B for 2 minutes and 100% B for 8 minutes. The flow rate delivered 

from the pump was 200 nL/min and 500 nL/min for the Acclaim PepMapTM 100 and for the PLOT columns, 

respectively 
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2.5.3 Mass spectrometry settings 

The parameters for the MS operated in this study are presented in Table 5. The MS was 

operated in dd/MS/MS mode.  

Table 5. MS parameters used in this project. 

Mode  

Scan range (m/z) 450-2000 

Microscans 2 

Resolution (MS) 70,000 

Max injection time (MS, ms) 100 

AGC target (MS) 1e6 

Resolution (MS/MS) 17,500 

Max injection time  

(MS/MS, ms) 

60 

AGC target (MS/MS) 1e5 

Isolation window (m/z) 2,0 

Normalized collision energy 28 

 

2.5.4 Data processing 

All computer software were from Thermo Fisher. XcaliburTM (version 2.1) was used to obtain 

chromatograms and mass spectra, while Proteome Discoverer (version 1.4 and version 2.3) was 

used for peptide and protein identification using database searches with the MASCOT 

algorithm.   
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3 Results and discussion 

In the present study, the ultimate goal was to prepare silica-based PLOT columns which can be 

used for proteomic analysis of liver organoids. Toward this goal, PLOT columns prepared based 

on the methods of Vehus et al. [88] and Hara et al. [89] were to be compared to that of packed 

column commercial and to that of the Vrije-PLOT column. The performance of the commercial 

columns was evaluated as the PC10 from several gradient lengths, the number identified proteins 

and peptides identified with different sample amounts of HeLa cell tryptic digest and the 

retention times of peptides in a Cyt C sample.  

HeLa cell tryptic digest was chosen for the evaluation as it is a readily available sample with 

similar complexity to that of an organoid sample. The Cyt C tryptic digest, with less complexity, 

was analysed for easier comparison of retention time and peak width provided of the in-house 

made PLOT columns and the commercial packed column.  

3.1 Commercially packed column performance 

In nLC-MS, commercial packed C18 packed columns are often used for proteomic analysis. 

Both Acclaim PepMapTM columns of various particle (fully porous) size and length and 

Accucore® columns (2.6 µm core-shell particles) have been and are being used for proteomic 

analysis [76, 119-121], and were considered suitable for the comparison of column performance 

to in-house made PLOT columns. 

3.1.1 Linear gradient length 

In this experiment, linear mobile phase gradients from 3 to 17% of MP solution B (0.1% FA, 

in water/ACN (90/10, v/v), in 120, 240, 360 and 480 minutes were chosen based on previous 

experience. The influence of gradient times on PC (the maximum number of compounds that 

can be separated in a given time), and the number of identified proteins and peptides were 

examined. 
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Linear gradient length and peptide elution distribution 

The distributions of peptides identified using the different gradient lengths are presented in 

Figure 29 for 0.2 µg HeLa cell digest. To get as much information in the shortest time possible, 

the peptide distribution of a proteomic separation can be beneficial to examine as the goal is. 

For the 120-minute gradient, less than 1.5% of the 11317 peptides eluted during the washing 

step, while for the 240-, 360- and 480-minute gradient, less than 1% of the 13412, 10641 and 

14832 peptides, respectively, eluted during the washing step. Most of the peptides eluted within 

the linear gradient, indicating that the gradient steepness was suitable for the separation of 

peptides and that the columns were not overloaded with sample. Based on just the peptide 

distribution, the 240-minute gradient provided the best peptide distribution based on the 

duration of the gradient. 

The peptide distributions for the 240, 360 and 480 minute gradients (Figure 29) showed that 4-

5% of the identified peptides eluted within the first 10 minutes and that approximately 9% of 

the peptides had a retention time between 10 and 20 minutes. However, the increase in gradient 

length provided a better distribution of the peptides after 20 minutes. 

If an MS with a low acquisition rate is used, the peptide distribution throughout the gradient 

can be a limitation regarding the identification of peptides and proteins as many peptides elute 

within the same time interval. Regarding peptide distribution when analysing 0.2 µg HeLa cell 

digest, a gradient time of 240 minutes or more was preferred as the peptides are more evenly 

distributed throughout the gradient. 
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Figure 29. Graphic presentation of the distribution of peptides (%) in 0.2 µg digested HeLa cell sample 

using a 120- (A), 240- (B), 360- (C) and 480-minute (D) gradients with the Accucore® packed column 

(75 µm x 15 cm). One bar represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention 

time of 0-10 minutes. The analytical set-up used is shown in experimental section 2.5.1, Figure 24 and the 

MP gradients in experimental section 2.5.2, Figure 27. The flow through the column was 300 nL/min. 
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Linear gradient length and number of identified proteins and peptides 

The number of proteins and peptides identified in 0.2 µg HeLa cell tryptic digest using the 

commercial columns with 120-, 240-, 360- and 480-minute gradient lengths are presented in 

Table 6. 

Table 6. The average number of peptides and proteins identified using commercial packed C18 

columns when injecting 0.2 µg of HeLa cell sample (n=3). The analytical set-up used is shown in section 

2.5.1, Figure 24 and the MP gradients in section 2.5.2, Figure 27. The combinations of column/gradient 

times that were not examined are denoted by “X”.  

Gradient 

length 

(min) 

Number of peptides identified Number of proteins identified 

Accucore®  

(75 µm x 15 cm) 

Acclaim 

PepMapTM  

(75 µm x 25 cm) 

Accucore®  

(75 µm x 15 cm) 

Acclaim 

PepMapTM  

(75 µm x 25 cm) 

120 11317 10640 2347 2104 

240 13412 X 2539 X 

360 10641 X 2103 X 

480 14832 X 2650 X 

 

The Acclaim PepMapTM (75 µm x 25 cm) column was only examined with the 120 min gradient 

since it was partially clogged by other samples injected previously during initial testing. A new 

25 cm Acclaim PepMapTM column was used for the analysis of Cyt C (Section 3.1.3). 

The peptide and protein numbers when running a 360-minute gradient using the 15 cm 

Accucore® column were lower than expected. The low numbers could be due to instability with 

the nano-electrospray while running the gradients causing lower intensity total ion current 

chromatogram (TICC) (Appendix, Figure 49), and the number of proteins and peptides 

identified obtained using the 360-minute gradient were therefore excluded from the statistical 

tests and further comparisons.  

Statistical tests (calculation example, see Appendix 6.3.8) showed that the numbers of protein 

identifications using 240- and 480- minute gradients were not significantly different, but the 

numbers of peptide identifications were. A significant difference in both the number of peptides 

and the number of proteins identified was observed when using the 120-minute gradient 

compared to that of the 240-minute gradient. Thus, if the purpose of an analysis is to map the 

proteins in a sample, a 240-minute gradient should be sufficient.  
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Linear gradient length and peak capacity 

The PC10 for the gradients were also compared using 0.2 µg HeLa cell tryptic digest. Due to 

some peptides eluting during the washing step (Figure 29), the PC10 was calculated using eight 

peptides eluting within the linear gradient (e.g. before 120 minutes, Appendix, Table 35). For 

the Accucore® analytical column, the PC10 increased with increased gradient length (Figure 

30). 

 

Figure 30. PC10 plotted against gradient length when injecting 0.2 µg HeLa tryptic digest, using the 

Accucore® (75 µm x 15 cm) packed column. The PC10 obtained were 224, 248 and 295 for the 120-, 240- 

and the 480-minute linear gradients, respectively. The analytical set-up used is shown in section 2.5.1, Figure 

24 and the MP gradients in section 2.5.2, Figure 27. 

 

No significant difference in the PC10 was observed between the 240- and the 480-minute 

gradients (Appendix, Table 36); however, the difference in PC10 between the 120- and 240-

minute gradients was significant. When comparing the PC10 obtained using the Accucore® and 

Acclaim PepMapTM RSLC column, no significant difference was observed between the PC10 

for the 120 min gradient (224 and 248 respectively). Longer analytical columns have been 

shown to increase the PC in nLC-MS for peptide separation, but the column length has a higher 

effect on the PC for the longer gradients [122, 123]. 

To summarize, the optimal gradient length was explored regarding peptide distribution, the 

number of identified proteins and peptides, and the peak capacity. The 240-minute long 

gradient was determined to be the most suitable for the separation of a complex sample as the 
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peptide separation was satisfying, and the number of identified proteins and the PC10 did not 

significantly differ from the values obtained with the best-performing 480-minute gradient. 

3.1.2 Exploration of sample amount 

To explore if the sample amount would have a high impact on the number of proteins and 

peptides identified, a 2 µg HeLa sample was also injected on the 15 cm Accucore® analytical 

column using the 120-minute gradient. The number of proteins and peptides identified are 

presented graphically in Figure 31 for the 2 µg and 0.2 µg samples.  

 

Figure 31. A graphic comparison of the number of proteins (A) and peptides (B) identified using the 

Accucore® packed column (75 mm x 15 cm) with different sample amount. The average numbers are 

represented by the black lines (n=3), and each dot represents one replicate injection. The analytical set-up 

and the 120-minute linear gradient used is shown in section 2.5.1, Figure 24 and section 2.5.2, Figure 27, 

respectively. 

 

A representation of the number of protein and peptides identified by other groups using packed 

columns are presented in Table 7. The number of identified peptides and proteins identified in 

this work were neither high nor low, but the sample amount injected (0.2 µg) was less. However, 

Kocher et al. [124] used a longer column, and Lenčo et al. [125] and Budamgunta et al. [126] 

used larger ID columns needing larger sample volumes for achieving the same signal. 
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Table 7. The number of proteins and peptides found by others when analysing HeLa cell tryptic digest. 

Author (year) Sample 

amount 

Peptide 

number 

Protein 

number 

Column MP and gradient Detector 

Kocher  

et al. (2011) 

[124] 

1 µg Not 

reported 

2,516 Acclaim 

PepMap RSLC 

C18, 50 cm × 75 

μm × 2 μm  

8 h gradient LTQ-

orbitrap 

MS 

Lenčo  

et al. (2018) 

[125] 

2 µg Not 

reported 

2,835 Halo Peptide 

ES-C18, 2.7 

μm, 160 Å, 1.0 

mm × 250 mm  

 

60 min gradient Q-

orbitrap 

Budamgunta 

et al. (2019) 

[126] 

1 µg 8,330 

(average, 

n=3) 

1,806 

(average, 

n=3) 

1.7 μm C18 

silica beads, 130 

Å, 100 μm x 10 

cm  

120 min gradient 

pattern  

LTQ 

orbitrap  

 

The number of proteins and peptides identified did not significantly differ, indicating that the 

0.2 µg sample provides sufficient peptide and protein coverage. However, the small variation 

found when using 2 µg sample indicates that more confident identification and better 

repeatability can be expected using more than 0.2 µg of sample. 

A challenge with the higher sample amount injections, however, is carry-over. While no carry-

over was seen when injecting 0.2 µg, carry-over was a challenge for the 2 µg injections (Figure 

32). 
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Figure 32: TICC of blank sample injection replicates (0.1% FA) after an injection of 2 µg HeLa cell 

sample using the Accucore® packed column (75 µm x 15 cm). The analytical set-up and the blank sample 

gradient used is shown in section 2.5.1, Figure 24 and section 2.5.2, Figure 27, respectively. 

 

After seven replicates of a blank sample (0.1% FA in LC-MS grade water), the carry-over was 

still considerable. If a higher amount of sample was to be used on the Accucore® analytical 

column, a longer and more efficient washing step needs to be added to the linear gradient. The 

optimal sample amount regarding the identified number of peptides may lie between 2 µg and 

0.2 µg.  

To summarize, the sample amount (2 µg vs 0.2 µg) gave no significant statistical difference 

regarding the number of identified peptides and proteins when using the 120-minute gradient.  

The 2µg sample injected gave a lower standard deviation (STD) but caused a considerable 

amount of carry-over. The ideal sample amount may be somewhere between 2 and 0.2 µg.  

3.1.3 Analysis of cytochrome C 

Cyt C tryptic digest was analysed using an Acclaim PepMapTM (C18, 75 µm x 25 cm) column. 

The peak widths and retentions times of peptides, also identified when analysing Cyt C with 

in-house made PLOT columns (Section 3.5.5), are presented in Table 8, and the TICC is shown 

in Figure 33. 
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Table 8. A selection of peptides identified in Cyt C tryptic digest using an Acclaim PepMapTM analytical 

column (75 µm x 25 cm). The amino acid sequence, the corresponding experimental mass (Da) and average 

retention time (min) and peak width at 10% peak height (n=3) of the peptides are presented. The average 

peak width for the selected peptides is also included. The analytical set-up and the 30-minute linear gradient 

used is shown in section 2.5.1, Figure 24 and section 2.5.2, Figure 28, respectively. The values from the 

three injection replicates are presented in Appendix, Table 29 and Table 30. The peptides are listed with the 

one-letter code for the amino acids, see Appendix, Table 13 for translation. 

Peptide 

Number 

Amino acid sequence Experimental 

mass (Da) 

Charge Retention 

time (min) 

Peak 

width  

(min) 

1 Ac-GDVEK 589.28  +1 12.0 0.20 

2 KYIPGTK 403.74  +2 12.0 0.18 

3 YIPGTK 678.38  +1 12.2 0.20 

4 KTGQAPGFSYTDANK 528.93  +3 15.42 0.26 

5 TGQAPGFSYTDANK 728.84  +2 16.11 0.26 

6 EDLIAYLK 482.77  +2 20.50 0.5 

 Average peak width 0.3 

 

 

 

 

Figure 33. TICC of 1 pmol Cyt C digest using an Acclaim PepMapTM (75 µm x 25 cm) analytical 

column. The analytical set-up and the 30-minute linear gradient used is shown in section 2.5.1, Figure 24 

and section 2.5.2, Figure 28, respectively. The values for the three analysis replicates are presented in 

Appendix, Table 29 and Table 30. 

As observed from the retention times and peak widths in Table 8, peptide 1, 2 and 3 co-eluted, 

and appeared as the first peak in the TICC. The test chromatogram (Figure 34) from the Test 

Certificate that came with the Cyt C digest standard (Appendix, Figure 50) shows good 
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separation of peptide 1, 2 and 3, with shorter retention times for all six selected peptides. The 

analytical column used for obtaining the test chromatogram was an Easy-SprayTM PepMapTM 

column (C18, 75 µm x 15 cm, 3 µm particles). The Acclaim PepMapTM (C18, 75 mm x 25 cm, 

2 µm particles) column used in the present study contained 2 µm particles, which would be 

expected to provide better efficiency if the columns are packed with the same material. 

However, the volumetric flow used to obtain the test chromatogram was 300 nL/min compared 

to 200 nL/min for that of this study. A decrease of volumetric flow rate increases the time the 

peptides spend in the column, increasing longitudinal diffusion. The 200 nL/min volumetric 

flow is within the recommended flow rate for this column. The gradient programme used was 

similar, 3-44% ACN and 2.7-45% ACN for that of the test chromatogram and this project, 

respectively. Other chromatographic parameters for the test chromatogram are presented in 

Appendix 6.2.3. 

 

Figure 34. Test chromatogram from Test Certificate sent with the Cyt C tryptic digest standard. The 

analytical column was an Easy-SprayTM PepMapTM column (C18, 75 µm x 15 cm, 3 µm particles). Other 

chromatographic conditions described in Appendix 6.2.3. 

 

The Acclaim PepMapTM column was not able to separate all the selected peptides Cyt C when 

using similar chromatographic conditions as for the test chromatogram.  
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3.2 Vrije-porous layer open tubular column 

performance 

A 10 µm ID PLOT column which was received from professor Gert Desmet (Vrije University) 

as a benchmark to compare the in-house made PLOT columns. The TICCs of the HeLa cell 

sample injected (0.1 µg) are shown in Figure 35. Due to time limitations and some challenges 

with the analytical set-up, these three sample replicates were the only ones analysed using the 

Vrije-PLOT column. 

 

Figure 35. TICCs of three injection replicates of 0.1 µg HeLa cell sample analysed using the Vrije 

PLOT-column (10 mm x 56 cm effective length) with the 120-minute gradient. The chromatographic 

system used is presented in Section 2.5.1, Figure 25. The 120-minute MP gradient is shown in Section 2.5.2, 

Figure 27. 

 

The band broadening can be smaller for a narrow PLOT column than for a packed column as 

eddy dispersion is not present in open tubular columns. However, this was not the case (Figure 

36). The electrospray emitter used had an ID of 20 µm, which is larger than the ID of the 10 

µm analytical column and could be one explanation of extra-column band broadening of the 

Vrije-PLOT column. If an inlet or outlet of a fused silica capillary were not cut straight, this 

would also lead to dead volume, causing further band broadening. The PC10 was determined to 

be 73 (n = 3, 3% relative standard deviation (RSD)). 
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Figure 36. Extracted ion chromatogram (EIC) for a peptide with amino acid sequence 

GIVDQSQQAYQEAFEISK using the Vrije-PLOT column (10 µm x 56 cm effective length, top) and 

the Accucore® packed column (75 µm x 15 cm, bottom) with the 120-minute gradient. The peak width 

at 10% peak height was 2.08 min and 0.44 for the Vrije-PLOT and the Accucore® column, respectively. The 

chromatographic systems used are presented in Section 2.5.1, Figure 24 and Figure 25 for the Accucore® 

and the Vrije-PLOT columns, respectively. The 120-minute MP gradient is shown in Section 2.5.2, Figure 

27. The peptide is listed with the one-letter code for the amino acids, see Appendix, Table 13 for translation. 

To summarize, initial testing was performed using a porous layer open tubular column received 

from Vrije University with a 120-minute gradient resulted in an average peak capacity of 73 

when analysing 100 ng HeLa tryptic digest. For a selected peptide, the peak width at 10% peak 

height was more than four times higher for the Vrije-PLOT column than a commercial packed 

column. 

 

3.3 Preparation of in-house made porous layer open 

tubular columns 

The preparation of the PLOT columns was done as described in the experimental section 

(Section 2.1.2). The chloro(dimethyl)octadecylsilane/p-xylene, 70/30 (w/w) functionalisation 

solution was used in order to have the same functionalization procedure for both column 

preparation methods. This composition was chosen due to previous success when preparing 50 

µm ID silica-based monolithic C18-columns (Tao Angell-Petersen Mc Quade, not published). 

The capillaries/columns made are named after method, ID, batch number of the sol-gel solution 

for formation of the porous layer and column replicate letter. I.e. H(10)-4B is made using the 

method based on Hara et al. [89], with 10 µm ID, solution batch number 4, and capillary B 

(where more than one column was prepared; A, B, C, etc.) 
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3.3.1 Preparation of porous layer open tubular columns based on 

Vehus et al. [88] 

The preparation of the V-PLOT columns was based on the method of Vehus et al. [88]. The 

method used in this project had some differences from the original method, presented in Table 

9. The whirl mixer and ultrasonic bath were exchanged for a magnetic stirrer to prevent possible 

local supersaturation of TMOS when preparing batch 5-7 of the V-PLOT capillaries 

(Appendix, Table 16).  

Table 9. Steps in the preparation of PLOT columns described by Vehus et al. [88] and procedures used 

in this project. The pre-treatment and the washing of the capillaries, the preparation of the PEG/Aa/TMOS 

solution and the composition of the functionalization solution used are included. 1The homogenization of the 

PEG/Aa/TMOS solution was done as described for batch 1-4 of the V-PLOT columns (Appendix, Table 

15). 2The homogenization of the PEG/Aa/TMOS solution was done as described for batch 5-7 of the V-PLOT 

columns (Appendix, Table 16). 

 Vehus et al. [88] This project 

Pre-treatment Capillary filled with 1 M NaOH and 

kept in an oven at 110°C for at least 

one hour. 

Capillary filled with 1 M NaOH and 

kept at room temperature for 24 

hours. 

Washing 

solutions, flushed 

for at least 15 

minutes 

1. 0.1 M HCl 

2. Water 

3. ACN 

4. Dried with N2 

1. 1 M HCl 

2. Water 

3. MeOH 

4. Dried with N2 

Homogenizing 

TMOS with the 

PEG/Aa solution 

Homogenized the PEG/Aa/TMOS 

solution by whirl mixer followed by 

a brief sonication using an ultrasonic 

bath.1 

TMOS added when the PEG/Aa 

solution was placed on a magnetic 

stirrer. The PEG/Aa/TMOS solution 

was stirred for 40 minutes at 4°C 

followed by 10 minutes at room 

temperature.2 

Functionalization 

solution  

Chloro(dimethyl)octadecylsilane/p-

xylene, 50/50 (w/w) 

Chloro(dimethyl)octadecylsilane/p-

xylene, 70/30 (w/w) 

 

For the V-PLOT capillaries, some challenges with the clogging of the capillaries when 

preparing the porous layer were observed. All solutions were filtered before being flushed 

through or filled in the 1.5 m long capillaries, and the capillaries did not clog when the solution 

was introduced. However, when flushing the capillaries after the heat treatment, the capillaries 

were clogged. No systematic reason for the clogging of the capillaries was found, but a total of 

18 out of 22 capillaries were clogged after the heat treatment, and only one V-PLOT column 

was successfully prepared. The three remaining V-PLOT capillaries are yet to be 
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functionalized. Hence, this method was not further explored, and 5 µm ID PLOT columns were 

not prepared. An overview of all capillaries treated is presented in Appendix, Table 15 and 

Table 16. 

To summarize, several modifications were made to the procedure of Vehus et al. [88] for the 

preparation of 10 µm ID silica-based C18 PLOT columns to avoid the clogging of fused silica 

capillaries during the formation of the porous layer. However, these modifications were 

unsuccessful, and the preparation procedure was not further attempted for fused silica 

capillaries with 5 µm ID. 

3.3.2 Preparation of porous layer open tubular columns based on 

Hara et al. [89] 

The preparation of H-PLOT columns was performed based on the method of Hara et al. [89] 

with adaptations learned from former master student Tao Angell-Petersen Mc Quade, the main 

difference being the functionalization process. A solution of chloro-(dimethyl)octadecylsilane 

in p-xylene was used as a functionalization solution in this project, while Hara et al. [89] used 

octadecyldimethyl-N,N-diethylaminosilane in toluene. The temperature during the thermal 

treatment during the formation of the porous layer was set to 80°C from 95°C for an increased 

surface area [114].      

Some clogging was observed related to the preparation of the porous layer. Five out of 16 

prepared capillaries and one out eight prepared capillaries were clogged for the 10 µm ID and 

the 5 µm ID capillaries, respectively. The clogging only occurred when something deviated 

from the procedure (e.g. oven heating program failed), or when using “old” TMOS. Former 

master student Tao Angell-Petersen Mc Quade had some challenges regarding areas with non-

continuous monolithic structure when using TMOS when the container had been opened and 

filled with N2 more than 3-4 times for preparation of silica-based monolithic columns. TMOS 

may react with moisture in the air and hydrolyse to silica, producing MeOH, if not covered with 

an inert gas after opening. The TMOS containers used in this project were filled with N2 after 

each use/opening. Still, as N2 is lighter than air, any residual water molecules present could with 

the TMOS solution and changing its composition. However, no H-PLOT capillaries were 

clogged when using TMOS  from a container which was opened for the first or second time if 

otherwise all went according to plan (Appendix, Table 17 and Table 18).  



56 

 

Seven H-PLOT columns with 10 µm ID was successfully prepared, one capillary was clogged 

during functionalization, and three capillaries are yet to be functionalized. No H-PLOT columns 

with 5 µm ID has been prepared; however, seven capillaries with a porous layer were prepared, 

one capillary clogged during functionalization and six capillaries are yet to be functionalized. 

To summarize, 10 µm ID silica-based C18 PLOT columns were successfully prepared based 

on the method of Hara et al. without the much clogging of the columns. No 5 µm ID H-PLOT 

columns have been successfully prepared in this project, but H-PLOT capillaries with a porous 

layer were successfully made.  

3.3.3 Preparation method comparison 

The preparation of the V-PLOTs is less time consuming than that of the H-PLOTs, with an 

approximate duration of 95 hours compared to 120 hours, respectively. The preparation of V-

PLOTs also involves less, and simpler, instrumentation, e.g. no water bath and the use of a GC 

oven without a temperature program. However, when preparing the V-PLOT columns, no trend 

regarding which capillaries clogged and which did not could be found. For the H-PLOT 

columns, there was an explanation to the clogging of the capillaries (e.g. oven temperature 

programme failed, or TMOS had been opened several times Table 17 and Table 18, 

Appendix). 

 

3.4 Characterization of the porous layer 

To determine if a porous layer had been successfully prepared, micrographs were obtained 

using SEM. There were some challenges getting focused micrographs. However, micrographs 

with sufficient quality for observing the porous layers prepared were acquired (Figure 37). The 

micrographs were taken from one end, but the porous layers are assumed to be homogeneously 

prepared. From observation, the porous layer of the capillaries prepared by the method of Hara 

et al. [89] was thicker than that from the procedure of Vehus et al. [88], indicating that there 

will be a larger surface area to attach C18 for the former, providing better retention for peptides. 
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Figure 37. Scanning electron micrographs obtained using the Quanta 200 FEG-ESEM of (A) an 

untreated fused silica capillary with 10 µm ID, (B) PLOT capillary V(10)-7A, (C) PLOT capillary H(10)-

7C, and (D) PLOT capillary H(5)-1B. 

 

To summarize, a porous layer was observed in a 10 µm ID V-PLOT capillary, a 10 µm ID H-

PLOT capillary and a 5 µm ID H-PLOT capillary. The observed porous layers for the two 

latter capillaries appeared to be thicker than for the former. 
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3.5 Performance of in-house made porous layer 

open tubular columns  

The performance of the in-house made columns was to be compared to that of the commercial 

packed columns and the Vrije-PLOT column. As the number of proteins identified did not 

significantly differ from 240 minute gradients to 480 minute gradients when analysing 200 ng 

HeLa cell digest using the 15 cm Accucore® column (Section 3.1.1), the 240-minute gradient 

length (Section 2.5.2, Figure 27) was used for analysing HeLa cell digest with the in-house 

made PLOT columns. For the analysis of Cyt C digest,  a 30-minute gradient, equal to that used 

for the 25 cm Acclaim PepMapTM column (section 2.5.2, Figure 28), was used. However, due 

to the COVID-19 situation and the University of Oslo being closed, only two in-house made 10 

µm ID H-PLOT columns were tested.  

The flow rate through the 10 µm ID columns was set to be 60 nL/min, while 50 nL/min was 

used in the preliminary testing of the Vrije-PLOT column (section 3.2). The reason for choosing 

60 nL was that this flow rate would give the same linear flow rate as 15 nL/min will give for 5 

µm ID PLOT columns (Appendix 6.3.3), to be able to compare their performances (and as 15 

nL/min was believed to be the lowest practical flow rate to work with using the available 

instrumentation). 

3.5.1 Peptide distribution 

The percentage of peptides distributed in time intervals of 10-minute lengths during the 240-

minute linear gradient and 20-minute washing program used for the separation of 20 ng HeLa 

cell digest is presented in Figure 38. For both the H(10)-2A and H(10)-7B PLOT columns, 

more than 99% of the identified peptides eluted within the linear gradient, indicating that the 

linear gradient (3-17% B) was suitable for the separation of the peptides in a HeLa cell digest 

sample. However, the peptides were more evenly distributed throughout the gradient for the 

H(10)-7B PLOT column than for the H(10)-2A PLOT column, where more than 16% of the 

identified peptides eluted between 10 and 20 minutes. Thus, the peptides had better retention 

on the H(10)-7B PLOT column than that on the H(10)-2A PLOT column.  

The H(10)-2A PLOT column was prepared using TMOS where the container was opened for 

the fourth time, while H(10)-7B PLOT column was made using TMOS where the container was 

opened for the third time (Appendix, Table 17). The use of old TMOS may lead to a thinner 
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and more uneven porous layer, leading to less SP molecules being attached. Another possible 

explanation is that H(10)-2A was from one of the first batches of PLOT capillaries made, while 

H(10)-7B belonged to the last batch of 10 µm PLOT capillaries prepared. Even though no other 

comment than how many times the TMOS container had been opened was made as a note, the 

preparation of the PLOT capillaries in the later batches could have been more successful due to 

practice.  

 

Figure 38. A graphic representation of the distributions of peptides (%) during the 240-minute 

gradient and 20-minute washing step when analysing 20 ng HeLa cell digest using in-house made 10 

µm ID PLOT columns. 60 nL/min flow through the column. One bar represents 10 minutes of the gradient, 

e.g. the first bar is peptides with a retention time of 0-10 minutes. The chromatographic system used and the 

240-minute MP gradient are presented in Section 2.5.1, Figure 25 and 2.5.2, Figure 27, respectively. 

 

The uneven distribution of peptides using the H(10)-2A PLOT column could have an impact 

on the number of peptides identified. The orbitrap mass analyser does not have an acquisition 

rate as good as that of the TOF mass analyser [37], and extensive separation is required for 

complex samples. Compared to the peptide distribution of 200 ng HeLa cell digest using a 240 

minute gradient on the Accucore® packed column (75 µm x 15 cm, Section 3.1.1, Figure 29), 

the peptides were distributed differently using the H(10)-7B PLOT column, where the highest 

percentage of peptides eluted between 90 and 100 minutes. 

To summarize, approximately 17% of identified peptides eluted between 10 and 20 minutes with 

the H(10)-2A PLOT column in the MP gradient, indicating that there was little SP attached to 

the porous layer. In contrast, the largest percentage of peptides eluted between 90 and 100 
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minutes in the gradient using the H(10)-7B PLOT column, providing a better peptide 

distribution and separation. 

3.5.2 Number of identified peptides and proteins 

The number of proteins and peptides identified in 20 ng HeLa tryptic digest with the in-house 

made PLOT columns are presented graphically in Figure 39. 

 

 

Figure 39. A graphic comparison of the number of proteins (A) and peptides (B) identified analysing 

20 ng HeLa cell digest using the in-house made 10 µm ID PLOT columns H(10)-2A and H(10)-7B. The 

average numbers are represented by the black lines (n=3), and each dot represents one replicate injection. 

The analytical set-up and the 240-minute linear gradient used is shown in section 2.5.1, Figure 25 and 

section 2.5.2, Figure 27, respectively. The values for the three analysis replicates are presented in Appendix, 

Table 27 and Table 28. 

 

The number of proteins identified was 861 (7% RSD), and 1633 (3% RSD) for the H(10)-2A 

and H(10)-7B PLOT columns, respectively, and was significantly different. Also, the peptide 

numbers, 3381 (8% RSD) and 7719 (6% RSD) were significantly different, meaning that the 

H(10)-7B PLOT column outperformed the H(10)-2A PLOT column for a complex sample like 

the HeLa cell digest.  
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Comparing the number of proteins and peptides identified using the in-house made PLOT 

columns to that of the commercial Acclaim PepMapTM (75 µm x 25 cm) and Accucore® (75 µm 

x 15 cm), all was significantly different. When comparing the in-house made PLOT columns 

to that of the 10 µm ID Vrije-PLOT (Figure 35) column, it was found that the H(10)-7B 

outperformed the Vrije-PLOT in regards to the number of peptides and proteins identified while 

the H(10)-2A PLOT column did not. However, a few differences in the analysis set-up should 

be noted and are presented in Table 10. 

Table 10. Differences in chromatographic set-up and conditions for the analysis of HeLa cell tryptic 

digest using the Vrije-PLOT and the in-house made PLOT columns. The analytical set-up and the 120- 

and 240- minute linear gradients used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 28, 

respectively.  

 Vrije-PLOT columns In-house made PLOT 

columns 

Gradient length  120 minutes 240 minutes 

Sample amount  100 ng 20 ng 

Pre-column Provided by Tao Angel-

Petersen Mc Quade 

Provided by Elisa Wiborg 

Emitter SS 20 µm x 40 mm Silica, pulled 20-10 µm ID 

Volumetric flow rate 50 nL/min 60 nL/min 

Column length 63.2 cm (56 cm effective 

length) 

118.4 cm and 115.2 cm for 

the H(10)-2A and the H(10)-

7B PLOT columns, 

respectively 

 

Using the Accucore® commercial column, it was observed that an increase in gradient length 

from 120 to 240 minutes significantly increased the number of peptides and proteins identified 

in a HeLa cell digest (Section 3.1.1). The number of identified proteins and peptides, however, 

did not significantly differ when increasing the sample amount ten times (Section 3.1.2), 

indicating that the better performance of the H(10)-7B PLOT column is a result of the longer 

gradient.  

The Q-Exactive Orbitrap had service, which led to increased sensitivity, in the time between 

the testing of the Vrije-PLOT column and in-house made PLOT columns. The emitter outlet ID 

was 20 µm and 10 µm for the Vrije-PLOT and the in-house made PLOT columns, respectively. 
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The difference in the emitter outlet ID could have increased radial dilution for the Vrije-PLOT, 

decreasing sensitivity.  

In addition, different pre-columns (both 50 µm ID silica-based monoliths but made by two 

different persons) were used, and they may have slight differences. The column length was 56.2 

cm and 115.2 cm for the Vrije-PLOT and H(10)-7B PLOT column, respectively, also possibly 

providing better resolution by the latter.  

To summarize, the number of identified proteins and peptides were significantly different 

between the in-house made PLOT columns, where the H(10)-7B PLOT column outperformed 

the H(10)-2A PLOT column in both regards. Both in-house made PLOT columns were 

outperformed by the Accucore® column. More peptides and proteins were identified with the 

H(10)-7B PLOT column than the Vrije-PLOT column, but this may be due to differences in the 

analytical set-up in addition to gradient length; thus the results may not be comparable. 

3.5.3 Gradient retention factor 

The gradient retention factor, kg (Section 1.7), was calculated using an approximation for the 

calculation of the column volumes (Appendix 6.3.7) for a selection of peptides (Table 11). The 

kg was higher for the in-house made PLOT columns (240-minute gradients) than for that of the 

Vrije-PLOT column (120-minute gradient). This difference in kg was, however, not unexpected 

as the retention times for the peptides increases with an increased gradient time. For the H(10)-

7B PLOT column, the kg was higher for all peptides (except for the first eluting peptide, 

EGIPPDQQR) than for that of the H(10)-2A PLOT column. The separation conditions were 

the same for the two columns, concluding that the peptides had greater retention on the H(10)-

7B column. This could indicate that more SP was successfully attached to the porous layer of 

the H(10)-7B column or that the porous layer was thicker to that of the H(10)-2A PLOT column 

allowing for the attachment of more SP.  

A theoretical kg-value for the Vrije-PLOT column when using a 240-minute gradient was 

calculated (Table 11) based on the kg at 120 min gradient and the ratio of the kg -values 

calculated from 120-minute and 240-minute gradients on the Accucore® packed column 

(Appendix, Table 39). The calculation was done to better compare the kg values of the Vrije-

PLOT column to that of the in-house made PLOT columns but is a crude approximation. For a 

240 min gradient the Vrije-PLOT gave a theoretical kg higher than the in-house made plot 
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columns for all peptides excluded one. The difference in kg values indicates the Vrije-PLOT 

column har more SP/cm than the in-house made PLOT columns as it is approximately half the 

length. 

Table 11. The retention time (tR) and calculated kg for the in-house made PLOT columns and the Vrije-

PLOT column for a selection of peptides identified when analysing HeLa cell sample tryptic digest. 

The column set-up is described in Section 2.5.1, and the gradients used in Section 2.5.2, a 120-minute and a 

240-minute linear gradient was used for the Vrije-PLOT column and the in-house made PLOT columns, 

respectively. For calculations, see Appendix 6.3.7. 

 

H(10)-2A 

(240-minute 

gradient) 

H(10)-7B  

(240 minute 

gradient) 

Vrije-PLOT 

(120 min 

gradient) 

Theoretical kg 

for Vrije-PLOT 

using a 240-

minute gradient 

  
Average 

tR 
kg 

Average 

tR 
kg 

Average 

tR 
kg  

EGIPPDQQR 7.8 4 5 2 7.8 7 9 

TQVTVQYMQDR 23.9 14 46.7 29 18 18 29 

VNFTVDQIR 47.5 29 77 49 33 34 54 

NEALAALLR 76.1 47 106.1 68 50 52 84 

GIDPFSLDALSK 119 75 153.0 106 77 82 144 

SDPFLEFFR 171 108 204.9 132 111 118 215 

 

To summarize, the H(10)-7B PLOT column was determined to have a greater gradient retention 

factor than the H(10)-2A PLOT column. The approximated theoretical kg values for a 240-

minute gradient for the Vrije-PLOT were higher for the Vrije-PLOT column than for the in-

house made PLOT columns, indicating that the in-house made PLOT columns does not provide 

equal retention/cm.  

3.5.4 Peak capacity 

The PC10 for the in-house made PLOT columns using a 240-minute gradient was calculated and 

is presented in Figure 40. Compared to the peak capacities obtained using the commercial 

packed Accucore® column (75 µm x 15 cm) using 120-, 240- and 480-minute linear gradients 

(Figure 30), the peak capacities for the in-house made PLOT columns were significantly lower. 

However, nLC is especially susceptible to band broadening, and the increase of ID from the 
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column outlet (10 µm) to the emitter inlet (20 µm) would lead to band broadening, thus causing 

a larger average peak width and a lower PC10. 

 

Figure 40. Peak capacity at 10% peak height for the in-house made PLOT columns H(10)-2A and 

H(10)-7B using a 240 minute gradient. The average peak capacities are represented by the black lines 

(n=3), and each dot represents one replicate injection. The analytical set-up and the 240-minute linear 

gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 27, respectively. The values 

for the three injection replicates are presented in Appendix, Table 37. 

 

Compared to that of the Vrije-PLOT column (section 3.2), larger PC10s were obtained using 

both the H(10)-2A and the H(10)-7B PLOT columns (73 vs 102 and 127, respectively). 

However, the in-house made PLOT columns were longer than the Vrije-PLOT, 118.4 cm and 

115.2 cm vs 56.2 cm for the H(10)-2A, H(10)-7B and the Vrije-PLOT columns, respectively. 

The gradients used were also twice as long for the in-house made PLOT columns, 240 minutes 

vs 120 minutes for the Vrije PLOT column. There was no opportunity for testing in-house made 

PLOT columns with 120-minute gradients or the Vrije-PLOT column with 240-minute gradient 

due to COVID-19, but the difference may be due to the difference in gradient lengths. For that 

of the Accucore® column, the PC10 significantly differed from the 120-minute gradient and the 

240-minute gradient. 

Røgeberg et al. [34] obtained a PC10 of 415 when injecting 23 ng of an in-gel tryptic digest 

from rat liver using a 2.6 and 5.4 m long 10 µm ID poly(styrene-co-divinylbenzene) (PS-DVB, 

i.e. polymer/organic) PLOT column connected in series using a PicoClear union (total 8 m). 

The gradient used was from 4.5-36% ACN in 400 min at a flow rate of 40 nL/min. With the 2.6 
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m long column, a peak capacity of approximately 130 was obtained analysing Cyt C using a 

gradient from 4.5-36% ACN in approximately 220 min at a flow rate of 40 nL/min, which is 

comparable to that achieved with the in-house made PLOT columns in this work which are 

approximately half the length. The peak capacity obtained with Cyt C and the gradient length 

were read from a graph; hence only approximate values are given. Nevertheless, the PC10s 

obtained by the in-house made PLOT columns are promising for further use in proteomic 

analysis with limited sample amount.  

To summarize, the peak capacities for the in-house made PLOT columns were determined as a 

measure of column efficiency. The PC10 was determined to be 102 and 127 for the H(10)-2A 

and the H(10)-7B PLOT columns, respectively, which were significantly lower than for the 

commercial Accucore® column. The PC10 obtained with the in-house made PLOT columns were 

higher than the PC10 obtained with the Vrije-PLOT (73), which was not unexpected as both the 

gradient times and columns were twice as long. The values are, however, comparable to that 

obtained by Røgeberg et al. [28] with a 10 µm x 2.6 m long PS-DVB PLOT column.  

3.5.5 Analysis of Cytochrome C 

For the in-house made PLOT columns, Cyt C tryptic digest was analysed for easier comparison 

of retention time and peak width provided of the in-house made PLOT columns and the 

commercial packed column. The peak widths and retention times for six selected peptides are 

presented in Table 12. 

Compared to the peak widths obtained using the Acclaim PepMapTM analytical column 

(Section 3.1.3), the average peak widths obtained with the in-house made PLOT-columns were 

significantly larger. On these columns, peptide 1 did no co-elute with peptide 2 and 3 as for the 

commercial packed column. The retention times of the peptides on the in-house made PLOT 

columns were, however, lower for six peptides indicating that the in-house made PLOT 

columns gave less retention for the peptides both in Cyt C and in HeLa cell digest.  
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Table 12. Peak widths and retention times of selected peptides identified in Cyt C tryptic digest when 

analysed using in-house made PLOT columns. The amino acid sequence with corresponding experimental 

mass (Da), charge, and average retention time (min) and peak width at 10% peak height (n=3, *n=2) of the 

peptides are presented. The average peak width for the selected peptides are also included. The analytical 

set-up and the 30-minute linear gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 

28, respectively. The three analysis replicates are presented in appendix 6.3.5, Table 31-Table 34. *Only 

two values were included as no peak was distinguishable in one sample replicate. **The peak width was 

measured at 10% height of the visible peak (Figure 41). The peptides are listed with the one-letter code for 

the amino acids, see Appendix, Table 13 for translation. 

Peptide Amino acid 

sequence 

Experimental 

mass (Da) 

Charge H(10)-2A H(10)-7B 

Retention 

time 

(min) 

Peak 

width 

(min) 

Retention 

time 

(min) 

Peak 

width 

(min) 

1 Ac-GDVEK 589.28  +1 4* 0.9* 3.16 0.9** 

2 KYIPGTK 403.74  +2 6.3 0.74 5.43 1.01** 

3 YIPGTK 678.38 +1 6.36 0.9 5.61 1.3** 

4 KTGQAPGFSY

TDANK 
528.93 +3 7.68 0.82 8.1 0.67 

5 TGQAPGFSYT

DANK 
728.84 +2 8.06 0.72 9.0 0.62 

6 EDLIAYLK 482.77 +2 12.06 0.66 18.3 0.48 

Average peak width (min)  0.79  0.84 

 

Though the H(10)-7B PLOT column had a larger average peak width than the H(10)-2A PLOT 

column, the separation of peptide 4 and 5 was better on the H(10)-7B PLOT column. This 

difference was mainly due to that the peak widths of peptide 1, 2 and 3 were difficult to measure 

accurately because of a high background signal (Figure 41). The retention time difference for 

the early eluting peptides could be explained by the difference in column length, 118.4 and 

115.2 cm for the H(10)-2A and the H(10)-7B PLOT columns, respectively.  For peptide 4, 5 

and 6 (Figure 42), however, the peaks were more retained on the H(10)-7B PLOT column than 

that of the H(10)-2A, further indicating a larger amount of SP in the former.  
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Figure 41. EICs for peptide 1, 2 and 3 from Cyt C digest using the in-house made PLOT columns 

H(10)-2A (top) and H(10)-7B (bottom).  The analytical set-up and the 30-minute linear gradient used are 

shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 28, respectively. The retention times and peak 

widths of the injection replicates are presented in appendix 6.3.5, Table 31-Table 34. 

 

 
Figure 42. EICs for peptide 4, 5 and 6 from Cyt C digest using in-house made PLOT columns H(10)-

2A (top) and H(10)-7B (bottom). The analytical set-up and the 30-minute linear gradient used are shown 

in section 2.5.1, Figure 25 and section 2.5.2, Figure 28, respectively. The retention times and peak widths 

of the injection replicates are presented in appendix 6.3.5, Table 31-Table 34. 
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To summarize, the average peak widths for the in-house made PLOT columns were significantly 

higher than for the commercial Acclaim PepMapTM column. For the in-house made PLOT 

columns, peptide 1 was separated from peptide 2 and 3 which coeluted, compared to that of the 

Accucore® column where peptide 1, 2 and 3 coeluted. Peptide 4 and 5 had higher retention and 

were better separated with the H(10)-7B PLOT column than the H(10)-2A PLOT column. All 

peptides, however, had higher retention on the commercial packed column than the in-house 

made PLOT columns. 

3.5.6 Analysis of organoid sample with porous layer open tubular 

column 

Five fractions of an organoid sample provided by Ph.D. candidate Frøydis Sved Skottvoll was 

analysed using the H(10)-7B PLOT column. A sample of 20 ng was injected of each fraction 

and analysed separately using the same set-up and gradient as for the HeLa cell sample (Section 

2.5). The total number of unique peptides and proteins identified in all fractions were 3413 and 

1074, respectively. 

The organoid sample was approximately six months old; thus, the number of proteins and 

peptides identified may not be fully representative. Nevertheless, key liver proteins taking part 

in metabolic pathways such as arginine biosynthesis, asparagine and aspartate biosynthesis, 

fructose and galactose metabolism, glutamine conversion and glycolysis were identified from 

the liver organoid fractions (Appendix, Table 14).  

Among the proteins identified were succinyl-coenzyme A (CoA) ligase (subunit alpha), coded 

by the gene SUCLG1 [127]. Succinyl-CoA ligase is an enzyme in the in the tricarboxylic acid 

cycle, also known as the Krebs cycle or citric acid cycle. The enzyme that converts succinyl-

CoA to succinate and free CoA converting adenosine diphosphate (ADP) or guanine 

diphosphate (GDP) to adenosine triphosphate (ATP) or guanine triphosphate (GTP), 

respectively. ATP and GTP are, in short, energy sources in biological processes of the body. A 

deficiency of the alpha subunit of succinyl-CoA causes fatal lactic acidosis in infants [128]. 

Lactic acidosis is a condition characterized by the build-up of lactate in the body, causing a low 

pH in the blood [129]. Patients with a mutation of the gene coding for the alpha subunit of 

succinyl-CoA ligase are related to conditions such as hepatopathy (i.e. liver disease) and 

hypertrophic cardiomyopathy (i.e. a condition where the heart muscle enlarges, making it 

harder for the heart to pump blood [130]) [131]. 
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The identification of key liver proteins shows that the silica-based PLOT columns 

functionalized with C18 is a suitable column format for the analysis of the small liver organoid 

samples. The number of identified proteins and peptides were relatively high considering that 

the sample was old, and the emitter used for the analysis was not optimal.  

To summarize, proteins related to metabolic pathways in the liver were identified in the 

organoid samples. Though the chromatographic system (e.g. emitter) was not optimal, the 

successful identification of the proteins shows that the silica-based PLOT columns are a 

suitable format for organoid samples.  
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4 Concluding remarks  

In the present work, silica-based C18 PLOT columns with 10 µm ID were successfully prepared 

reusing the methods of Hara et al. [89] and Vehus et al. with some modifications. The former 

preparation method proved to be the most robust. A porous silica layer was also successfully 

made in 5 µm ID capillaries with the method of Hara et al.  

The optimal gradient length for chromatographic analysis of a complex peptide sample (HeLa 

cell tryptic digest) was determined to be 240 minutes for a commercial Accucore® analytical 

column (C18, 75 µm x 15 cm), and this gradient length was used for the separation on the in-

house made PLOT column. The Accucore® column outperformed the in-house made PLOT 

columns regarding the number of peptides and proteins identified and the peak capacity. Initial 

testing with the Vrije-PLOT column indicated that the Vrije-PLOT column has more SP/cm 

than the in-house made PLOT columns. However, the peak capacities obtained with the in-

house made PLOT columns (127 and 102 for the H(10)-7B and the H(10)-2A PLOT columns, 

respectively) were comparable to that obtained with a 10 µm ID PS-DVB PLOT column [34].  

Key proteins related to the liver metabolic pathways were identified from the analysis of liver 

organoid fractions using one in-house made PLOT column, indicating that silica-based C18 

PLOT columns constitute a promising tool for the bioanalysis of limited samples. However, at 

this preliminary stage, the in-house made PLOT columns did not perform as well as the 

commercially available Accucore® packed column for the analysis of a complex sample. 

Further work 

To optimize the analytical system using PLOT columns, a suitable emitter should be used. To 

further improve the efficiency of the PLOT columns, longer columns and columns with a 

narrower ID should be prepared. Various gradient lengths should be explored for the PLOT 

columns to find the optimal gradient for the analysis of organoid samples to get a better 

understanding of a promising tool in drug development. 
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6 Appendix 

6.1 Supplementary tables  

Table 13. Amino acids with one-letter and three-letter abbreviations. 

One-letter abbreviation Three-letter abbreviation Amino acid name 

A Ala Alanine 

C Cys Cysteine 

D Asp Aspartic acid 

E Glu Glutamic acid 

F Phe Phenylalanine 

G Gly Glycine 

H His Histidine 

I Ile Isoleucine 

K Lys Lysine 

L Leu Leucine 

M Met Methionine 

N Asn Asparagine 

P Pro Proline 

Q Gln Glutamine 

R Arg Arginine 

S Ser Serine 

T Thr Threonine 

V Val Valine 

W Trp Tryptophan 

Y Tyr Tyrosine 
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6.1.1 Proteins identified in organoid sample  

Table 14. Proteins identified in the organoid sample related to known metabolic pathways in the liver. 

Pathway Gene name Protein name 

Arginine 

biosynthesis 

CPS1; ASL; 

ASS1 

Argininosuccinate synthase 

Asparagine 

and aspartate 

biosynthesis 

GOT1; GOT2 Aspartate aminotransferase, cytoplasmic; Aspartate 

aminotransferase, mitochondrial 

Blood 

coagulation 

FGG Fibrinogen gamma chain 

Fructose 

galactose 

metabolism 

GALE; GALT; 

ALDOA; 

ALDOB; 

ALDOC; 

GALK1 

UDP-glucose 4-epimerase; Galactose-1-phosphate 

uridylyltransferase; Fructose-bisphosphate aldolase A; 

Fructose-bisphosphate aldolase B; Fructose-bisphosphate 

aldolase C; Galactokinase 

Glutamine 

conversion  

GLUL; GLUD1 Glutamine synthase; Glutamate dehydrogenase 1 

Glycolysis PGAM1; 

ALDOA; 

ALDOB; 

ALDOC; ENO1; 

PFKL; GAPDH; 

TPI1; PGK1; 

PKM; GPI 

Phosphoglycerate mutase 1; Fructose-bisphosphate 

aldolase A; Fructose-bisphosphate aldolase B; Fructose-

bisphosphate aldolase C; Alpha-enolase; 6-

phosphofructokinase, liver type; Glyceraldehyde-3-

phosphate dehydrogenase; Triosephosphate isomerase; 

Phosphoglycerate kinase; Pyruvate kinase isozymes 

M1/M2; Glucose-6-phosphate isomerase 

Inflammation 

mediated by 

chemokine 

and cytokine 

signalling 

pathway 

ARPC5L; 

ACTB; GNAI3; 

MAPK3; GRB2; 

ARPC2; MYH9; 

ARPC4; 

ACTBL2; 

ARPC5; RRAS2 

Actin-related protein 2/3 complex subunit 5-like protein; 

Actin, cytoplasmic 1; Guanine nucleotide-binding protein 

G(k) subunit alpha; Mitogen-activated protein kinase 3; 

Growth factor receptor-bound protein 2; Actin-related 

protein 2/3 complex subunit 2; Myosin-9; Actin-related 

protein 2/3 complex subunit 4; Beta-actin-like protein 2; 

Actin-related protein 2/3 complex subunit 5; Ras-related 

protein R-Ras2; Actin-related protein 2/3 complex subunit 

3 

Pyruvate 

metabolism 

MDH2; PC; 

PDHA1; PKM; 

ACLY; CS 

Malate dehydrogenase, mitochondrial; Pyruvate 

carboxylase, mitochondrial; Pyruvate dehydrogenase E1 

component subunit alpha, somatic form, mitochondrial; 

Pyruvate kinase isozymes M1/M2; ATP-citrate synthase; 

Citrate synthase, mitochondrial; Citrate synthase, 

mitochondrial 

TCA cycle FH; MDH1; 

ACO2; 

SUCLG1; 

PDHA1; CS 

Fumarate hydratase, mitochondrial; Malate 

dehydrogenase, cytoplasmic; Aconitate hydratase, 

mitochondrial; Succinyl-CoA ligase [ADP/GDP-forming] 

subunit alpha, mitochondrial; Pyruvate dehydrogenase E1 

component subunit alpha, somatic form, mitochondrial; 

Citrate synthase, mitochondrial 

TGF-beta 

signalling 

pathway 

FKBP2; 

MAPK3; 

RRAS2; 

FKBP1A 

Peptidyl-prolyl cis-trans isomerase FKBP2; Mitogen-

activated protein kinase 3; Ras-related protein R-Ras2; 

Peptidyl-prolyl cis-trans isomerase FKBP1A 
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6.2 Supplementary figures 

6.2.1 Peptide distributions 

Accucore® (75 µm x 15 cm) 

The peptide distributions for the analysis of 0.2 µg HeLa cell sample using the Accucore® (75 

µm x 15 cm) column with 120, 240, 360 and 480 minute gradients are presented in Figure 43 

- Figure 46.  

 

Figure 43: Graphic presentation of the distribution of peptides (number) in 0.2 µg digested HeLa cell 

sample using the 120- minute gradient with the Accucore® packed column (75 µm x 15 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. The 

analytical set-up used is shown in experimental section 2.5.1, Figure 24 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 300 nL/min. 
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Figure 44. Graphic presentation of the distribution of peptides (number) in 0.2 µg digested HeLa cell 

sample using the 240- minute gradients with the Accucore® packed column (75 µm x 15 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. The 

analytical set-up used is shown in experimental section 2.5.1, Figure 24 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 300 nL/min. 

 

 
Figure 45. Graphic presentation of the distribution of peptides (number) in 0.2 µg digested HeLa cell 

sample using the 360- minute gradient with the Accucore® packed column (75 µm x 15 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. The 

analytical set-up used is shown in experimental section 2.5.1, Figure 24 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 300 nL/min. 
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Figure 46. Graphic presentation of the distribution of peptides (number) in 0.2 µg digested HeLa cell 

sample using the 4800- minute gradient with the Accucore® packed column (75 µm x 15 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. The 

analytical set-up used is shown in experimental section 2.5.1, Figure 24 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 300 nL/min. 

In-house made porous layer open tubular columns 

The peptide distributions for the analysis 20 ng HeLa cell sample using in-house made PLOT 

columns with the 240-minute gradients are presented in Figure 47 and Figure 48. 
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Figure 47. Graphic presentation of the distribution of peptides (number) in 20 ng digested HeLa cell 

sample using the 240- minute gradients with the H(10)-2A PLOT column (10 µm x 118.4 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. 

The analytical set-up used is shown in experimental section 2.5.1, Figure 25 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 60 nL/min. 

 

 

Figure 48. Graphic presentation of the distribution of peptides (number) in 20 ng digested HeLa cell 

sample using the 240- minute gradients with the H(10)-7B column (10 µm x 115.2 cm). One bar 

represents 10 minutes of the gradient, e.g. the first bar is peptides with a retention time of 0-10 minutes. 

The analytical set-up used is shown in experimental section 2.5.1, Figure 25 and the MP gradient in 

experimental section 2.5.2, Figure 27. The flow through the column was 60 nL/min. 
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6.2.2 Chromatograms 

Figure 49. TICC for the third injection replicate of 0.2 µg HeLa cell sample analysed using the 

Accucore® packed column (75 µm x 15 cm) with the (A) 120-minute, (B) 240-minute, (C) 360-minute 

and (D) 480-minute linear gradients. The chromatographic system used are presented in Section 2.5.1, 

Figure 24. The MP gradients are shown in Section 2.5.2, Figure 27.   
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6.2.3 Test Certificate DionexTM Cytochrome C digest 

 

Figure 50. Scan of Test Certificate sent with the DionexTM Cytochrome C digest. A test chromatogram, 

chromatographic conditions, and a selection of peptides are presented.  
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6.3 Raw data and calculations 

6.3.1 Preparation of porous layer open tubular columns 

Formation of the porous layer 

Based on Vehus et al. [88] 

The weighed masses of reagents used to make the solutions for the preparation of the porous 

layer is presented in Table 15 and Table 16. Batch 1-4 (Table 15) was whirlmixed and 

sonicated to homogenize the solutions, while batch 5-7 (Table 16) was stirred for 40 minutes 

at 4°C and for 10 minutes at room temperature after adding TMOS. 

Table 15. The weight of reagents used to make the solution for the preparation of the porous layer based on 

the method of Vehus et al. with comments regarding the preparation of the solutions. 

   Mass (mg)  

Batch Capillary/ 

column 

Clogged 0.01 M 

Acetic 

acid 

Peg Filtrated 

PEG/Aa 

solution 

TMOS Comment 

1 V(10)-1A Yes 3003.3 272.9 2465.1 420.4 Old TMOS used  

V(10)-1B No 

V(10)-1C Yes 

2 V(10)-2A Yes 2999.5 269.7 2288.0 384.9 New TMOS 

V(10)-2B Yes 

V(10)-2C Yes 

3 V(10)-3A Yes 3001.7 271.1 2368.2 398.4 TMOS opened for 

the second time V(10)-3B Yes 

V(10)-3C Yes 

4 V(10)-4A Yes 3015.8 271.9 2275.5 385.5 TMOS opened for 

the third time  V(10)-4B Yes 
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Table 16. The weight of reagents used to make the solution for the preparation of the porous layer based on 

the method of Vehus et al. with comments regarding the preparation. 

   Mass (mg)  

Batch Capillary/ 

column 

Clogged 0.01 M 

Acetic 

acid 

Peg Filtrated 

PEG/Aa 

solution 

TMOS Comment 

5 V(10)-5A No 4006.5 361.2 2779.4 471.7 TMOS opened for 

the second time V(10)-5B Yes 

6 V(10)-6A Yes 4001.2 359.9 2602.4 443.5 TMOS opened for 

the fourth time. The 

solution “hardened” 

when exiting the 

capillaries during 

filling 

V(10)-6B Yes 

V(10)-6C Yes 

7 V(10)-7A No 4022.2 362.2 2830.1 491.1 New TMOS 

V(10)-7B Yes 

V(10)-7C Yes 

V(10)-7D Yes 

V(10)-7E Yes 

V(10)-7F No 
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Based on Hara et al. [89] 

The weighed masses of reagents used to make the solutions for the preparation of the porous 

layer of 10 and 5 µm ID fused silica capillaries are presented in Table 17 and Table 18, 

respectively. 

Table 17. The weight of reagents used to make the solution for the preparation of the porous layer in 10 µm 

ID fused silica capillaries based on the method of Hara et al. with comments regarding the. 

   Mass (g)  

Batch Capillary/ 

column 

Clogged PEG Urea Comment 

1 H(10)-1A Yes 0.4301 0.8997 TMOS opened for the second time. While 

washing with MeOH, MeOH was observed 

exiting from both capillaries. However, 

after some trouble with washing set-up, no 

solution exited from H(10)-1A 

H(10)-1B No 

2 H(10)-2A No 0.4303 0.9000 TMOS opened for the fourth time. 

H(10)-2B No 

3 H(10)-3A No 0.4302 0.9003 New TMOS 

H(10)-3B No 

4 H(10)-4A Yes 0.4299 0.8996 TMOS opened for the third time. The 

oven temperature programme did not 

work as programmed.  
H(10)-4B Yes 

5 H(10)-5A Yes 0.4034 0.9004 TMOS opened for the fourth time. The 

solution “hardened” when exiting the 

capillaries during filling 
H(10)-5B Yes 

6 H(10)-6A No 0.4304 0.9003 TMOS opened for the second time. 

H(10)-6B No 

7 H(10)-7A No 0.4302 0.8999 TMOS opened for the third time 

H(10)-7B No 

H(10)-7C No 

H(10)-7D No 
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Table 18. The weight of reagents used to make the solution for the preparation of the porous layer in 

5 µm ID fused silica capillaries based on the method of Hara et al. with comments regarding the 

preparation. 

   Mass (g)  

Batch Capillary/ 

column 

Clogged PEG Urea Comment 

1 H(5)-1A No 0.4302 0.9002 TMOS opened for the fourth time. 

H(5)-1B No 

H(5)-1C No 

H(5)-1D Yes 

2 H(5)-2A No 0.4298 0.8995 New TMOS 

H(5)-2B No 

H(5)-2C No 

H(5)-2D No 
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Functionalization solution 

Table 19. The weight of reagents made to prepare the functionalization solutions used for both column 

preparation methods.  

Batch Capillary/column Clogged 

Mass (g) 

Comment Chloro(dimethyl)- 

octadecylsilane 

P-

xylene 

 V(10)-1A No 

0.7101 0.3120 

 

1 H(10)-2A No Column appeared to 

be clogged, but after 

cutting 5 cm of each 

end, THF flowed 

through. 

H(10)-2B No - 

H(10)-3A Yes Still clogged after 10 

cm was cut off each 

end.  

H(10)-3B No - 

2 

H(10)-6A No 

0.7069 0.3131 

- 

H(10)-6B No - 

H(10)-7A No - 

H(10)-7B No - 

H(5)-1A Yes Still clogged after 10 

cm was cut off each 

end  
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6.3.2 Volumetric flow rate through porous layer open tubular 

columns 

The flow through the analytical column was calculated according to the time a bubble used to 

pass 2.7 cm in a 50 μm ID fused silica capillary (Figure 26, section 2.5.2). This example is 

based on the time from measurement 1 from Table 20. 

𝑉 = 𝜋𝑟2𝐿 = 𝜋 ∙ (0.025𝑚𝑚)2 ∙ 27 𝑚𝑚 

𝑉 = 0.053𝑚𝑚3 = 0.053 𝜇𝐿 = 53 𝑛𝐿 

Volumetric flow rate: 

𝑉

𝑡
=

53 𝑛𝐿

62.94 𝑠
∙

60𝑠

𝑚𝑖𝑛
= 50.52

𝑛𝐿

𝑚𝑖𝑛
 

The measurements used to calculate the flow through the PLOT columns are given in Table 20 

- Table 22. 

Vrije-PLOT column 

Table 20. Measured time (s) a bubble used to pass 2.7 cm in a 50 μm ID fused silica capillary and 

calculated flow through Vrije-PLOT column (10 µm x 63.2 cm, 56 cm effective length) with a 15 µm x 

56.2 cm gradient split. 

Measurement Time (s) 
Volumetric flow rate 

(nL/min) 

1 62.94 50.52 

2 61.23 51.94 

3 61.37 51.82 

Average 61.85 51.43 
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In-house made PLOT columns 

Table 21. Measured time (s) a bubble used to pass 2.7 cm in a 50 μm ID fused silica capillary and 

calculated volumetric flow through H(10)-2A PLOT column (10 µm x 118.4 cm) with a 15 µm x 250 

cm gradient split. 

Measurement Time (s) 
Volumetric flow rate 

(nL/min) 

1 53.56 59.37 

2 52.76 60.27 

3 52.99 60.01 

Average 53.10 59.88 

 

Table 22. Measured time (s) a bubble used to pass 2.7 cm in a 50 μm ID fused silica capillary and 

calculated volumetric flow through H(10)-7B PLOT column (10 µm x 115.2 cm) 15 µm x 170.6 cm 

gradient split. 

Measurement Time (s) 
Volumetric flow rate 

(nL/min) 

1 51.96 61.2 

2 51.72 61.48 

3 53.01 59.99 

Average 52.23 60.88 
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6.3.3 Linear flow rate 

Volumetric flow rate, Q (mL/min):  

𝑄 = 𝑢 ∙ 𝜋𝑟2 

Linear flow rate, u (cm/min) 

𝑢 =
𝑄

𝜋𝑟2
 

Calculating linear flow rate for Accucore® (75 µm x 15 cm) when 𝑄 = 300 ∙ 10−6 𝑚𝐿

𝑚𝑖𝑛
=

300 ∙ 10−6 𝑐𝑚3

𝑚𝑖𝑛
 (Table 23) 

𝑢 =
300 ∙ 10−6 𝑐𝑚3

𝑚𝑖𝑛
𝜋(37.5 ∙ 10−4𝑐𝑚)2

= 6.79 𝑐𝑚/𝑚𝑖𝑛  

 

Table 23. Volumetric flow rate (nL/min) and their corresponding linear flow rate (cm/min) for a 

selection of columns 

Column Volumetric flow rate 

(nL/min) 

Linear flow rate (cm/min) 

10 µm ID PLOT 60 76.39 

5 µm ID PLOT 15 76.39 

Accucore® (75 µm x 15 cm) 300 6.79 

Acclaim PepMapTM RSLC 

(75 µm x 25 cm) 

300 6.79 

Acclaim PepMapTM RSLC 

(75 µm x 25 cm) 

200 4.52 

Vrije-PLOT 51.43 65.48 

H(10)-2A 59.88 76.24 

H(10)-7B 60.89 77.52 
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6.3.4 Protein and peptide identification in HeLa cell tryptic digest 

The number of proteins and peptides identified using the Accucore® analytical column is 

presented in Table 24 and Table 25. The number of identified proteins and peptides using the 

PLOT columns are presented in Table 26-Table 28 

Table 24: Number of peptides and proteins identified using an Accucore® (75 µm x 15 cm) analytical 

columns with a sample amount of 0.2 µg HeLa cell. 120, 240, 360, and 480 min gradients were used. 

The average value and the STD and RSD (%) are also given. The distributions of the peptides are 

presented in Figure 43 - Figure 46. 

Gradient 120 min 240 min 360 min 480 min 

 Peptide Protein Peptide Protein Peptide Protein Peptide Protein 

Replicate 1 11050 2306 13815 2576 11682 2227 15142 2697 

2 9930 2214 13379 2547 10264 2056 15005 2668 

3 12972 2520 13043 2493 9976 2026 14348 2586 

Average 11317 2347 13412 2539 10641 2103 14832 2650 

STD 1539 157 387 42 913 108 424 58 

RSD (%) 14 7 3 2 9 5 3 2 

 

Table 25. Number of peptides and proteins identified using an Accucore® (75 µm x 15 cm, 2.6 µm, 150 

Å, C18) analytical columns with a sample amount of 2 µg HeLa cell. A 120 min gradient was used. The 

average value, the STD and RSD are also given. 

Replicate Peptides Proteins 

1 11785 2591 

2 12151 2593 

3 12257 2611 

Average 12064 2598 

STD 248 11 

RSD(%) 2 0.4 

 

Table 26. Number of peptides and proteins identified using the Vrije-PLOT column (10 µm x 56 cm 

effective length) with a sample amount of 0.1 µg. The average value, STD and RSD (%). The 

chromatographic system used are presented in Section 2.5.1, Figure 25. The 120-minute MP gradient is 

shown in Section 2.5.2, Figure 27 

Replicate Peptides Proteins 

1 3610 913 

2 4772 1168 

3 5521 1301 

Average 4634 1127 

STD 963 197 

RSD(%) 20 17 
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Table 27. Number of peptides and proteins identified using the H(10)-2A PLOT column  (10 µm x 118.4 

cm) with a sample amount of 20 ng. The average value, STD and RSD (%) are given. The chromatographic 

system used are presented in Section 2.5.1, Figure 25. The 240-minute MP gradient is shown in Section 

2.5.2, Figure 27 

Replicate Peptide Protein 

1 3072 795 

2 3619 919 

3 3451 870 

Average 3381 861 

STD 280 62 

RSD(%) 8 7 

 

Table 28. Number of peptides and proteins identified using the H(10)-7B PLOT column (10 µm x 115.2 

cm) with a sample amount of 20 ng. The average value, STD and RSD (%) are given. The chromatographic 

system used are presented in Section 2.5.1, Figure 25. The 120-minute MP gradient is shown in Section 

2.5.2, Figure 27 

Replicate Peptides Proteins 

1 7259 1630 

2 8208 1680 

3 7690 1589 

Average 7719 1633 

STD 475 46 

RSD(%) 6 3 
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6.3.5 Retention time and peak width, analysis of Cytochrome C  

Cytochrome C analysed with Acclaim PepMapTM packed column 

Table 29. Retention time (min), average retention time (min), STD (min) and RSD (%) for three 

injection replicates of 1 pmol Cyt C tryptic digest using an Acclaim PepMapTM packed column. The 

analytical set-up and the 30-minute linear gradient used are shown in section 2.5.1, Figure 24 and section 

2.5.2, Figure 28, respectively.  

 Retention time (min) Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 11.84 12.09 12.07 12.0 0.1 1 

KYIPGTK 11.80 12.07 12.07 12.0 0.2 1 

YIPGTK 12.17 12.33 12.14 12.2 0.1 0.8 

KTGQAPGFSYTDANK 15.39 15.41 15.45 15.42 0.03 0.2 

TGQAPGFSYTDANK 16.21 16.08 16.04 16.11 0.09 0.6 

EDLIAYLK 20.51 20.52 20.47 20.50 0.03 0.1 

 

Table 30. Peak width (min), average peak width (min), STD (min) and RSD (%) for three injection 

replicates of 1 pmol Cyt C tryptic digest using an Acclaim PepMapTM packed column. The analytical 

set-up and the 30-minute linear gradient used are shown in section 2.5.1, Figure 24 and section 2.5.2, Figure 

28, respectively. 

 Peak width (min) Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 0.21 0.22 0.17 0.20 0.03 13 

KYIPGTK 0.19 0.16 0.19 0.18 0.02 10 

YIPGTK 0.20 0.20 0.19 0.20 0.006 3 

KTGQAPGFSYTDANK 0.26 0.25 0.26 0.26 0.006 2 

TGQAPGFSYTDANK 0.25 0.28 0.26 0.26 0.02 6 

EDLIAYLK 0.70 0.44 0.25 0.5 0.2 49 
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Cytochrome C analysed with in-house made porous layer open tubular colums 

Table 31. Retention time (min), average retention time (min), STD (min) and RSD (%) for three 

injection replicates of 100 fmol Cyt C tryptic digest with the H(10)-2A PLOT column. The analytical 

set-up and the 30-minute linear gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 

28, respectively 

 Retention time (min) Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 6.37 2.03 X 4 3 73 

KYIPGTK 6.33 6.28 6.21 6.27 0.06 1 

YIPGTK 6.37 6.39 6.31 6.36 0.04 1 

KTGQAPGFSYTDANK 7.74 7.68 7.62 7.68 0.06 1 

TGQAPGFSYTDANK 8.12 8.08 7.98 8.06 0.07 1 

EDLIAYLK 12.14 12.07 11.97 12.06 0.09 1 

 

Table 32. Peak width (min), average peak width (min), STD (min) RSD (%) for three injection 

replicates of 100 fmol Cyt C tryptic digest with the H(10)-2A PLOT column. The analytical set-up and 

the 30-minute linear gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 28, 

respectively 

 Peak width Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 1.05 0.71 X 0.9 0.2 27 

KYIPGTK 0.78 0.71 0.72 0.74 0.04 5 

YIPGTK 1.04 0.81 0.91 0.9 0.1 13 

KTGQAPGFSYTDANK 0.83 0.82 0.82 0.82 0.01 0.7 

TGQAPGFSYTDANK 0.74 0.71 0.71 0.72 0.02 2 

EDLIAYLK 0.69 0.66 0.64 0.66 0.03 4 
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Table 33. Retention time (min), average retention time (min), STD (min) and RSD (%) for three 

injection replicates of 100 fmol Cyt C tryptic digest with the H(10)-7B PLOT column. The analytical 

set-up and the 30-minute linear gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 

28, respectively 

 Retention time (min) Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 3.14 3.17 3.16 3.16 0.02 0.5 

KYIPGTK 5.42 5.45 5.41 5.43 0.02 0.4 

YIPGTK 5.58 5.65 5.60 5.61 0.04 1 

KTGQAPGFSYTDANK 7.94 8.02 8.19 8.1 0.1 2 

TGQAPGFSYTDANK 8.86 8.89 9.24 9.0 0.2 2 

EDLIAYLK 18.05 18.02 18.97 18.3 0.5 3 

 

Table 34. Peak width (min), average peak width (min), STD (min) and RSD (%) for three injection 

replicates of 100 fmol Cyt C tryptic digest with the H(10)-7B PLOT column. The analytical set-up and 

the 30-minute linear gradient used are shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 28, 

respectively. 

 Peak width Average 

(min) 

STD  

(min) 

RSD 

(%) Replicate 1 2 3 

Peptide 

Ac-GDVEK 1.17 0.75 0.91 0.9 0.2 22 

KYIPGTK 0.97 1.04 1.02 1.01 0.04 4 

YIPGTK 1.28 1.16 1.52 1.3 0.2 14 

KTGQAPGFSYTDANK 0.68 0.68 0.65 0.67 0.02 3 

TGQAPGFSYTDANK 0.64 0.60 0.62 0.62 0.02 3 

EDLIAYLK 0.48 0.47 0.48 0.48 0.01 1 
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6.3.6 Peak capacity 

The formula for calculating the peak capacity is  

𝑃𝐶 =
𝑡𝑙𝑎𝑠𝑡 − 𝑡𝑓𝑖𝑟𝑠𝑡

𝑤𝑎𝑣𝑒𝑟𝑎𝑔𝑒
 

where tlast is the retention time of the last eluting compound, tfirst is the retention time of the first 

eluting compound, and waverage is the average peak width for separated compounds at 10% of 

the peak height. 

Example using the values from Table 35. 

𝑃𝐶 =
119.99 − 6.16

0.50
= 227.66 

 

Table 35. Calculation of PC for the 120-minute gradient at 10% of the peak height using the Accucore® 

(75 µm x 15 cm) analytical column. The table shows values from one injection replicate. 

tr (min) m/z  Peptide sequence Peak width (10%, min) 

6.16 414.7164 1 HAVSEGTK 0.48 

7.4 629.7979 2 ETPSQENGPTAK 0.34 

19.4 700.804 3 SMYEEEINETR 0.36 

40.46 530.2875 4 EELTLEGIR 0.39 

60.9 736.376 5 SSFYVnGLTLGGQK 0.44 

79.68 793.747 6 IFYHPETTQLMILSASEATVK 0.73 

100.89 881.9725 7 YGALALQEIFDGIQPK 0.72 

119.99 925.4556 8 TEFLSFMNTELAAFTK 0.54 

Average 0.50 

 

The calculated PC10s obtained with the commercial packed columns and the PLOT columns are 

presented in Table 36 and Table 37. 
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Peak capacity, commercially packed columns 

Table 36. PC10s for 120, 240 and 480 minute linear gradients with flow rate 300 nL/min injecting 0.2 

µg HeLa cell tryptic digest. The analytical columns used were Accucore® (75 µm x 15 cm) and Acclaim 

PepMapTM RSLC (75 µm x 25 cm). The analytical set-up and the linear gradients used are shown in section 

2.5.1, Figure 24 and section 2.5.2, Figure 27, respectively. 

Gradient length 120 min 240 min 480 min 

Analytical column Accucore®  Acclaim PepMapTM  

RLSC  

Accucore®  Accucore®  

Replicate 1 221 239 287 334 

2 228 215 256 336 

3 223 289 340 262 

Average 224 248 295 311 

STD 4 38 42 42 

RSD(%) 2 15 14 13 

 

Peak capacity, porous layer open tubular columns 

Table 37. PC10s for PLOT columns. For the Vrije-PLOT column, 100 ng HeLa cell tryptic digest was 

injected and separated using the 120-minute gradient with a volumetric flow rate of 50 nL/min. For the in-

house made PLOT columns, 20 ng HeLa cell tryptic digest was injected, and separated using the 240-minute 

gradient with a volumetric flow rate of 60 nL/min. The analytical set-up and the linear gradient used are 

shown in section 2.5.1, Figure 25 and section 2.5.2, Figure 27, respectively 

Gradient length 120 min 240 min 

Analytical column Vrije-PLOT  H(10)-2A  H(10)-7B 

Replicate 1 72 96 144 

2 75 108 118 

3 73 103 118 

Average 73 102 127 

STD 2 6 15 

RSD(%) 3 6 12 

 

6.3.7 Gradient retention factor, kg 

It should be noted that the calculation of the gradient retention factor is an approximation.  

𝑘𝑔 =
𝑡𝑅 − 𝑡𝑀

𝑡𝑀
 

where kg is the gradient retention factor, tR is the retention time of an eluted compound and tM 

is the elution time of an unretained compound.  
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For simplicity, tM was calculated as the time an unretained compound would use from the outlet 

of the pre-column to the detector: 

𝑡𝑀 =
𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑡𝑢𝑏𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝑣𝑜𝑙𝑜𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤
 

For a packed column, the immersed volume is determined to be approximately 70% of the 

column volume, and for an OT the immersed volume is set to be 100% of the column volume. 

Example of calculating tM for the Accucore® packed column using the values from Table 38. 

𝑡𝑀 =
(0.00045 + 2 ∙ 10−5 + 1.3 ∙ 10−6)𝑚𝐿

300 ∙ 10−6 𝑚𝐿
𝑚𝑖𝑛

 

 

Table 38. Column dimensions (ID and length), immersed volume, additional tubing volume and 

emitter volume for calculating tM.  

 Accucore Vrije-PLOT H(10)-2A H(10)-7B 

Column ID 

(mm) 

0.075 0.010 0.010 0.010 

Column length 

(mm) 

150  580 1184 1152 

Immersed 

volume (mL) 

4.5E-04 4.6E-05 7.9E-05 9.3E-05 

Additional 

tubing volume 

(mL) 

2E-05 

 

0 0 0 

Emitter volume 

(mL) 

1.3E-06 1.3E-06 1.9E-06* 1.9E-06* 

Volumetric flow 

(mL/min) 

0.0003 0.00005 0.00006 0.00006 

tM (min) 1.57 0.94 1.58 1.53 

 

Determining kg for peptide EGIPPDQQR on the Accucore® column using values from Table 

38 and Table 39: 
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𝑘𝑔 =
𝑡𝑅 − 𝑡𝑀

𝑡𝑀
 

𝑘𝑔 =
9.33 − 1.57

1.57
= 4.94 

 

Table 39. Average retention time (min) for the selected peptides (n=3), STD and determined kg 

analysing HeLa cell tryptic digest sample with a 120- and a 240-minute gradient with a commercial 

Accucore® packed column. The kg ratio is also included. Chromatographic conditions as described in 

Section 2.5. 

 Accucore (120 min gradient) Accucore (240 min gradient) kg ratio 

(
240 𝑚𝑖𝑛

120 𝑚𝑖𝑛
) 

Peptide tR (min) STD 

(min) 

kg tR (min) STD 

(min) 

kg 

EGIPPDQQR 9.3 0.6 4.94 12 1 6.36 1.29 

TQVTVQYMQDR 18 4 10.15 27 2 16.30 1.61 

VNFTVDQIR 34.9 0.1 21.20 53 1 32.98 1.56 

NEALAALLR 53.4 0.4 32.95 84.7 0.3 52.92 1.61 

GIDPFSLDALSK 76.5 0.5 47.66 133.5 0.6 83.95 1.76 

SDPFLEFFR 93.0 0.5 58.19 168.6 0.6 106.25 1.83 

 

A theoretical kg for a 240-minute gradient for the Vrije-plot column was determined by 

multiplying the ratio from Table 39 and the determined kg value (Table 11) from the 120-

minute gradient. 

𝑘𝑔,𝑡ℎ𝑒𝑜𝑟.240 𝑚𝑖𝑛 = 𝑘𝑔,120 𝑚𝑖𝑛 ∙ 𝑘𝑔𝑟𝑎𝑡𝑖𝑜 

𝑘𝑔,𝑡ℎ𝑒𝑜𝑟.240 𝑚𝑖𝑛 = 1.29 ∙ 7.29 = 9.40 

The theoretical kgs for a 240-minute gradient for the Vrije-plot column is presented in Table 

11. 
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6.3.8 Statistical tests 

F-test 

H0: The standard deviations are not significantly different  

𝐹𝑒𝑥 =
𝑠1

2

𝑠2
2 

where s1 and s2 are standard deviations for method 1 and 2. 

If Fex < Fcrit found in an F-table, a pooled standard deviation can be used for the calculation of 

texp. 

Example using the number of peptides identified when injecting 2 µg and 0.2 µg HeLa cell 

sample on the 15 cm Accucore® column with a 120 minute gradient (Table 24 and Table 25, 

Section 6.3.3).  

𝐹𝑒𝑥 =
15392

2482
= 38.5 

𝐹𝑒𝑥  <  𝐹𝑐𝑟𝑖𝑡 (2,2)  =  39 

H0 is kept; the standard deviations are not significantly different, and a pooled standard 

deviation can be used. 

t-test 

H0: The results are not significantly different. 

If the standard deviations are not significantly different, a t-test with a pooled standard deviation 

can be used: 

𝑡𝑒𝑥 =
�̅�1 − �̅�2

𝑠𝑝𝑜𝑜𝑙𝑒𝑑 √
1

𝑛1
+

1
𝑛2

 

where spooled is the pooled standard deviation, n1 and n2 is the number of replicates, and �̅�1 and 

�̅�2 are the average values. 

𝑠𝑝𝑜𝑜𝑙𝑒𝑑 =
√(𝑛1 − 1)𝑠1

2 + (𝑛2 − 1)𝑠2
2

𝑛1 + 𝑛2 − 2
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The degrees of freedom are: 

𝑑. 𝑓. =  𝑛1 + 𝑛2 − 2  

Example using the number of peptides identified when injecting 2 µg and 0.2 µg HeLa cell 

sample on the 15 cm Accucore® column with a 120 minute gradient (Table 24 and Table 25, 

Section 6.3.3).  

𝑠𝑝𝑜𝑜𝑙𝑒𝑑 =
√(3 − 1)15392 + (3 − 1)2482

3 + 3 − 2
= 1102 

𝑑. 𝑓. = 3 + 3 − 2 = 4  

 

𝑡𝑒𝑥 =
12064 − 11317

1102 √
1
3 +

1
3

= 0.830 

𝑡𝑒𝑥 < 𝑡𝑐𝑟𝑖𝑡(4) = 2.78 

H0 is kept; the results are not significantly different. 

 

If the standard deviations are significantly different, the following t-test is used: 

𝑡 =
�̅�1 − �̅�2

√
𝑠1

2

𝑛1
+

𝑠2
2

𝑛2

 

and the degrees of freedom are  

𝑑. 𝑓. =
(

𝑠1
2

𝑛1
+

𝑠2
2

𝑛2
)

2

𝑠1
4

𝑛1
2(𝑛1 − 1)

+
𝑠2

4

𝑛2
2(𝑛2 − 1)

 

 

Example using the number of proteins identified when injecting 2 µg and 0.2 µg HeLa cell 

sample on the 15 cm Accucore® column with a 120 minute gradient (Table 24 and Table 25, 

Section 6.3.3).  



107 

 

𝑡𝑒𝑥 =
2598 − 2347

√112

3 +
1572

3

= 2.76 

𝑑. 𝑓. =
(

112

3 +
1572

3
)

2

114

32(3 − 1)
+

1574

32(3 − 1)

= 2.02 

𝑡𝑒𝑥 < 𝑡𝑐𝑟𝑖𝑡(2) = 4.30 

H0 is kept; the results are not significantly different. 

 

 


