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2 Abbreviations and definitions 
	  
|Z| : Absolute value of impedance 

AC : Alternating current 

ACN : Acetonitrile 

AIBN : 2,2 ́azobis(2-methylpropinonitrile) 

ASP - N : metalloprotease purified from Pseudomonas fragi 

BSE : Back scattered electrons 

CDI : Capacitive deionization 

dc : Column ID 

DC : Direct current 

df : Stationary phase film thickness 

Dm : Diffusion coefficient in MP 

DMF : N,N-dimethylformamide 

DPPH : 2,2-diphenyl-1-picrylhydrazyl hydrate 

Ds : Diffusion coefficient in SP 

DVB : Divinylbenzene 

E : Electrical potential 

e : Elementary charge 

E0 : Amplitude of signal 

EIS : Electrochemical impedance spectroscopy 

ELISA : Enzyme linked immunosorbent assays 

ESI : Electrospray ionization 

Et : Potential at a certain time 

EtOH : Ethanol 

F : Faraday constant 

f : Frequency 

F : Retention factor 

FA : Formic acid 

GC : Gas chromatography 

Glu –  C : Serine proteinase purified from Staphylococcus aureus V8 

H : Plate height 

HEMA : 2-Hydroxyethyl methacrylate  (in solution) 

HEMA-VDM : 2-Hydroxyethyl methacrylate-co-2-vinyl-4,4-dimethyl azlactone 
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HPLC : High performance liquid chromatography 

i : Complex number 

I : Current 

I0 : Applied current 

ID : Inner diameter 

IMER : Immobilized enzyme reactor 

It : Response signal 

j : Current density 

k : Boltzman’s constant 

k : Retention factor 

l : Length 

LC : Liquid chromatography 

LC-MS : Liquid chromatography mass spectrometry 

LFD : Large field detector 

LHRH : [D-Ser4]- luteinizing hormone-releasing hormone 

Lys – C : Lysine  

m/z : Mass-to-charge ratio 

Mm : Molar mass 

MP : Mobile phase 

MS : Mass spectrometry 

MS/MS : Tandem MS 

n : Measurements per specimen replicate 

N : Specimen replicate 

OD : Outer diameter 

OD : Outer diameter 

OT : Open tubular 

OTER : Open tubular enzyme reactor 

PE : Primary electrons 

pHEMA-VDM : Poly(2-hydroxyethyl methacrylate-co-2-vinyl-4,4-dimethyl azlactone) (polymerized 

state) 

PLOT : Polymer layer open tubular 

PLOT-LC : Polymer layer open tubular liquid chromatography 

PS-DVB : Poly(styrene-co-divinylbenzene) 

R – Resistance (ohm) 

R : Molar gas constant 
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RP : Reversed phase 

RP-LC : Reversed phase liquid chromatography 

RSD : Relative standard deviation 

SE : Secondary electrons 

SEM : Scanning electron microscopy 

SP : Stationary phase 

Specimen : “Sample” 

t : Time 

tM : Zero retention time, elution time of a un-retained compound 

u : Linear flow rate 

UHPLC : Ultra high performance liquid chromatography 

UV : Ultraviolet 

V : Voltage 

Vc : Column volume 

VDM : 2-Vinyl-4,4-dimethyl azlactone 

Vt  : Void time 

VT : Thermal voltage 

WB : Western blot 

Z-0 : Impedance with respect to magnitude 

Z’ : Impedance (Real values) 

Z” : Impedance (Imaginary values) 

ZW : Warburg impedance 

γ-MAPS : 3-(Trimethoxysilyl)propyl methacrylate 

δ : Electrical conductivity 

φ : Phase angle 

ω : Angular frequency 
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3 Abstract 
 

The structure, thickness and characteristics of liquid chromatography (LC) column materials 

are central factors regarding their performance. However, miniaturized capillaries (sub 20.0 

µm inner diameter, typically used for small sample analysis) are difficult to characterize. The 

main goal of this work was to develop a simple, yet accurate, electrochemical impedance 

spectroscopy (EIS) method for characterization of the polymer layers of narrow open tubular 

(OT) columns. In situ prepared polymerized capillaries (poly(styrene-co-divinylbenzene) and 

poly(2-hydroxyethyl methacrylate-co-2-vinyl-4,4-dimethyl azlactone) OT capillaries were 

characterized.  

 

The developed EIS method proved simplicity in terms of providing layer thickness 

determinations compared to determination by scanning electron microscope (SEM). In 

addition, screening of the polymer layer homogeneity throughout the capillaries was 

simplified by EIS. The porosity of the polymer layer OT columns was investigated by EIS, 

SEM and sample loading capacity measurements (using LC). Under pore-blocking 

conditions, none of the polymerized capillaries could be shown to have porosity, so it was 

assumed that a thin polymer layer is beneficial for both types of capillaries in order to 

provide a high surface area, i.e. more available functional groups. EIS methods have not been 

published for capillary characterization by date. However, the method showed promising 

results and has great potential for future applications regarding characterization and 

preparation optimization of polymerized capillaries. 
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4 Introduction 
 

4.1 Proteomics  
 

The “proteome” was introduced in 1996 by Wilkins et al. [1], and describes the content in a 

living cell or organism related to protein expression by the genome. In 1998 Andersen et al. 

[2] renewed the word into “proteomics”, a less defined term covering most of the same 

concept. Today proteomics is referred to as the experimental study of protein structure and 

behavior [3], where techniques such as western blotting (WB), immunohistochemical 

staining and enzyme linked immunosorbent assays (ELISA) have been established over 

previous decades for protein identification [4]. However, mass spectrometry (MS) based 

techniques are considered to constitute the main technology for unraveling the more complex 

biological samples due to the MS’s sensitivity and speed for samples in small amounts [5]. In 

addition to proteomics, other “omics” i.e. metabolomics, genomics etc. are on the rise for 

personalized medicine for early diagnostics and treatment [6]. Personalized medicine aims 

for specifically tailored treatment, individually, rather than the common approach for 

treatment of the average phenotype (i.e. average physical characteristics) [7]. Dealing with 

protein expression and biomarkers in early stage diagnostics is demanding regarding 

sensitivity. To meet the criteria for future analyses, established methods must be optimized as 

well as new technology has to be developed. To reach this goal, development of new methods 

and instrumentation are of great importance.  LC-MS based approaches have evolved over 

the last decades as an analytical platform due to its sensitivity, selectivity, accuracy and 

speed. LC-MS has therefore been established as an essential method for complex sample 

mixtures e.g. protein characterization [8-10]. 
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4.2 Liquid chromatography 
 

LC is by date an established separation technique, and is in combination with MS a powerful 

tool for quantitative determination and qualitative analyses. Separation in LC is carried out 

by affinity to a packed, monolithic or coated separation column e.g. polymer- or silica-based 

with attached functional groups (the material in separation columns is referred to as 

stationary phase (SP)) [11, 12]. LC is operated by pressurized liquid (mobile phase (MP)) 

that introduce the sample to the separation column. One or more solvents compose the MP in 

addition to additives e.g. formic acid (FA) for pH adjustment. The most common separation 

principle in LC, reversed phase (RP) [11] chromatography uses a binary mixture (often  water 

and an organic solvent) where the amount of organic solvent is adjusted according to desired 

hydrophobicity. There are other separation principles in LC e.g. normal phase, ion exchange 

and size exclusion. In RP chromatography, the SP is hydrophobic with a more polar MP. 

Less polar MP compositions will have higher elution strength, and separation of complex 

samples is often carried out with a gradient (increase of organic solvent ratio) to improve 

resolution and reduce analysis time. The solvent delivering system (pump) is the main part of 

an LC module, and dependent on the resistance in the system (where the main contribution is 

by the separation column) pressure can build up to 1000 bar. Conventional LC pumps operate 

normally under 400 bar, however due to rapid technology development, separation can now 

be carried out up to 1000 bar (ultra high performance liquid chromatography (UHPLC)), to 

achieve high efficiency separation on columns packed with small particles. 

 

Columns in liquid chromatography 

Even though the solvent delivering system could define the LC-system (e.g. LC, UHPLC, 

nano-LC etc.), the column is the “brain” for achieving efficient separation. During the past 

decades conventional separation columns were typically in a packed format; 3-25 cm in 

length, 2 – 5 mm inner diameter (ID) and with particle size 3 – 5 µm. Smaller column 

dimensions are however not a new technology, but their use has been restricted due to 

underdeveloped solvent delivering systems. By date there are many definitions and 

terminologies regarding column dimensions, typical values are presented in Table 1.  

Typically, a conventional column packed with 3.0 µm particle size (dp) in a 2.1 mm x 100 

mm column is expected to have N = 12 000. However, by reducing particle dp to 1.8 µm, 

efficiency is increased to N = 24 000 (packed in a 2.1 mm x 100 mm column) according to 
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Agilent technologies [13]. Small particles can be used at higher linear flow rates without 

increasing plate height (H) and is favored for high-speed analyses of complex samples. 

However, by reducing particle size the pressure will increase [11, 12]. Since fast and efficient 

separations are desired, small particles are more frequently used for achieving higher 

separation efficiency. Larger sizes particles are now a day more used for preparative 

separations [14] (fractionation of compound groups) due to a lower price per column. 

Monolithic separation columns could be a good substitute to the traditional packed column. 

The monolithic columns are prepared by polymerization in situ, forming a structure of 

macro-, meso- and micro-pores (the pores are defined according to diameter; >50 nm, 2-50 

nm and < 2 nm, respectively [15]). With high permeability and low flow resistance, 

monolithic columns could provide good separation in short run times (due to higher flow 

rates allowed) [16, 17]. The wall-coated LC columns, open tubular (OT) is restricted for 

niche platforms (elaborated in section 4.3), in contrast to gas chromatography (GC) where 

the OT format is the dominant choice. Independent of column format, column efficiency is 

measured by the plate number (N) at isocratic elution.  

 
Table 1 Typical values for column dimensions and flow rates in commercial, capillary and nano-LC. 
Adapted from [12]. 
 

Column type ID (mm) Length  (cm) Particle size (μm) Typical flow rate  

(μL	  /	  min) 

Conventional 2 - 5 3 - 25 3 - 5 100 - 200 

UHPLC 1 - 2 3 - 15 1.7 - 1.9 100 - 1000 

Micro bore 0.5 - 1 3 - 25 3 - 5 20 - 100 

Capillary 0.1 - 0.5 3 - 25 3 - 5 1 - 20 

Nano-LC 0.01 - 0.10 5 - 25 3 - 5 0.02 - 0.20 
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Miniaturization 

Benefits of reducing column ID have been proposed and discussed since the mid 1980’s [18, 

19]. However, the largest benefit is reduction of cross sectional dispersion of the sample band 

(Figure 1), where the compounds exit the column in a more concentrated band when using a 

narrower column. In combination with a concentration-sensitive detector e.g. electrospray 

MS, this enhances the signal allowing for more sensitive determinations [20]. By reducing 

the column ID, major parts of the system have to be adjusted according to the downscaling 

factor (F) (Eq. 1), which calculates potential gain (when injecting equal amounts) in 

sensitivity as well as flow rate [20]. Reducing the column ID will however affect loadability, 

where narrow columns allow less sample to be loaded. 

 

 
Figure 1 Schematic illustration of cross sectional dispersion of sample band (referred to as radial 
dilution in the literature [20-22]) in a LC column. Since radial dilution is a function of the square root 
of the column radius, the signal is enhanced when used with ESI-MS detection since the compound 
enter the MS in a more concentrated band. Adapted from [20]. 
 

 

F = !"!"#$%&  !
!"!"#$%&  !

!
          Eq. 1 
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Nevertheless, there are many benefits of using very narrow columns (often referred to as 

nano-LC, due to the nL/min flow rates). In combination with electrospray ionization (ESI) as 

previously mentioned, the low flow rate generates a more efficient spray with smaller 

droplets leading to a better ion transfer to the MS as well as reducing the risk of ion 

suppression (due to the small droplets in the ESI). Furthermore, low solvent consumption and 

better temperature control over the column is obtained by using a nano-LC system [20]. The 

temperature in the LC-system and mainly over the column is important to keep in control 

since organic solvents rapidly change in viscosity under temperature fluctuation [23]. 

Changes in temperature affect retention and ultimately resolution. Narrow columns and 

tubings have a lower degree of radial temperature gradient and are therefore not as heavily 

affected by temperature changes compared to conventional LC-systems [24]. Even though 

miniaturized systems have been in use by different research groups throughout the last 

decades [22, 25-29], they have mostly been operated with customization, since conventional 

LC-pumps struggle to deliver sufficient stable low flow rates (sub 1.00 μL/min) [30]. 

However, a possible solution has been flow splitting before the analytical column [25]. But, 

flow splitting is not desirable due to environmental and economical reasons. Because of 

sample loss, where a ratio of the sample which is equal to the flow splitting goes to waste, a 

higher sample amount is needed. During the last decade splitless solvent delivery systems for 

nano-LC have been introduced (e.g. EASY-nLC 1000 from Thermo Fischer Scientific), that 

can operate in the high-pressure range (≤ 1000 bar). 

 

4.2.1 On-line LC 
When samples are low in analyte concentration and limited in volume, normal sample 

preparation “on the bench” introduce risks of contamination and loss of analyte [31]. Sample 

preparation is however necessary for most samples prior to LC analyses, especially in 

combination with MS. However, a solution to the normal extraction and up-concentration 

techniques is on-line LC [32], where main parts of the sample preparation as well as focusing 

techniques are incorporated in a closed system. Closed systems (on-line systems) are favored 

when working with small sample volumes (in the scale of µL) since it is near impossible to 

work with such volumes “on the bench” without introducing contaminations. On-line systems 

are based on direct injection of sample, with minimal sample preparation (pre injection). 

Removal of matrix components can be accomplished within the system by column switching 

[27, 29, 33]. Column switching gives the possibility of redirecting the flow – also allowing 
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columns with different specificity to be coupled in series [27, 29, 32, 33].  In proteomics 

where the samples often contain matrix components that are unfavorable for most detectors 

and the analyte are in low concentrations, the use of on-line solid phase extraction (SPE) 

columns (also called; pre-column or trap-column) is advantageous. Using on-line SPE-

columns, salts and hydrophilic compounds could be directed to waste while the hydrophobic 

compounds are retained (in an RP-LC system). SPE-columns can either contain the same or a 

different stationary phase to the analytical column, as long as they are slightly less 

hydrophobic to the analytical column (in RP system) e.g. C8 pre- and C18 analytical-column. 

In addition to SPE-extraction columns, immobilized enzyme reactors (IMERs) (section 4.4.2) 

have been introduced for protein digestion [34, 35]. 

 

4.2.2 Liquid chromatography mass spectrometry 
A MS is a mass analyzer that has become a central choice for qualitative and quantitative 

determinations of small molecules and proteins [36, 37]. MS is suited for compounds that can 

be ionized in gaseous state. The MS comes in a variety of component combinations. 

However, common for all MSs is that they consists of an ionization unit (ion source), a mass-

to-charge (m/z) separation unit (analyzer) and a detector [12] (with exception of the fourier 

transformation-based mass analyzers such as the Orbitrap). In general, MS is a mass-sensitive 

“detector”. However, in combination with an ESI ion source, the MS will also be 

concentration-sensitive. The combination of LC and MS has been a desirable application 

throughout the 20th century, but was challenging (due to LC’s continuous solvent flow) up 

until the late 1980’s when Fenn et al. [38] set up an LC-ESI-MS and further demonstrated the 

ionization efficiency for larger bio-molecules [39]. ESI is by date one of the dominant ion 

sources for LC-MS [11]. 

 

Nanospray-MS 

As mentioned in the previous section, the ESI interface revolutionized the link between LC 

and MS. The ESI provides efficient transfer of ions in liquids into gaseous state and is suited 

for compounds with polar/ionizable groups [12]. However, due to miniaturized LC columns, 

nanospray was developed to compensate for low flow rates (nL/min, hence the nomenclature) 

[40]. Nanospray is in many ways a miniaturized version of the traditional ESI, nevertheless, it 

provides advantageous compared to conventional ESI [41]. Due to the narrow nanospray 

emitter (spray tip) droplets are assumed to be < 200 nm (ID) and therefore, no need of drying 
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gas (sheet gas) (in contrast to conventional ESI) [42]. The drying gas in conventional ESI 

aids the evaporation of solvent, but can redirect the spray away from the transfer capillary 

tube into the MS (leading to a poor ion transfer from the ESI to the MS). Benefits of small 

droplets are higher evaporation rate as well as minimized concentration gradients within the 

droplets (e.g. regarding salt and other charged species) reducing ion-suppression. Since the 

spray aerosol is composed of smaller droplets (Mann et al. [43] proposed that the nano spray 

droplets were monodispersed i.e. one molecule per droplet) a higher charge-to-volume ratio 

makes ion transfer to the MS enhanced compared to traditional ESI sources [43]. 

 

Ion-trap MS 

The ion-trap MS is separating ions based on stabile three dimensional oscillatios in a “trap” 

with an applied electric field. By varying the electric field (AC/DC potential ratio) in the 

“trap”, ions leave sequentially according to m/z ratio (where light ions often emerge first) to 

create a mass spectrum [11, 12]. A feature that separates the ion-trap from other mass 

analyzers is the possibility to capture a single ion (the rest of the ions are ejected) by exiting 

potential. Since the ion moves “back and forth” fragmentation can be accomplished MSn by 

introducing an inert collision gas in the trap. MSn makes the possibility to fragment the 

isolated ion in several steps before the mass spectrum is created [44]. MS fragmentation is 

essential in most proteomic studies, since the fragment patterns unravel the structures of 

larger biological molecules, yielding more information or lower detection limits [12]. Ion-

trap mass analyzers are robust, relative sensitive and relative inexpensive and have been used 

in most of the proteomic studies published until about 2003 [45]. However, a down side of 

the ion-trap is the limited number of ions that can be accumulated in the trap before space-

charge effects (when the total charge of ions captured alter the electric potential in the trap) 

distorts their distribution and ultimately resulting in low mass accuracy [11, 45]. The ion-trap 

comes in several different configurations regarding analyzers e.g. linear, spherical and 

orbital. In the present study a spherical trap was used without fragmentation, creating the 

mass spectrum from all ions that enter the trap (full scan mode). 
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4.3 Polymer layer open tubular column in liquid 

chromatography 
 

Polymer layer open tubular (PLOT) columns have been around since the early period of GC, 

and are considered as the dominant column type for GC analyses. PLOT columns, as long 

narrow open columns coated with a porous polymer layer have proven high efficiency and 

fast elution in GC. However, this is not the case in liquid chromatography [12]. From the 

Golay equation (Eq 2.), open tubular (OT) columns in LC get a major contribution to band 

broadening by resistance to mass transfer. However, they have gained more interest over the 

past decade for liquid chromatography [11, 25, 29, 46]. 

 

𝐻 = !!!
!
+ !!!!!!

!!
+

!!!!
!!

!!
	  	  	   	   	   	   	   	   	   Eq.	  2	  

where Dm is the diffusion coefficient in the MP, df is the film thickness, dc is column ID, u is 

linear flow rate, Ds is the diffusion coefficient in the SP, 

 fg  = (1+ 6𝑘 + 11𝑘!)/96(1+ 𝑘)!, fs = !
!
𝑘/(1+ 𝜅!), where 𝑘 is the retention factor. 

	  

To overcome the contribution of band broadening in open tubular liquid chromatography 

(OT-LC), the ID has to be reduced significantly (typically to 10.0 µm). OT columns have a 

low specific surface area compared to a packed column, resulting in poor loading capacities 

[12, 47]. These columns are therefore only suited for small sample amounts. However, a 

thicker polymer layer can solve this problem if the column is proven to be porous (yielding a 

larger surface area). Several attempts on preparation of PLOT columns for LC in the sub 50.0 

µm ID region have been made prior to 2006, but with limited success [48-51]. However, in 

2007 Karger et al. [25] prepared poly(styrene-co-divinylbenzene) (PS-DVB) PLOT columns 

with good resolution capabilities of a complex proteome sample, followed by Rogeberg et al. 

[52] in 2010 (who obtained “promising separation of low abundant proteins in skimmed milk 

samples”). The latter groups published preparations of relative easy in situ procedures for 

PLOT column preparation in fused silica capillary (10.0 µm ID) [25, 52]. However, it is not 

verified that the polymer layer is porous. 
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4.4 Sample preparation LC-MS based proteomics 
 

The use of LC-MS is a fundamental tool for characterizing complex biological samples in 

biochemistry and proteomics [53]. Biological samples often contain matrices that are 

unsuited for MS detection. Proteins of interest (in proteomics) are generally found in a 

mixture of other proteins that leads to some significant challenges for MS detection. 

Ionization techniques used for larger proteins work well if the sample contains equal amounts 

of constituents. However, this is in most samples not the case due to the dynamic range of 

protein expression [54]. With an excessive amount of unwanted proteins, the target protein 

could drown in the MS signal. Secondly, a mass spectrum from a complex sample is difficult 

to analyze, due to the number of components in the mixture. Furthermore, it can be 

challenging to ionize larger proteins. Additionally, large proteins can give complex mass 

spectrums due to possibilities of multi-charge. To avoid these problems, digestion of proteins 

into smaller peptides has been established as a protocol for quantitative determinations of 

proteins for LC-MS determinations [53, 55], since peptides are in general easier to ionize and 

provide better separation. 

 

4.4.1 Protein digestion 
There are numerous ways to digest proteins, both by use of enzyme and non-enzymatically 

digestion. Chemical cleavage is a technique where the sample is treated with an organic 

solvent. Organic solvents may not have a high specificity for one single cleaving site, and can 

lead to high mass peptides. Electrochemical oxidation is another strategy for non-enzymatic 

digestion, and has a specific cleaving in tyrosine and tryptophan [56]. However, both these 

amino acids are low abundant in the human proteome, and electrochemical oxidation does 

not apply as a solid technique for proteomics even though with an average size of 2.4 kDa 

they are suited for LC-MS [57]. However, enzymatic digestion is favored in diagnostics (not 

frequently used by date) and proteomics where repeatability, robustness and reliability are 

key factors. Enzymatic digestion is carried out by enzymatic hydrolysis [58]. Enzymes cleave 

with different specificity and it is important to choose the right enzyme combination. 

Enzymes such as Lys-C, Asp-N and Glu-C [59] are frequently used. However, trypsin is most 

commonly used due to its high proteolytic activity and cleavage specificity exclusively at C-

terminal to arginine and lysine. Lys-C is often used supplementary to trypsin because it 

hydrolyzes specifically at the carboxyl side of lysine [60-63]. A mixture of trypsin / Lys-C is 
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therefore favored to avoid missed cleavages. To aid digestion, common approaches include 

heat, organic solvents, infrared radiation, microwaves and ultrasonication. Disadvantages 

regarding the listed methods have been elaborated previously [57, 64] and will not be 

discussed further in this work. Reproducibility and efficiency are important factors. The 

selection of enzyme is however dependent on the target protein.  

 

 

4.4.2  IMERs for on-line sample preparation 
Developments of immobilized enzyme reactors have gained more attention throughout the 

last decade, and several on-line reactors with different functional compositions have been 

published [27-29, 58, 65]. IMERs have several advantages compared to in-solution 

techniques, e.g. larger enzyme to substrate ratio, higher digestion efficiency and better 

stability. Optimized digestion can be achieved compared to in-solution techniques as well as 

a reduced risk of autolysis, which is non-favorable self-digestion of proteins due to unspecific 

cleaving. Another benefit of IMERs is regeneration of the enzymes, allowing the reactor to 

be reused [57, 66]. IMERs have been used in several analytical platforms e.g. bio catalysis 

and bioprocessing [67], but for this study the use in proteomics is emphasized. Preparation of 

IMERs consists of enzymes immobilized to a solid support such as polymer- or glass-

particles/coating. The attachment is carried out by binding to functional groups e.g. vinyl in 

poly(2-hydroxyethyl methacrylate-co-2-vinyl-4,4-dimethyl) (pHEMA-VDM) [29]. IMERs 

can be prepared in several formats both in batch or in-situ, but are mainly prepared as 

monolithic- or packed columns [68-73]. In batch preparation is regarded as immobilization to 

a support prior to the column packing in contrast to in situ where the immobilization takes 

place on pre-packed / polymerized capillaries [35]. Even though IMERs are mainly prepared 

in packed or monolithic formats, Hustoft et al. [27, 29] have demonstrated in situ preparation 

of OT capillaries (20.0 µm ID) polymerized with HEMA-VDM and immobilized with trypsin 

for proteomic studies. IMERs in OT format are, however, not a recent development [74]. 
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Open tubular enzyme reactor (OTER) 
In 2013 Hustoft el al. [27] introduced an IMER in OT format abbreviated OTER (open 

tubular enzyme reactor). The OTER was aimed for digestion of a 10 protein standard mixture 

[27, 29]. The primary goal for the study was to incorporate the enzyme reactor in an OTER—

SPE-PLOT-ESI-LC-MS/MS system for targeted determinations. However, later work [29] 

proved the OTER useful for comprehensive proteomics as well. The OTER was prepared (in 

situ) in fused silica tubing (20.0 µm ID) and polymerized with HEMA-VDM and 

immobilized with trypsin and Lys-C.  
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4.5 Capillary preparation 
 

Most polymer-based capillaries (sub 100 µm ID) are prepared exclusively in fused silica 

capillaries [75]. However, since the polymer structure needs a solid attachment to the silica 

wall some general preparations is needed regardless of polymer type [76].  Common for all 

capillaries prepared in this thesis is pre-treatment and silanization, while the polymerization 

is individual for each purpose.  

 

4.5.1 Pre-treatment 
As previously mentioned, most polymerized capillaries are prepared in fused silica. When 

fused silica is manufactured contaminations could occur [77], and this could lead to in-

efficient attachment (of reactive groups) due to a reduced 

amount of active silanol groups. A strong base e.g. NaOH 

can be used to not only rinse, but also re-activate the silanol 

groups by hydrolyzing the siloxane bonds (Figure 2). 

Courtois et al. [76] performed a study of three commonly 

used “etching” procedures and reported that high 

temperature and longer treatment provided a rough surface 

(Figure 3) ( of the inner capillary wall) yielding a better 

attachment for silanization. 

 

 

 
Figure 3 Scanning electron micrographs of inner walls of etched fused silica capillary (A) and un-
treated (B). The etched capillary was treated with 1.00 M NaOH for three hours at 120 °C yielding a 
rough surface in contrast to the smooth surface of untreated capillary. The scale bar measures 2.00 
µm. Figure reprinted from [76]. 

Figure 2 Chemical reaction of 
fused silica with NaOH as etching 
reagent. Figure adapted and 
reprinted from [27]. 
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4.5.2 Silanization 
The process of attaching reactive groups to the fused silica surface is referred to as 

silanization. Silanization is an important step in order for further attachment of polymer to the 

surface and minimalizing the risk of polymer detachment. Mostly common are the use of 3- 

(trimethoxysilyl) propyl methacrylate (γ-MAPS) (Figure 4), where the vinyl groups serve as 

anchoring sites for further polymerization. The silanization procedure is mainly carried out 

for two reasons: firstly it ensures anchoring sites as mentioned previously and secondly it 

provides complete coverage of the inner wall 

(Figure 5 A) making for better repeatability 

regarding polymerization. A complete coverage 

of the silanols will prevent secondary interactions 

/adsorptions with the silica during a 

chromatographic run. 

 

 

 

 

 

 

Figure 5 The effect on polymerization of silanized (A) and un-silanized (B) fused silica capillaries 
prepared as polymerized monolithic columns. The capillary (B) was etched with hydrofluoric acid 
post polymerization to remove the fused silica. Figure adapted and reprinted from [78].  
 

 

Figure 4 Chemical reaction between 
hydrolyzed fused silica and γ-MAPS. Figure 
adapted and reprinted from [27]. 
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Silanization with γ-MAPS is preferably carried out under high temperature. However, 

thermal polymerization of the polymeric vinyl groups could occur, which can lead to 

unwanted voids in the polymer structure (as seen in Figure 5 B). To slow down this process 

an inhibitor could be added. Huang et al. [79] proposed 1,1-diphenyl-2-picrylhydrazyl 

(DPPH) as a good inhibitor for γ-MAPS. The previously mentioned study by Courtois et al. 

[76] investigated additionally 11 different silanization procedures based on γ-MAPS, and 

concluded that only a few published methods gave satisfactory results with decent 

reproducibility. They also investigated the presence of water in the silanization procedure, 

where this showed to affect the reaction by yielding capillaries of poor quality (coverage of 

silanols). Nevertheless, effect of water was not further elaborated. However, since alkyl 

silanes could react with hydroxyl groups, hydrolysis could occur and the polymer would 

attach poorly due to incomplete conversion into the siloxane bonds (capillary wall) [80].   

 

4.5.3 Polymerization 
The final step of preparing polymer-based capillaries is polymerization. Polymerization can 

in general be summed up in three different categories (addition-, substitution-, condensation-

polymerization). However, since most polymerizations are carried out with addition-

polymerization where molecules add together to form “giant” molecules [81], the different 

categories will not be elaborated upon. The polymerization is normally carried out with a 

solution containing monomer, initiator and porogen. The monomer, which is the small 

molecules that link together and form long chains are selected by desired polymer type e.g. 

styrene for formation of poly(styrene). The initiator is an unstable molecule that decomposes 

into a free radical and contributes to growth in the polymer chain. 2,2 ́Azobis(2-

methylpropinonitrile) (AIBN) is frequently used for capillary polymerization and could be 

initiated by thermal- and UV-exposure [82]. Porogen acts not only as a factor for porosity 

(without changing the chemical composition), but is also important for thickness of the 

polymer layer (in OT format) / skeleton (monolithic format) [83, 84]. It is hard to state the 

most suited porogens for each different polymer hence; optimum conditions are obtained by a 

“try and fail” principle [85]. However, several groups have elaborated on the relation 

between porogen and porosity, where in general larger molar mass solvents create bigger 

pores [85-87]. Additionally, solvent viscosity and polymerization temperature [88, 89] (heat 

initiated polymerization) must be taken to account. 
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Polymerization of HEMA-VDM 

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a macro porous polymer that is frequently 

used in polymer membranes for biosensors [90-92], as well as for immobilization and 

separations [27, 47]. The hydroxyl groups on the HEMA surface allow for various 

applications [92, 93]. Since HEMA has a hydrophilic surface and shown excellent 

biocompability, it has been immobilized with various bioactive molecules [27, 47, 93, 94]. 

HEMA can be modified and co-polymerized with a variety of reagents. Cullen et al. [95] 

included 2-vinyl-4,4-dimethyl azlactone (VDM) as anchor sites for enzyme immobilization, 

and found that VDM could carry a higher- or similar amount compared to other polymer 

carriers e.g. poly(glycidyl methacrylate) and 

ethylene dimethacrylate [96, 97]. In 2013 Hustoft 

et al. [27] prepared a successful IMER, 

polymerized with HEMA-VDM (Figure 6). The 

reactor was prepared in situ in fused silica 

capillaries (20.0 µm ID) and was immobilized 

with trypsin for the purpose of sample preparation 

in an on-line LC-MS system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Chemical reaction of HEMA 
and VDM for polymerization on γ-
MAPS silanized fused silica capillary. 
Figure adapted and reprinted from [27]. 
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Polymerization of PS-DVB 

PS-DVB is a macro porous polymer with hydrophobic characteristics (due to the presence of 

low chemical energy groups) [98]. Co-polymerization (crosslinkage) of styrene and 

divinylbenzene (Figure 7) is the most commonly employed polymeric material for separation 

science [99], and is especially used for preparation of monolithic structures (mentioned in 

section 4.2) [25, 52, 100-102]. Karger et al. [25] introduced OT columns (10.0 µm ID) for 

LC in 2007, and labeled them as “porous layer open tubular” columns. Karger et al.’s 

approach for preparing the columns in situ was similar to what Molina et al. [98] reported in 

2008 (not related to Karger et al.’s work) when their group prepared PS-DVB monoliths in 

glass ampoules by direct polymerization. According to Molina et al., the preparations did not 

provide a porous structure in contrast to what Karger et al. stated. One of the factors for 

preparation of PS-DVB structures are shrinkage of polystyrene which is mainly affected by 

temperature and volume [103]. In addition to shrinkage, swelling of the polymer is 

determined by choice of porogen, which inflicts the morphology. 

 
Figure 7 Chemical reaction of styrene and divinylbenzene polymerization on γ-MAPS silanized fused 
silica capillary. Figure reprinted from [104]. 
 

General PS-DVB column characteristics in liquid chromatography 

PS-DVB separation columns show increased retentivity for aromatic compounds, mainly due 

to π-π interactions between the benzene rings of the polymer and solutes [99]. The 

performance of the SP is however dependent of choice of MP. By the use of a hydrophilic 

MP e.g. methanol, the polymer will shrink and result in asymmetric peak shapes. In contrast, 

more hydrophobic MP (e.g. tetrahydrofuran) could swell the polymer and increase the 

efficiency, peak shapes and improve mass-transfer characteristics. This since swelling of the 

polymer reduces the micro-pores and further the solutes access [105-107]. 
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4.6 Characterization methods 
 

4.6.1 Electrochemical impedance spectroscopy 
EIS is a spectroscopic technique measuring electrochemical behavior between two or more 

electrodes by electric current. EIS characterizes materials regarding conductivity in a non-

destructive way and is a diverse technique used for many sciences e.g. from biological tissue 

to fuel cell technology characterization [108, 109].  EIS is frequency dependent and for 

characterization, frequency scans are necessary for determination of the system response 

[110].  For a more general approach; most people are familiar to electric resistance (measured 

in ohm, Ω), as opposition to electrical flow in a closed circuit. Ohm’s law dictates the 

measure of resistance (Eq. 3) and is a good approximation for most circuit elements.  

 

𝑅 =    !
!
           Eq. 3 

where V is voltage, R is resistance and I is current 

 

Ohm’s law theoretically applies to a one-circuit element with an ideal resistor at any level of 

voltage and current. It is frequency independent when the alternating current (AC) is in phase 

i.e. the sine waves is overlapping. However, this might not work in practice if circuit 

elements exhibit a complex behavior. At the point when the simple relationship of resistance 

(Eq. 3) is not applicable, the concept of impedance is introduced as a more general circuit 

parameter. Based on the general concepts of resistance, impedance measures the ability to 

resist electric flow, but is not as limited. By applying AC potential to a circuit element (cell), 

the current is following a sine wave function [111-113]. Additionally, small pulsing signals 

applied will make the cell's response to be linear like. The current-response in a linear system 

will act like a sine wave at equal frequencies but shifted in phase (Figure 8) (e.g. two waves 

with the same amplitude and frequency, without overlapping), and is therefore phase 

dependent. The technical term for this phenomenon is phase shifting). The pulsing signal can 

be expressed as a function of time (Eq. 4), where the relationship between angular frequency 

(ω) and frequency (f) is given in Eq. 5. The following will present a mathematical 

understanding of impedance’s general concepts. However, the impedance measurements are 

not mathematically expressed in this thesis. 
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Figure 8 Phase shifting of two un-synchronized AC-waves. The phase shift between wave A 

and B is 45-degrees i.e. A is 45-degrees in front of B. Illustration adapted from [114]. 

 

 

Et = 𝐸!sin  (ωt)          Eq. 4 

where E0 is the amplitude of signal, Et is the potential at a certain time (t) and E being the 

electric potential. 

 

ω = 2𝜋𝑓           Eq. 5 

 

As previously mentioned, the signal can be pseudo-linear where the response signal (It) is 

phase dependent and has different amplitude than the applied current (I0) (Eq. 6). 

 

𝐼! =    𝐼!sin  (𝜔𝑡 + 𝜑)         Eq. 6 

where φ represents the phase 

 

The impedance (Z) can be calculated by Eq. 7 with respect to equation 2-4 incorporated in 

Ohm’s law. 

 

Z = !!
!!
=   !!!"#  (!!)

!!!"#  (!"!!)  
= 𝑍!

!"#  (!")
!"#  (!"!!)

        Eq. 7 

 

In Eq. 7, impedance is given with respect to magnitude (Z0) and phase [111-113].  If Et is 

plotted with respect to It, it is possible to express impedance as a complex number. By 
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Euler’s relation in Eq. 8, impedance can be expressed as a complex function where the 

potential is given in Eq. 9. 

 

𝑒(!  !)= cos (φ)+ j sin(φ)        Eq. 8 

where j is current density 

 

Et = 𝐸!𝑒(!"!)           Eq. 9 

 

Furthermore, current response can be expressed as given in Eq. 10. 

 

𝐼! =    𝐼!𝑒(!"#!!)          Eq. 10 

 

By combining Eq. 8-10 as previously stated, impedance can be expressed as a complex 

number given in Eq.11 [111-113]. 

 

Z ω = !
!
= 𝑍!𝑒 !" =   𝑍! (cos 𝜑 − 𝑗𝑠𝑖𝑛(𝜑))     Eq. 11 
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Solid state in comparison to aqueous systems 

In material science, electrolytes or solid-state conductors are materials where the ions have a 

larger degree of mobility. In comparison to systems with liquid electrolytes, solid samples 

can in general not be analyzed as supported systems, in terms of adding a different or excess 

electrolyte to the sample (for increased conductivity). Even though solid systems may share 

some characteristics, they must nearly always be treated as unsupported [111]. Aqueous 

systems always have the advantage of adding extra or an excess secondary electrolyte to the 

sample, if the ions do not adsorb or react with the interface. By the use of an aqueous solution 

(still or moving), it is possible to screen the interior of the sample freely by measuring 

electric fields of the electrolyte (conducting solution) and resistance to electric flow [111]. 

Regarding structure determination in this thesis it is desirable to have a good conducting 

solution, capsuled by a non-conductive structure. If obtainable, the conducting solution will 

fill the structure and guide the electric current respectively. Similar approaches have not been 

reported to the author’s knowledge.  

	  

EIS data analysis and interpretation 

There is a distinction between unsupported- and supported systems that have to be considered 

for the data analysis. However the capillaries in this thesis will mostly be supported systems. 

In addition to mathematical approaches, supported interpretation will be used with respect to 

standard materials. There are several different ways to study EIS data, both complex and 

simple approaches. Interpretation of impedance data does difference in the literature, and for 

simplicity this thesis will follow the International Union of Pure and Applied Chemistry 

convention of M. Sluyters-Rehbach [115]. Notation for complex numbers (i) represent the 

solution −1 and j represent the current density in impedance measurements, which often are 

to be confused [108, 111, 115, 116]. For the work carried out in this thesis, it was desirable to 

keep the EIS interpretations as simple as possible. Therefore, Bode plots were used for all 

measurements. The Bode plot presents the absolute values of impedance (|Z|) (Eq. 12) and 

phase shift with respect to frequency [117]. 

 

|Z| = 𝑍′! + 𝑍"!          Eq. 12 

where Z’ is the real part of impedance and Z” is the imaginary part of impedance 
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With a Bode plot  (Figure 9) frequency break points associated with the absolute value of 

impedance can easily be identified. However, the curve shape can change if the circuit 

parameters are altered e.g. changing applied voltage or number of measuring points, which 

can be misleading regarding interpretation of the data at visual inspection.  

	  

	  
Figure 9 Bode plot of a simple circuit where |Z| is plotted with respect to frequency. Graph 

obtained from [118]. 

	  

EIS calculations in the present study 

 For determination of the polymer layer thickness, capillary radius is calculated by Eq. 13. 

Knowing the radius of OT capillaries after polymerization, the polymer layer thickness is 

found by subtraction of radius of an un-treated fused silica capillary (of the same ID pre-

polymerization). Eq. 13 was carried with the assumption R = |Z|. This is correct for the low 

frequency range if Z’ is dominant over Z” to an extent where Z” could be neglected (Eq. 12). 

 

𝑅 = !
!!!

  𝛿          Eq. 13 

where R is resistance, L is length, r is radius and δ is electrical conductivity 
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Linearity 

Most real electrode-material systems are non-linear in practice and impedance measurements 

tend to be dependent on more than one variable, e.g. frequency, time or voltage in such a way 

that the overall response is linear. This requires that the sum of inputs is the same as the 

signals applied simultaneously. However, both solid and liquid electrochemical systems show 

a non-linear behavior especially at the interface when the applied voltage is large. 

Nevertheless, if the applied potential difference of amplitude (Vm) is less than the thermal 

voltage (VT) (Eq. 14) by 25 mV or less at 25 °C, it can be showed that the basic equations 

coupled to response of the system is a good approximation. If the system is nonlinear, this 

estimate will not work. However, if Vm is noticeably less than VT the system will respond 

linearly. 

 

VT = 
!"
!
=    !"

!            Eq. 14 

where k is Boltzmann’s constant, R is the molar gas constant, T the absolute temperature, F 

the Faraday constant and e is the elementary charge. 

	  

Charge transfer 

Impedance measurements have been done previously to determine porosity. However, the 

technique has mostly been used on macro- and micro porous structures, such as cement and 

silicon [119, 120] and use of this technique on capillaries has not been reported. The 

polymers prepared in this thesis cannot be directly compared to silicon and cement, due to 

moisture, micro- and macro pores. Nevertheless, the surface structure might be similar. 

Charge transfer measurements in terms of diffusion (Warburg impedance) could be used to 

determine porosity in structures [111, 121]. Identifying the presence of Warburg impedance 

(charge transfer) is a helpful tool to unravel the mechanism of electric current moving 

through a specimen. There is no simple electrical equivalent of Warburg impedance. 

However, the behavior of Warburg impedance is in-between the phase angle of a resistor (90-

degrees) and a capacitor (0- degrees). For diffusion controlled electrochemical reactions, the 

current should be 45-degrees out of phase with the applied potential [111]. With this 

assumption, the real and imaginary parts of impedance should be equal at all frequencies 

[117, 122]. The diffusion is low on high frequencies, since reactants do not need to move 

much. At lower frequencies the charge have a longer distance to diffuse, increasing the 

Warburg-impedance [112]. However, at high frequencies the alternating potential might not 
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be able to penetrate the pores adequately [121]. Nevertheless, determination of diffusion 

mechanisms in a specimen can be investigated in two ways. With basis of the linear part 

(between 103-102 Hz in Figure 9) in a Bode plot, a slope of -1/2 or -1/4 can indicate diffusion 

control. However, linearity in a Randles plot (Figure 10) is used to determine if Warburg 

impedance is a significant component of the closed circuit element (with the previous stated 

assumption of 45-degrees out of phase). The Randles plot can be used as a confirmation for 

the linear slopes in a Bode plot [117] or for calculation of the diffusion coefficient Eq. 15.   

 

𝑍! = ! !
!

           Eq. 15 

where Zw is the Warburg impedance and s is the diffusion coefficient 

	  

	  

 
Figure 10 Example of an idealized (Z” = Z’) Randles plot of Z” with respect to ω1/2. Graph obtained 
from [117]. 
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4.6.2 Scanning electron microscopy 
SEM is used in a wide spectrum of science and has established itself as a routine tool for 

nano- and microstructures, as well as for column characterization [99, 123]. A modern SEM 

is capable of providing high-resolution pictures (micrographs) in the scale of nanometers	  and 

is efficient to use for samples which ordinary optics cannot magnify sufficiently. Detection is 

accomplished by dispersed or scattered electrons in contrast to an ordinary optical 

microscope [124]. Scanning electron micrographs are captured by electrons released from the 

sample surface (Back scattered electrons (BSE) and secondary electrons (SE)) resulting from 

collisions with accelerated electrons with applied potential from the primary electron beam 

(PE beam)). The PE-beam is accelerated through an anode before magnetic and electrostatic 

lenses focus it. The focused beam is directed by raster scan, following a linear pattern, one 

spot at the time. Each pixel is generated with respect to detected electrons in grey scale 

regarding intensity. High magnification can be obtained by using a smaller diameter electron 

beam (spot size) [124]. Dispersed electrons from the sample surface referred as secondary 1 

and secondary 2 electrons (SE1 and SE2) are mainly used. However, back-scattered electrons 

(BSE) have to be considered for certain analyses (Figure 11). Detection mode is dependent 

on the sample material, and for capillaries where the major part is made of fused silica (semi-

conductor) the large field detector (LFD) is most frequently used. The LFD is located off-axis 

from the sample holder (in the specimen chamber) and optimized for low-pressure analyses 

(typically 70 – 400 Pa), which is well suited for non-hydrated polymeric materials [124]. 

Conductive samples are in general easier to analyze in comparison to the less conductive 

such as fused silica. Less conductive samples dissipate negative charge poorly and therefore 

charge builds up due to electron irridation, leading to deterioration in image quality [123]. In 

general there are two ways to reduce/avoid electron irridation. 1) Coating the sample with a 

conductive material, or 2) reduction of the applied voltage (PE beam) in order to maintain the 

balance between primary and emitted electrons. As an alternative to the previously 

mentioned, low vacuum mode could be used, allowing non-conductive materials such as 

organic polymers to be easier analyzed. “Low vacuum mode” or “variable pressure mode” 

indicate the use of a gas in the specimen chamber for charge control [123, 124]. In general, 

SEM analyses are performed on dry specimens. It is therefore reasonable to consider 

supplementary characterization techniques for polymerized capillaries (for use in LC) since 

the polymer layer change characteristics (e.g. swelling) in presence of solvents. 
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Figure 11 Schematic drawing of scattered electrons from the sample surface in SEM, where the PE-
beam is referred to as PE, secondary electrons referred to as SE1 and SE2 and BSE are illustrated 
regarding appearance due to contact with the PE beam. 
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4.7 Aim of study 
	  

As an alternative to e.g. SEM, electrochemical impedance spectroscopy was to be assessed 

for the characterization of narrow polymerized capillaries for use in nano-LC. Moreover, the 

approach was to be used in the optimization of the columns in terms of polymer layer 

morphology. 
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5 Experimental 
 

5.1 Materials and reagents 
5.1.1 Chemicals 
N,N-Dimethylformamide anhydrous (DMF), 3-(trimethoxysilyl)propyl methacrylate (γ-

MAPS, 98 %), divinylbenzene (DVB, 80 % mixture of isomers), styrene (99 %), 1-heptanol, 

1-decanol (98 %), sodium hydroxide (99 %), 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH), 

2-hydroxyethyl methacrylate (HEMA, 97 %, containing 200-220 ppm monomethyl ether 

hydroquinone) and initiator 2,2 ́azobis(2-methylpropinonitrile) (AIBN), were all purchased 

from Sigma Aldrich (Darmstadt, Germany). 2-Vinyl-4,4-dimethylazaltone (VDM) was 

purchased from Polysciences Inc. (Warrington, PA, USA). Ethanol absolute ((EtOH) >99.98 

% was from VWR (West Chester, PA, USA), trypsin was purchased from Promega (through 

Nerliens Meszansky (Oslo, Norway). HPLC grade ≥ 99,9 % acetonitrile (ACN) and pentane 

(99 %) were from (VWR) and type-1 water (resistivity 18.2 MΩ/cm at 25°C) water from an 

ultrapure water purification system (Millipore Corporation, Billercia, MA, USA). Sodium 

chloride (99.5 %) was purchased from Merck (Darmstadt, Germany). HPLC grade (>97 %), 

[D-Ser4]- luteinizing hormone-releasing hormone (LHRH), sodium phosphate monobasic (99 

%) and HPLC grade ~ 98 % formic acid (FA) were purchased from Sigma Aldrich. Nitrogen 

gas 99.6 % (2.6) and 99.996 % (4.6) were purchased from (AGA, Norway). 

 

5.1.2 Test solutions 
Sodium chloride (0.0360, 0.0770, 0.100, 0.1529 and 1.05 M) and LHRH (10.0 ng/mL and 

20.0 ng/mL) dissolved in water were used as test solutions in this study. 

 

5.1.3 Materials 
Fused silica capillary was obtained from Molex Polymicro technologiesTM (Phoenix, AZ, 

USA), stainless steel unions and fused silica adaptors were purchased from VICI (Houston, 

TX, USA), polyether ether ketone (PEEK) tubings were purchased from IDEX corp. (Lake 

Forest, IL, USA). Glass vials (1.5 mL) were from various commercial sources. 	  
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5.2 Column preparation 
 

All solutions regarding capillary and column preparations were filled into the capillaries by 

an introduction system made at the Department of Chemistry (Figure 12). The system used 

pressurized nitrogen to push the solutions through the capillaries under variable pressure, 

depending on desired flow rate. 

 
Figure 12 Schematic illustration of the filling-system for narrow capillaries. Pressurized gas pushed 
the selected solution through the capillaries with variable pressure. The system was made with metric 
standards for fitting of 1.5 mL glass vials and connected to nitrogen (g). The system is designed by 
Inge Mikalsen. 
	  

The same pre-treatment and silanization steps were done for all capillaries, regardless of the 

polymer to be introduced (i.e. PS-DVB, HEMA-VDM). Reagents were weighed accurately 

on a Mettler (Greifensee, Switzerland) AE 166 with spatulas or Thermo Scientific (Waltham, 

MA, USA) Finnpipette F2 micropipettes and mixed in 1.5 mL glass vials with an accuracy of 

five percent of the stated amount in the following. The fused silica capillary (mainly 10.0 µm 

ID for PS-DVB and 20.0 µm ID for HEMA-VDM) was cut in desired length (1.50 – 5.00 m) 

and filled with 1.00 M NaOH, sealed with rubber septum (originally intended for GC-
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injection ports) and Parafilm M (Bemis, Neenah, WI, USA) laboratory film and heated for 

two hours in an Shimadzu (Kyoto, Japan) GC-17A oven at 100 °C. The capillary was flushed 

with ACN prior to type-1 water and dried by nitrogen gas for one hour. The silanization 

mixture consisted of 0.3135 g γ-MAPS and 0.0050 g DPPH dissolved in 0.6608 g DMF. The 

mixture was ultrasonicated in a Branson (Danbury, CT, USA) 5510 ultrasonic cleaner for 2 

minutes prior to filling, sealing and heating at 110 °C. The capillary was subsequently 

flushed with ACN for 30 min and dried with nitrogen gas, before the polymerization mixture 

was introduced. 

 

5.2.1 PS-DVB columns 
The 10.0 µm ID PS-DVB PLOT column preparation was performed as described by 

Rogeberg et al. [46] (with minor modifications in the monomer to porogen ratio if stated). 

The polymerization mixture consisted of 0.0050 g AIBN, 0.1818 g styrene and 0.1828 g 

DVB dissolved in 0.7434 g EtOH. The mixture was ultrasonicated for two minutes prior to 

filling and heated at 74 °C for 16 hours. 

 

PS-DVB PLOT columns in other dimensions 

Capillary polymerized with PS-DVB was prepared in 5.00 µm ID and 100.0 µm ID as 

described in section 5.2 and 5.2.1. 

 

5.2.2 HEMA-VDM capillaries 
The pHEMA-VDM polymerized capillaries were prepared according to Hustoft et al. [27]. 

The polymerization mixture consisted of 0.0800 g HEMA, 0.0200 g VDM and 0.0001 g 

AIBN dissolved in 0.6000 g 1-heptanol. The mixture was ultrasonicated for two minutes 

prior to filling into a silanized 20.0 µm ID capillary. The capillary was further sealed with 

rubber septum, and heated at 65°C and 85°C for 5 and 5 hours, respectively. The capillary 

was flushed with ACN for 30 minutes prior to drying with nitrogen gas rapidly after the 

capillary was removed from the oven. 

 

Reduction of internal diameter 

Capillaries polymerized with pHEMA-VDM were prepared in 10.0µm ID as described in 

section 5.2 and 5.2.2. 
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5.3 Scanning electron microscopy 
 

Selected parts of capillaries were cut to 1.00 cm in length and positioned vertically with 

double-sided carbon tape in the sample chamber of a FEI (Hillsboro, OR, USA) Quanta 200 

FEG E-SEM. The chamber was pumped to low vacuum and the lenses were stigmatized. The 

applied voltage was varied between 10.0 – 20.0 keV individually to ensure maximum 

resolution. For all sessions, the large field detector (LFD) and spot size 4 were used. For 

specified analyses: a Hitachi (Tokyo, Japan) SU 8230 high resolution SEM was used with 1.0 

keV applied voltage in low vacuum mode. 

 

 

5.4 Electrochemical impedance spectroscopy 

measurements 
 

Fused silica capillaries cut into 10.0 cm long specimens were connected and analyzed by 

instrument set-up (Figure 13). A kd Scientific (Holliston, MA, USA) KDS100 syringe pump 

in combination with a SGE analytical (Ringwood Victoria, Australia) 250 µL syringe with 

LC-tip, modified with a stainless steel ferrule and a 1/16” nut, was coupled to the capillaries 

with 1/16” stainless steel unions. At the end of union #2, a 5.00 cm long piece of fused silica 

(10.0 µm ID) was attached. The set-up was further connected to a Solartron analytical 

(Farnborough, UK) SI1260 impedance/gain/phase analyzer with a Solartron 1294 impedance 

interface. The data were sampled in Scribner Associates Zplot (ver; 3.0, Southern Pines, NC, 

USA) and studied in Scribner Associates Zview (ver; 3.0, Southern Pines, NC, USA). 
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Figure 13 Schematic illustration of the impedance measurement set-up. A syringe pump was 
connected to the sample capillary with stainless steel unions (fitted with Vici Valcon ES 1.4 fused 
silica adapter 1/16” for 0.4 mm outer diameter (OD) tubing) in addition to an “end site capillary”. 
Crocodile clamps made connection  (at each union) to the wires running from the impedance 
instrument. 
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5.5 Loading capacity by LC-MS measurements 
 

For all measurements of loading capacity, LHRH was used as the analyte. The most abundant 

ion was determined by direct injection of 0.100 mg/mL LHRH with a Chemyx inc. (Stafford, 

TX, USA) Fusion 100T syringe pump at 5.00 µL/min (with an external SGE analytical 250 

µL syringe) coupled to the ESI interface of a Bruker (Billerica, MA, USA) HCT ultra EDT 2 

ion trap MS (operated in positive mode) with PEEK tubing (length: 50.0 cm, 254 µm ID) 

(Figure 14).  

 
Figure 14 Schematic illustration of the direct injection system used for determination of the most 
abundant m/z ion. A syringe pump (with SGE 250 μL syringe) was connected to the interface with 
PEEK tubing for constant injection of the analyte while acquisition was running. 
 

The test of loading capacity was carried out by isocratic elution with water/ACN/FA (95/ 5/ 

0.1, v/v/v) by a Thermo Fischer (Waltham, MA, USA) Proxeon Easy-nLC 2 pump coupled to 

a Cheminert Vici (Schenkon, Switzerland) injection valve with internal loop (500 nL). 

Polymerized capillaries (l: 75.0 cm) were connected from the injection valve to the ESI-MS 

interface. A schematic description of the system is given in Figure 15. The experiments were 

carried out using 20.0 ng/mL LHRH with a flow rate of 100 nL/min. 
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Figure 15 Schematic illustration of the instrument setup used while determining loading capacity of 
PS-DVB columns (10.0 µm ID). In position A of the injection valve (top), filling of the internal 
sample loop (S) (500 µL) is engaged while the mobile phase goes straight to the column. As the valve 
is switched to position B (bottom), the mobile phase travels through the sample loop, and introduce 
the sample to the column. 
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6 Results and discussion 
 

Knowing the structure such as layer thickness and porosity of polymer-coated capillaries is 

important for optimization and development of new, as well as for characterization of 

established ones. Two different types of polymers (pHEMA-VDM and PS-DVB) with 

variation in the preparation step and ID have been studied in this thesis. The main focus was 

development of an EIS method for polymer characterization, for further optimization of 

column preparation. A schematic workflow is presented in Figure 16 for a quick overview of 

the experiments carried out.  

 
Figure 16 Overview of the workflow carried out in this thesis regarding the main experiments. The 
scheme is color coded where yellow represents capillary preparation, blue represents method 
development, green and red represents characterization of pHEMA-VDM and PS-DVB polymerized 
capillaries, respectively. 

EIS$method$

development$

Instrument$set2

up$

Polymer$charge2$

transfer$

Determina;on$of$

ID$

Calibra;on$

PS2DVB$

characteriza;on$

Porogen$variance$

SEM$
Loading$

capacity$

HEMA2VDM$

characteriza;on$

Reduc;on$

of$ID$

SEM$
Porogen$

varia;on$

SEM$

Pore2

blocking$

EIS$EIS$

EIS$

Prepara;on$of$capillaries$

6.2$

6.3$ 6.4$



	   41	  

6.1 Preparation of capillaries 
 

Preparation of polymer based miniaturized capillaries can be a relativity quick and straight 

forward process. However, some research groups have reported difficulties in making 

columns with adequate repeatability due to clogging or unsuccessful formation of a polymer 

layer [48-51]. In this section, general capillary preparation is discussed regardless of the 

polymer (i.e. PS-DVB and pHEMA-VDM), as the preparation steps are more or less 

identical. Independent of which type of capillary that is being made, the method of pushing 

solvent through narrow capillaries (sub 50.0 µm ID) can be challenging. During this study, an 

in-house pressure bomb driven by nitrogen gas was used, producing pressures from 100 – 

250 bar. By varying the gas pressure, the speed of solvent pushed through the capillary could 

be adjusted accordingly. Since Rogeberg et al. [46, 52] proved this particular system for PS-

DVB columns, and Hustoft et al. [27, 29] for pHEMA-VDM reactors, it was chosen for 

preparation of capillaries in this study. Rogeberg et al. [46] reported even polymerization 

with exception of the end sites where approximately three percent (of the total capillary 

length) were un-polymerized, and this was also observed during this study. To ensure a 

complete polymerization throughout the capillaries, and reducing the risk of introducing 

unwanted particles (e.g. carbon from the ferrules used in the pressure bomb etc.), roughly 

five cm were cut at the end sites after each filling step (pretreatment, silanization and 

polymerization). Initially, the gas quality in the system was 4.6, but was later changed to 

industrial quality (2.6). However, after the swap, column repeatability (in terms of clogged, 

open or un-polymerized) decreased. Gas purity might be one of the more important factors 

since low quality gas contains a higher amount of impurities, water amongst others. Water is 

un-desired during silanization because it can prevent γ-MAPS to react with the silanol groups 

of silica [76] (elaborated in section 4.5.2). Therefore, the gas container was replaced when 

half full (~ 100 bar) to prevent introduction of water molecules (in condensed state). Washing 

and rinsing in between each step were crucial for good repeatability, and it was particularly 

important to flush with ACN for at least 30 minutes after silanization to ensure that water was 

completely removed from the capillary before polymerization. A drawback of using the 

pressurized filling system was the risk of bubbles and “air pockets” throughout the 

capillaries. Air pockets might contribute to formations of large polymer globules and un-

polymerized sections. This feature was observed by SEM examination of the end sites of the 

capillaries (Figure 17), and corresponds to the observations reported by Yue et al. [25] of 
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large globules at the end sites of their PS-DVB PLOT columns. Large globules are un-

favored due to resistance in flow in addition to the risk of globules releasing from the wall 

structure and ultimately clogging the column. 

 

 
Figure 17 Scanning electron micrographs of two PS-DVB columns identically prepared, but with 
different flow rates (of solvent) in the filling process.  Column A (left) was filled with a low flow rate 
relative to column B (right). A large globule (or crater) marked with an arrow (column B) is partly 
blocking the column.  
 

 

By reducing the flow rate of liquid in the filling system (i.e. lower pressure in the pressure 

bomb), fewer large globules were observed. Since styrene has polymerization shrinkage of 

approximately 15 % [125], all ends were double sealed with GC-septum and laboratory film 

to ensure that the capillaries were airtight. Properly sealing of the capillary ends was crucial 

for good repeatability. In addition, less un-polymerized capillary needed to be removed at the 

end sites. With the precautions mentioned, a smoother polymer layer was obtained, with a 

reduction of column clogging. However, amongst several prepared columns, PS-DVB 

polymerized column (Figure 17 B) showed run-to-run instability regarding backpressure. 

The possibilities of un-attached polymer chains were considered, but due to the extensive 

rinsing procedure (in the column preparation) it was unlikely. As a second option, column 

clogging could have been a result of loosely attached polymer globules, which ultimately 

resulted in clogging (elaborated upon in section 6.4.1).  
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6.1.1 PS-DVB PLOT columns 
As mentioned in section 6.1 (preparation of capillaries) the PS-DVB PLOT columns were 

mainly prepared as described in experimental section 5.2.1 according to Rogeberg et al. 

[46]. However, the original preparation carried out by Yue et al. [25] and later Rogeberg et 

al. [52] reported good column to column repeatability within 3 % RSD (10.0 µm ID l: 4.20 

m), measured in retention time of a BSA/β-casein tryptic/Lys-C digest. In this study, 

measurements of repeatability were based on measurement of thickness and morphology of 

the polymer layer further discussed in section 6.4. The columns were visually examined by 

SEM, and were similar in structure to what has been previous reported. However, variations 

were observed with different column lengths and ID. The PS–DVB columns were mainly 

prepared in 1.00 m lengths, but also in 5.00 m. It was observed that for longer column lengths 

the chance of clogging increased. Additionally, by increasing the ID (Figure 18), columns 

gained a monolithic structure (without polymerization preparation adjustments). 

 

 
Figure 18 Scanning electron micrographs of PS-DVB polymerized capillaries in 5.00, 10.0 and 100 
μm ID made with the same silanization and polymerization solutions, and prepared the same day with 
exact same parameters (i.e. temperature, time and rinsing). Capillary A is 5.00 μm ID, capillary B 
10.0 μm ID and capillary C 100 μm ID. All capillaries were prepared in two-meter lengths as 
described in the experimental section 5.2.  
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Polymer solution homogenization time 

Even though the column preparation was done according to previous published work [46, 

52], some variations were investigated. To minimize the risk of free polymerized styrene 

chains [126], the polymerization mixture was ultrasonicated for two in contrast to the original 

five minutes. This was carried out mainly to reduce the risk of ultrasonic induced 

polymerization. However, major enhancement in column repeatability (in terms of 

preparation) was not observed. 

 

Robustness of PS-DVB column preparation 

All liquid reagents (styrene, DVB and EtOH) were initially weighed with micropipette 

transfers. Since the pipettes were calibrated and had adequate volume repeatability, the 

liquids were further on added with a fixed volume only. No change in repeatability was 

observed. 

 

 

6.1.2 pHEMA – VDM capillaries 
All pHEMA–VDM polymerized capillaries made during this study were prepared according 

to Hustoft et al. [29] with 1-heptanol as porogen (if not stated otherwise). The capillaries 

were prepared as described in the experimental section 5.2.2 with precautions elaborated in 

section 6.1 (preparation of capillaries) and were successfully polymerized in length up to 

1.50 m with 20.0 μm ID. Additionally, since 1-decanol was the preliminary porogen, based 

on work by Ole K. Brandtzaeg [127], 1-decanol was used as porogen (section 6.3.1) to 

examine the morphology obtained compared to 1-heptanol.  
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6.2 Characterization 
 

Good methods of characterizing polymerized capillaries are important for repeatable 

preparation and optimization of performance. SEM is mainly used by date as well as 

measurement of retention time for separation columns. Even though SEM provides useful 

information, e.g. an estimate of polymer thickness, it can give a wrong perception of depth. A 

minor adjustment in angling (of the capillary in the sample chamber) can lead to a disoriented 

image. In Figure 19 a PS-DVB polymerized PLOT column is captured with 80-degree and 

90-degree angle, respectively. The polymer thickness of the column was estimated to be 

approximately 0.5 μm in A, and close to non-existent in B. 

 
Figure 19 SEM images of PS-DVB polymerized PLOT capillary (10.0	  μm ID) prepared as described 
in experimental section 5.2 and 5.2.1. Image A (left) was captured with an 80° vertical angle, image B 
(right) was captured at 90°. A rough estimate of the polymer thickness in picture A is 0.5	   μm, in 
comparison to picture B where the polymer layer might be 0.1 μm. 
	  
As mentioned previously, both Rogeberg et al. [46] and Yue et al. [25] measured 

repeatability of column preparation as retention time regarding the PS-DVB polymerized 

PLOT columns. Both groups achieved good performance, however, they both used a 

chromatographic system with pre-columns. Since the separation could occur in the pre-

column, a more general method of characterization could benefit further development of both 

PLOT and other polymerized capillaries (sub 50.0	  μm ID). 
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6.2.1 Scanning electron microscopy 
To obtain SEM micrographs with good quality and with good capillary-to-capillary 

repeatability (regarding resolution), all mountings in the sample chamber were done 

vertically at 80-degrees. The most reliable micrographs were obtained at 20.0 keV in 

combination with the BSE detector in low vacuum mode. Use of high vacuum mode was 

examined, but did not yield sufficient picture quality due to charge effects in the silica. 

 

 

6.2.2 Development of electrochemical impedance spectroscopy 

characterization measurements 
 

Simple instrument set-up 

Since EIS had not yet been used for capillary characterization, the main focus was to develop 

and establish an instrumental set-up that was robust, yet easy to maintain and use. There were 

no published articles on the subject hence; the development was carried out by a “try and 

fail” principle. Preliminary work was based on filling capillaries with a conducting solution 

by the pressurized filling system used for column preparation (Figure 20), with subsequent 

transfer to the EIS instrumentation. 
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Figure 20 Schematic illustration of the preliminary impedance set up. The pressurized filling system 
(originally intended for column preparation) was used to fill the capillary with a conducting solution. 
The capillary was further fixed with 1/16” steel unions (butted) on both sides and connected to the 
impedance spectrometer with four crocodile clamps (two for each pole). Voltage was applied from the 
outer electrodes (red) and current from the inner (black). 
 

A 10.0 μm ID capillary was filled with conducting solution as described in section 5.2 

(capillary preparation) and connected to butted stainless steel unions (on each side). The 

capillary was subsequently connected to the impedance spectrometer with four crocodile 

clamps, two for each pole. Four electrodes were used since voltage was applied from the 

outer and current from the inner electrode. The measurements were carried out with three 

measurement replicates (n = 3). Each measurement was carried out with 36 measuring points 

and 200 mV applied voltage in the frequency range of 106 to 10-1 Hz. Various concentrations 

of NaCl (0.077, 0.100 and 0.153 M) were used for the EIS measurements. However, 

independent of concentration, the setup had a lack of connection (Figure 21). The non-

stabilizing slope in the Bode plot shows that there was no connection between the electrodes. 

Introduction of air from the filling system was a major problem with the system and therefore 

further development of the measurement method was necessary. 
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Figure 21 Bode plot for fused silica capillary (10.0	   μm ID, l: 10.0 cm) filled with 0.100 M NaCl 
using the pressure bomb. Impedance |Z| is plotted with respect to frequency (Hz). The measurement 
was carried out over 36 measuring points with 200 mV applied voltage in the frequency range of 106 
to 10-1 Hz. 
 

Optimization of EIS instrument set-up 

Since air bobbles were the main challenge with the initial set-up, an alternative closed system 

was developed. Fueled by a syringe pump (an external syringe fitted with PEEK sleeve, a 

steel nut and tip), the conducting solution was introduced to the capillary while positioned in 

the EIS set-up. As described in the experimental section 5.4, the capillaries were filled, and 

immediately analyzed. Fused silica capillaries (specimens) with 10.0 – 250 μm ID (l: 10.0 

cm) were subjected to measurements using 250 mV applied voltage over 31 measuring points 

(106 – 10-1 Hz). The specimen length was set to 10.0 cm due to practical reasons. All 

measurements were carried out over a frequency range to determine if a trend in the slopes 

could be observed. The measurements (n = 6) were carried out with 0.153 M NaCl and 

examined in a combined Bode plot at 1.00 Hz (Figure 22). 
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Figure 22 Bode-plot of untreated fused silica capillaries (l: 10.0 cm and 10.0, 15.0, 20.0, 30.0, 50.0, 
75.0 and 250	  μm ID) measured with 250 mV applied voltage over 31 measuring points (106-10-1 Hz) 
with 0.153 M NaCl as conducting solution. 
 

The figure shows that the electrical resistance in narrow tubing (sub 250 μm ID) can be 

measured and that the impedance was increasing with decreasing ID. However, the 

impedance for the lower ID range was close to 1.00 GΩ, which was on the borderline to get 

accurate measurements due to instrument limitations. Additionally, measurements of 10.0	  μm 

ID capillaries did not follow the expected slope. This could be due to loss of connection 

between the electrodes; hence, the conducting solution might have been too weak for the 

narrow tubing. 

 

 

 

 

Conducting solution and reduction of background noise 

To lower the overall resistance, the concentration of NaCl was increased. With parameters 

described in the previous chapter (Optimization of EIS set-up), fused silica capillaries (10.0	  

μm ID, l: 10.0 cm) were measured (n = 3) with 0.153 M, 0.200 M and 1.05 M NaCl. The 

overall impedance was reduced a tenfold by use of 1.05 M NaCl in compared to 0.153M, in 

addition to a reduction of background noise (Figure 23). Additionally, effects on increase of 

applied voltage were examined (Figure 24). Issues with high background were only present 

sub 20.0 μm ID and 20.0	  μm ID was therefore tested with 250, 280, 300 and 900 mV applied 
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voltage. Since background noise was most present at 50/60 Hz (originated from the electrical 

system), it was difficult to eliminate. However, at 900 mV applied voltage the noise at 50/60 

Hz was reduced. Variation in voltage had minimal effect of the slopes, and was not further 

investigated. 

 
Figure 23 Bode plot of fused silica capillary (l: 10.0 cm, 10.0 μm ID) measured with 250 mV applied 
voltage over 31 points (106-10-1 Hz) with 0.152, 0.200 and 1.05 M NaCl as conducting solution. 

	  
Figure 24 Bode plot of fused silica capillary (l: 10.0 cm, 20.0 μm ID) measured with 250, 280, 300 
and 900 mV applied voltage over 31 points (106-10-1 Hz) 1.05 M NaCl as conducting solution. The 
arrow marks the area where the noise is present between 50 and 60 Hz. 
	  
 

 



	   51	  

Correlation between ID and impedance 

To determine if there was a correlation between ID and impedance in the capillaries, 

untreated fused silica capillaries (l: 10.0 cm) in 10.0, 15.0, 20.0, 30.0, 50.0 and 75.0	  μm ID 

were analyzed with three capillary replicates (N = 3, n = 5) with 1.05 M NaCl as charge 

carrier at 1.50 Hz with 250 mV applied voltage. Measured impedance of the average values 

(per ID) plotted with respect to ID stated by the manufacture, is presented in Figure 25. The 

measured impedance had an exponential correlation to capillary ID.  

 

 

 

 

 

 
Figure 25 Average values of measured impedance (N = 3, n = 5) (|Z|, ohm) plotted with respect to 
manufactures stated ID of fused silica capillary (l: 10.0 cm). The capillaries (10.0, 15.0, 20.0, 30.0, 
50.0 and 75.0	   μm ID) were measured at 1.50 Hz with 250 mV applied voltage and 1.05M NaCl as 
conducting solution. The plot is presented with an exponential trend line with correlation factor, R2= 
0.999. The deviation of the measurements at each data point is presented in Appendix 1. 
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The method showed a correlation between calculated and stated ID (from the manufacture), 

and was therefore incorporated as the main characterization method. By determining the 

conductivity for the conducting solution with respect to stated ID; the set up could be used to 

determine polymer thickness by calculating ID (after polymerization) of a specimen with 

respect to conductivity of the conductive solution (calculated from measured impedance on 

un-treated fused silica capillary with similar ID. e.g. 20.0	   μm ID for polymerized capillary 

where preparation started on a 20.0 μm ID fused silica capillary) and Eq 13. However, for all 

ID calculations the contribution of Z” (of |Z|) had to be neclectable (an example of 

calculation is given in Appendix 2). 

 

To sum up, characterization on fused silica tubing sub 100 µm ID with SEM gives 

approximate measurements. EIS can be used as a complementary technique for ID 

calculation. The EIS method showed promising correlation for ID calculation on un-treated 

fused silica capillaries 75.0 – 10.0 µm ID and could further be used for characterization of 

polymerized capillaries regarding ID and ultimately polymer layer thickness.  

 

 

 

 

6.2.3 Polymer layer charge diffusion investigated by EIS 
To explore EIS as a characterization method for polymerized capillaries, charge diffusion in 

the PS-DVB polymer layer was investigated. One meter fused silica capillary (10.0 µm ID) 

was prepared according to section 5.2.1. The capillary was further cut in two 5.00 cm 

specimens (from the column center) and filled with 1.05 M NaCl according to section 5.4. 

All measurements were (N = 2, n = 3) investigated in the frequency range 106 – 103 Hz with 

10.0, 50.0, 100, 600 and 800 mV applied voltage. The data obtained from each EIS 

measurement were studied in Bode plots where slopes close to  – ½ or -1/4 were desirable for 

indication of porous characteristics (as described in section 4.6.1 (charge transfer)). 

However, the prepared capillaries showed no interaction of charge diffusion. Since all 

applied voltages gave similar graphs, only data from 600 mV applied voltage are presented 

(Figure 26). Furthermore, the imaginary part of impedance was neglectable. The phase angle 

indicated purely capacitive characteristics for all applied voltages throughout the whole 

frequency range.  
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Figure 26 Calculated slope (y = mx + b, where m = -18) for charge diffusion study of a PS-DVB 
polymerized PLOT column measured with 600 mV applied voltage. 
 

Ideally the measurements should have been conducted in the medium to low frequencies, 

since the applied potential might not be able to penetrate the pores adequately at high 

frequencies. However, low frequency analyses were not suited for the capillaries due to the 

purely conducting characteristics with neglectable contribution of the imaginary part of 

impedance (elaborated in Appendix 2). In addition to the EIS measurements, the polymer 

layer was examined in SEM with 15.0 keV in low vacuum mode for visual inspection. The 

micrographs showed a thin polymer layer with minimal globules and homogenous 

polymerization (Figure 27). However, it was not possible to reveal any porous structures 

with SEM due to instrumental limitations. Elaboration of the experimental results from the 

EIS measurements is presented in Appendix 2. 

 



	  54	  

	  
Figure 27 Scanning electron micrographs of polymerized PS-DVB column (10.0 µm ID) used for 
examination of charge transfer with impedance spectroscopy. An overview of the column is presented 
in A, while B presents a close-up of the polymer layer. The pictures were captured in low vacuum 
with 15.0 keV and the large field detector. 
 

 

A tentative conclusion from this experiment is that, the PLOT columns porosity was 

disconfirmed. The EIS measurements showed no charge diffusion in the PS-DVB polymer 

layer.  

 

6.2.4 EIS measurement of enzyme attachment on polymerized open 

tubular capillaries 
Even though the pHEMA–VDM polymerized capillaries were not used on an on-line 

platform as originally intended, a capillary was immobilized with trypsin for testing of 

conductivity with EIS. The enzymes can act as charge carrier and it was considered to use 

EIS to investigate immobilization. The EIS method did provide useful information; hence, it 

was possible to measure the capillaries without using a conductive solution (i.e. measure the 

impedance with the enzymes as exclusive charge carriers). However, further investigation on 

the subject was not prioritized. Detailed work is presented in Appendix 3. 
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6.3 Characterization of pHEMA–VDM polymerized 

capillaries 
 

6.3.1 Choice of porogen 
Even though Hustoft et al. [27] initially had success with 1-decanol as porogen for their 

pHEMA-VDM enzyme reactor, a swap to 1-heptanol was carried out in 2014 [29]. 

Elaboration of why the porogen was changed was not described other than the possibility to 

prepare longer capillaries. However, for optimization of the reactor it was important to know 

the difference between the variations in terms of morphology and robustness (preparation). 

By date, 1-heptanol as porogen gives high repeatability (in terms of preparation) with a 

predictable and homogenous polymer layers up to ~ 1.0 m in length [29]. In this section 

capillaries were prepared with 1-decanol as porogen to establish the contributions of the 

porogens.  

 

Four meter of (20.0 μm ID) fused silica capillary was prepared as described in experimental 

section 5.2. The capillary was further cut in four pieces (l: 1.00 m) prior to polymerization 

(section 5.2.2) where 1-decanol was used as porogen instead of the original 1-heptanol. 

Furthermore, 12.5 cm at each end were cut to ensure a continuous polymer layer through the 

capillaries. The characterization was carried out with SEM and EIS as schematically 

described in Figure 28. The capillaries were cut to five and three specimens, 10.0 cm and 

5.00 cm, for EIS measurements and SEM, respectively. EIS measurements were conducted to 

give an overview of the polymer layers throughout the capillaries. Replicate measurements (n 

= 4) were carried out in the frequency range 106 – 10-1 Hz with 600 mV applied voltage over 

31 measuring points. However, only data obtained from 1.50 Hz were used to calculate the 

thickness of the polymer layer. This could be done since the contribution of the imaginary 

impedance was neglectable. 
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The four capillaries were labeled A, B, C and D and characterized accordingly. One of the 

four capillaries (D) clogged during polymerization and was not further investigated. SEM 

analyses (Figure 29) and impedance measurements (Figure 30), show the morphology and 

polymer thickness throughout the capillaries. 

Figure 28 Schematic description of the characterization process of polymerized pHEMA-VDM 
capillaries. 
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Figure 29 Scanning electron micrographs of pHEMA-VDM polymerized capillaries with 1-decanol 
as porogen. The micrographs are processed as schematically described in Figure 28, captured with 
the LFD in low vacuum mode with 15.0 keV applied voltage. S1, S2 and S3 represent start, middle 
and the end section for each capillary (A, B and C), respectively. 
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Figure 30 Calculated polymer layer thickness from measured impedance of pHEMA-VDM 
polymerized capillaries (A, B and C) with 1-decanol as porogen. The data is presented as polymer 
thickness calculated through the columns in five parts (n = 4) as illustrated in Figure 28. The bars in 
the plot represent the median. 
 

From initial preparations and the columns presented, repeatability of the pHEMA-VDM 

polymer layer (l: > 0.80 m) was poor with 1-decanol as porogen. The capillaries showed in-

homogenous polymer layers with large globules and partly over-polymerized sections. Un-

polymerized sections were also present (capillary C), which ultimately could result in 

deprived immobilization of enzymes (as intended for the OTER) and low efficiency of 

protein digestion. Table 2 presents the average thickness throughout each capillary. The 

thicknesses is larger than what previous has been reported (0.75 µm) [27]. 
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Table 2 Average polymer layer thickness of pHEMA-VDM polymerized capillaries measured by EIS 
of five specimens per capillary (n = 4). The data is calculated from the measurements given in Figure 
30 and presented with standard deviation. 
 

 

 

Capillary 

Part 1 

Average 

polymer layer 

thickness 

(µm) 

Part 2 

Average 

polymer layer 

thickness 

(µm) 

Part 3 

Average 

polymer layer 

thickness 

(µm) 

Part 4 

Average 

polymer layer 

thickness 

(µm) 

Part 5 

Average 

polymer layer 

thickness 

(µm) 

A 0.85 ± 0.02 0.00 ± 0.02 1.15 ± 0.04 0.850 ± 0.005 0.70 ± 0.02 

B 0.80 ± 0.01 0.80 ± 0.01 1.00 ± 0.04 0.90 ± 0.02 1.00 ± 0.02 

C 0.00 ± 0.02 0.00 ± 0.02 2.0 ± 0.4 1.25 ± 0.02 1.15 ± 0.02 

 

 

Presented in the micrographs (Figure 29), the polymer layers occurred as a rough surface 

with un-evenly polymerized globules as well as a low degree of repeatability (in terms of 

morphology) throughout the whole length of all capillaries. Controlling the formation of the 

polymer layer is desirable for repeatable preparations. Layers prepared with 1-decanol as 

porogen polymerized randomly. Furthermore, 1-decanol is inert to HEMA and could 

contribute to phase separation once the polymer chains reach a certain size [128]. This can 

form a highly porous structure from interconnected globules [129]. Additionally, the 

porogens molar mass affects the pore size, where larger pores can be formed with a high 

molar mass solvents [86]. 1-Decanol has a higher molar mass (158.28 g/mol) compared to n-

heptane (100.21 g/mol). This is in compliance with the observed tendencies in the polymer 

layers (Figure 31) (compared to a pHEMA-VDM capillary prepared according to section 

5.2.2 as specified). It is reasonable to assume that the layers obtained were rough due to the 

interconnected globules starting to form a micro-porous structure. The calculated thickness 

(Figure 30) showed that the layer polymerized un-evenly in all capillaries. Even though they 

were prepared intraday under the same conditions with the same solutions, EIS only indicated 

polymer thickness within each specimen. The capillaries were measured to have thick 

polymer layers, and from visual examination, partly blocked sections were present (Figure 

29 B S2 and B S3). Even though the EIS method (for ID determination) was proven to 

measure IDs (section 6.2.2), accuracy must be considered unknown since the “method 

correlation” was carried out on un-treated fused silica capillaries without exact specified 

dimensions (ID is stated with slight variances from start to end of each fused silica coil). 
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Additionally, big globules that partly block the capillary could lead to an impaired 

conductivity since the ease of flow is reduced, resulting in inaccurate EIS measurements (due 

to restricted flow of electric charge). However, due to the low degree of repeatability 

(morphology); 1-decanol was proven not to be suitable as porogen for preparation of 

pHEMA-VDM polymerized capillaries. 

 

 

 
Figure 31 Scanning electron micrographs of pHEMA-VDM polymerized capillaries (20.0 µm ID) 
with A) 1-decanol and B) 1-heptanol as porogen. In A) micro-porous structure is formed by 
interconnected globules, in contrast to B where there are no visible pore structures in the polymer 
layer. Micrograph B is captured with high resolution SEM. 
 

 

 

 

To sum up, it was difficult to determine the exact polymer layer thicknesses by SEM. 

Additionally, since impedance measurements only gives average estimates and do not take 

into account for craters, globules, un-polymerized sections etc. the exact thicknesses were not 

determined. However, the examinations indicated that 1-decanol is not suitable as porogen 

for preparing pHEMA-VDM polymerized capillaries. 

 

 

 

 

 

A" B"
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6.3.2 Porosity study by pore blocking reagent 
As elaborated in section 4.4.2, the pHEMA-VDM polymerized reactor is originally designed 

for online digestion of proteins and larger peptides. The preparation involves covalent linkage 

between enzymes and reactive functional groups of VDM, and it is desirable to attach as 

many enzymes as possible to increase the digestion efficiency. Therefore enhancing the 

available surface area is desirable, and if the layer is porous, a larger surface area is present. 

In this section, the porosity of the surface was investigated by pore-blocking. Eeltink et al. 

[130] used an organic reagent for investigation of meso- and micropores in polymer 

monolithic materials for separation of small molecules. By blocking the stagnant pores with a 

solvent immiscible with the MP, the interstitial volume of commercial available columns 

were determined. Characterizations with total-pore-blocking conditions were further 

evaluated by retention time and peak-dispersion measurements. In the present study the 

porosity of the pHEMA-VDM polymer layer was investigated by total-pore-blocking 

conditions with pentane, with respect to capillary volume by EIS. 

 

A pHEMA-VDM polymerized capillary (20.0 µm ID) was prepared as described in the 

experimental section 5.2.2; two specimens from the middle section (l: 10.0 cm) were used 

for the measurements. Pentane was filled in one capillary by a syringe pump, and further 

flushed with type-1 water. The analysis was carried as a comparison of the impedance data 

for the capillary with and without the pore-blocking solvent. The measurements (n = 4) were 

conducted with 250 mV applied voltage over 31 measuring points through 106-10-1 Hz with 

1.05 M NaCl as charge carrier. By filling the pores in the polymer, increase in impedance 

occurred compared to the non-blocked capillary (Figure 32). Data obtained from 1.50 Hz 

were used to calculate the volume of 75.0 cm long capillaries (based on ID, calculated from 

EIS measurements on 10.0 cm long specimens). 
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Figure 32 Measured impedance (n = 4) from 106 – 10-1 Hz with 250 mV applied voltage of 
polymerized HEMA-VDM capillary and polymerized pHEMA-VDM capillary with pore-blocking 
conditions (pentane). The data are presented in Bode plot format. 
 

 

IDs were calculated by Eq. 13 to be 14.0 and 19.2 µm from average EIS values (n = 4) for 

the blocked and non-blocked polymerized capillaries, respectively. Furthermore, volumes of 

75.0 cm long capillaries were calculated to be 0.12 µL for the pore-blocked and 0.22 µL for 

the non-blocked capillary. The polymer layer thickness was calculated to 0.40 µm with Eq. 

13 based on average values from the non-blocked capillary (the calculation of polymer layer 

thickness was carried out on the non-blocked capillary due to unreasonable high impedance 

for the blocked capillary compared to previous measurements of polymerized capillaries with 

20.0 µm ID). With the assumption that the porosity of the polymer is 0.5, the polymer layer 

had a volume of 0.01 µL (volume of an un-treated fused silica capillary l: 75.0 cm 20.0 µm 

ID is 0.240 µL). The EIS measurements indicated a highly porous structure in the polymer 

layer. However, the ID and volume calculations showed that the measurements indicating 

porosity is unlikely. Nevertheless, since the measurements on the pore-blocked capillaries 

had a different slope through the frequency range, the measurements could have been 

affected by dipolar polarization [131], but was not further investigated. 

 

To sum up, by EIS investigation of the pHEMA-VDM polymer layer under pore-blocking 

conditions, porosity was confirmed. However, it was uncertain if the measurements were 

reliable due to unreasonable results. 
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6.3.3 Capillary dimensions 
The capillary dimensions for the on-line based pHEMA-VDM enzyme reactor was chosen to 

20.0 µm ID by Hustoft et al. [27] since the polymeric OT format gave high available surface 

area as anchoring sites for enzymes, and allowed a suitable sample volume to be introduced. 

IMERs have previously been prepared in 50.0 – 100 µm ID OT format, but with limited 

success due to low available surface area [132-134]. On-line sample preparation in 

combination with LC could be a time consuming process, and reducing the time is one of the 

challenges for further development for such methods. In the recent paper by Hustoft et al. 

[29], several capillaries (4 x 1.00 m, 20.0 µm ID (OTER)) had to be coupled in series to 

achieve a suitable volume (of sample loaded on the OTER) (~1.2 µL). In this section, a 

pHEMA-VDM polymerized capillary was prepared in 10.0 µm ID. The preparation was 

carried out as preliminary work for preparation of a pHEMA-VDM polymerized photonic 

fiber tubing (Figure 33 A) injection loop. The photonic fiber tubing is basically silica 

capillary with 30 holes of 10.0 µm ID. There are many benefits of a 30 holes injection loop; 

the sample capacity is increased while having a large surface area, lower backpressure 

(shorter lengths) and better control over the sample. Unfortunately, we were not able to get 

the fibers in time for the experiment. However, the 10.0 µm ID polymerized pHEMA-VDM 

capillary was prepared successfully (Figure 33 B). 
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Figure 33 Scanning electron micrographs of photonic crystal fiber fused silica tubing with 30 
microstructures 10.0 µm ID  (A) and (B) HEMA-VDM polymerized fused silica tubing (10.0 µm ID) 
captured in low vacuum mode with the large field detector. 
	  

	  
	  
	  
To sum up, an enzyme immobilized injection loop could increase efficiency as well as control 

the sample volumes in an on-line LC system. The pHEMA-VDM polymer was successfully 

prepared in 10.0 µm ID as preliminary work for preparing a photonic fiber injection loop 

with multiple holes. By the use of tubing with multiple holes, the surface area is increased 

while increasing sample volume (and lowering backpressure). 
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6.4 Characterization of PS-DVB polymerized PLOT 

columns 
 

6.4.1 Variation in preparation conditions  
 Use of PS-DVB PLOT columns for nano-LC has not “exploded” since Yue et al. [25] 

introduced them in 2007. However, in 2010 Rogeberg et al. [52] reproduced the columns 

with “promising” results with further improvements in 2013 by changing the porogen to 

monomer ratio [46]. Even though the PS-DVB PLOT columns during the present study were 

based on the improved preparation made by Rogeberg et al., it was desirable to examine how 

the porogen/monomer ratio affected the polymerization. All preparations were carried out in 

10.0 µm ID fused silica capillaries (l: 1.00 m) as described in section 5.2.1. However, the 

porogen/monomer ratio was altered according to the volumetric differences between the 

previously mentioned (Karger et al./Rogeberg et al.) and a newly composed (experimental) 

(Table 3). For their characterization, four column batches (the batches were prepared 

according to day, e.g. batch #1 is prepared day 1 etc.) (10.0 µm ID, l: 1.00 m) were prepared 

for each polymerization mixture. The polymer layers were examined by SEM, EIS and LC-

MS. The following measurements are presented according to batch # rather than preparing 

method. This is to eliminate variations not connected directly to the preparing methods (e.g. 

temperature in the lab, temperature in the oven etc.) 

 
Table 3 Amount of reagents used for PS-DVB polymer mixtures for polymerization of PLOT 
columns (10.0 µm ID) in three different preparation conditions (N = 4). 

 

 

 

Preparation conditions 

Volume of 

porogen  

µL 

 

AIBN (g) 

 

Styrene 

(µL) 

 

DVB 

(µL) 

Number of 

prepared 

columns 

A, Yue et al. [25] 600 0.0050 200 200 4 

B, Rogeberg et al. 

[46] 
942 0.0050 200 200 4 

C, Experimental 1284 0.0050 200 200 4 
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The preparation conditions were additionally examined for robustness regarding preparation 

of longer columns. Therefore, for each column preparing condition, one column (10.0 µm ID) 

in five-meter was prepared. All preparations gave successfully prepared columns with 

minimal un-polymerized parts, with one exception, the one prepared according to Yue et al. 

[25]. The latter required a larger degree of cutting of the ends to “open” the column, due to 

over-polymerized end sections. Columns prepared in five-meter lengths, were stored for later 

used in an OTER-SPE-PLOT-MS/MS system. 

 

Prior to characterization, the columns (batch #1 - #4) were cut to 75.0 cm in length and tested 

regarding backpressure by isocratic elution with water/ACN/FA (95/ 5/ 0.1, v/v/v) at 100 

nL/min. The pressure test was used for indicating “ease of flow” in the columns i.e. 

indication of capillary ID. The columns had on average (with direct connection to the pump) 

a backpressure of 110 bar, 85.0 bar and 70.0 bar for six measurement replicates per column 

prepared regarding procedure A, B and C, respectively. The columns with the thinner 

polymer layers (preparation A and B) showed good stability with repeatable backpressures, in 

contrast to the one prepared according to recipe A (batch #4). The latter had an increase in 

run-to-run backpressure and ultimately clogged. This could be due to “loosely” attached 

polymer chains or globules, which detach and travel downstream and making a flow barrier. 

Free polymer chains could occur if the porogen to monomer ratio is low or by the use of a 

porogen that cannot swell/ dissolve (such as n-heptane) [135]. However, due to use of an 

alcoholic porogen (EtOH) and sufficient rinsing with ACN post-column preparation, loosely 

attached polymer chains are unlikely. Instabilities regarding column preparation under 

condition A (batch #4) were not further examined. To avoid this problem, washing 

procedures were extended to ensure preparation stability. Because of uncertainties regarding 

preparation of batch #4, characterization of columns from this batch was discontinued.  
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6.4.2 Loading capacity of PS – DVB PLOT columns 
Since a porous structure yields a higher total surface area compared to a non-porous structure 

[12], it was desirable to investigate accessible surface area of the PS-DVB polymerized 

PLOT columns. As a porous structure in a chromatographic column can provide more 

interaction with the analyte, loading capacity will be larger on a porous structure than a non-

porous. Prior to loading capacity investigations, the most abundant ion of LHRH was 

determined by direct injection of 10.0 ng/mL LHRH as described in section 5.5. 

Identification of breakthrough was determined by measuring the signal from measurement of 

ion m/z 591.8 ± (0.1). The measurement ion was confirmed by measuring a quantifier- (m/z 

598.9) and qualifier- (m/z 607.6) ion (Figure 34) to confirm that the m/z observed originated 

from the analyte. Columns prepared in section 6.4.1 were used with the LC-MS set-up 

described in section 5.5. The measurements were carried out by isocratic elution by 

water/ACN/FA (95.0/ 5.00/ 0.100, v/v/v) with injection of 500 nL LHRH (20.0 ng/mL in 

type-1 water with 0.1 % FA) at 100 nL/min. 

 

 

 

 

Prior to connecting the polymerized columns, tM was determined to be 1.6 min (n = 3) by 

injection in an un-treated fused silica capillary (10.0 µm ID, l: 75.0 cm). Additionally, 

average backpressure was calculated to 0.6 bar/cm. All polymerized columns were tested 

with six replicate injections. Between injections, they were washed with 90 % ACN for 30 

minutes followed by 10 minutes with the MP measurement composition to reach equilibrium. 

The loading capacities presented in Figure 35 show little variations between the differently 

prepared columns. Time of breakthrough (BT) was 5.10, 5.68 and 5.10 minutes (average 
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Figure 34 Mass spectrum of LHRH in the m/z rage 520-680, measured by direct injection of 
LHRH (10.0 ng/mL) in MS full-scan mode. 
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from (N = 3, n = 6) for column preparation method A, B and C, respectively. However, in 

contrast to the expected, the batch-to-batch differences in loadability were larger than 

variation in preparation methods. A difference of 30.0 seconds is acceptable if temperature 

and instrumentation variation is taken in count, i.e. flow rate stability, connections etc. Flow 

stability might be the crucial part of the system, since 100 nL/min is on boarder-line of the 

nano-LC pump’s specifications [136]. Ultimately there was no significant difference in 

between loading capacities of the three column preparing methods. The outliers in chart #1 

and #2 could be due to systematic errors since they were carried out on a different day. 

However, they were not removed. Given the nature of the experiment, the BT may not be a 

good measure for loading capacity (for OT columns). The retention factor (k), or 

hydrophobicity of columns has previously been examined with the same approach [137]. 

Nevertheless, hydrophobicity tests are normally carried out by comparison (retention time) 

between two or more analytes.  
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Figure 35 BT for PS-DVB polymerized PLOT columns prepared according to preparing conditions 
A, B and C in batch #1, batch #2 and batch #3 measured by LC-MS. All data are presented with six 
replicate injections per column, where the black line marks the medians.  
 

 

 

To sum up, PS-DVB polymerized capillaries (10.0 µm ID, l: 75.0 cm) were prepared 

according to three different preparing conditions and tested for loading capacity on LC-MS. 

There was no significant difference in loading capacities of the three preparing methods 

(measured intraday). 
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6.4.3 EIS measurements and SEM characterization 
To establish the polymer thickness in the columns prepared in section 6.4.1, EIS 

measurements were conducted in addition to SEM. The columns were cut as schematically 

described in Figure 36 where measurements regarding polymer thickness were carried out on 

five and three parts of the column for EIS measurements and SEM, respectively. All EIS 

measurements were carried out as described in section 5.4 and SEM in section 5.3.  

 

 
Figure 36 Schematic description of the sectioning procedure for characterization (SEM and EIS 
measurements) of polymerized PS-DVB PLOT columns. 
 

 

 

Impedance measurements 

The EIS measurements were carried out in the frequency range 106 – 10-1 Hz with 600 mV 

applied AC voltage and 1.05 M NaCl conducting solution. Data for the calculated polymer 

thickness were obtained from 1.50 Hz, where the scan was started to ensure repeatable 

measurements independent of frequency. All columns were measured with six measure 

replicates (n = 6), and the data set was obtained intraday. The calculated polymer thicknesses 

presented in Figure 37 represent preparations according to Yue et al. [25] (A), Rogeberg et 

al. [46] (B) and the experimental composition (C) with respect to polymer layer thickness 

measured at five individual specimens per column. 
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Figure 37 Calculated polymer thicknesses for PS-DVB PLOT columns (batch #1, #2 and #3) 
prepared according to Yue et al. [25] (A), Rogeberg et al. [46] (B) and the experimental composition 
(C). Each column was examined with five specimens (n = 6) (schematically described in Figure 36) 
to determine homogeneity in the polymer layer. Statistical tests (Shapiro-Wilk and Grubb’s-test) were 
conducted to rule out outliers. However, since there was not a normal distribution through the values, 
no points were taken out. 
 

The data showed inconsistencies throughout the whole data set (with exceptions) regarding 

precision. Preparations according to Rogeberg et al. (B) had the most repeatable polymer 

layers with an average (part 1 to 5) polymer thickness of ~0.4 to 0.6 µm. Preparations 

intended with the thinnest polymer layer (C) had in contrast to the latter an average of ~0.3 – 

0.9 µm, while columns from preparation A had layers of ~0.6 – 1 µm. Anyhow, the 

measurements showed inconsistencies that could be due to instrumental factors. A large 

concern by using the set-up as described in Figure 13 is extra-volumes, which include bore 

volume of the unions (Figure 38). 

!
!!#1!

!
!!#2!

!
!!#3!
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Figure 38 Schematic illustration of a Valco stainless steel union 1/16” ZU1C. The bore ID in the 
unions used were 0.250 mm. The bore in the unions contribute to dead-volume and could therefore 
initiate electrodialysis or capacitive deionization at the interface [138], resulting in loss of connection. 
The illustration is obtained from Valco inc. [139].  
 

By using unions with large dead-volume relative to capillary volume in combination with a 

concentrated salt solution, bulk-collections of ions could be present in the union bore 

(interface). Combined with applied electric potential, electrodialysis [138] or capacitive 

deionization (CDI) could occur [140]. Desalination processes and bulk formation of ions 

could set a concentration gradient through the capillary and ultimately disrupt the 

measurements. Collections of crystalized salt were observed at the anode after approximately 

20 experiments. At the time, the crystalized salt was considered as a result of evaporated 

solvent. However, in regards of the latter, CDI is likely, and could have been prevented by 

using a lower applied potential. The calculated polymer thicknesses did however provide an 

estimate considering the previously mentioned. 

	  
	  
To sum up, the impedance measurements could be used for calculating polymer thickness and 

homogeneity throughout the columns. However, the measurements may be inaccurate due to 

instrumental error sources and un-wanted electrochemical reactions at the interface. 

Nevertheless, columns prepared with a higher porogen to monomer ratio were estimated to 

have a thinner polymer layer. 
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SEM  

The PS-DVB polymerized PLOT columns were visually examined by SEM to 

confirm/disconfirm the calculated polymer layer thickness given in the previous section. All 

SEM analyses were carried out according to section 5.3 on capillaries cut as described in 

Figure 36. Micrographs of the columns were captured at three different parts of the column 

(start, center and end) to give a representative impression of the polymer layer homogeneity, 

but also how globules form throughout. Since all column batches showed equal tendencies - 

micrographs captured from batch #1 (Table 4) is presented. The micrographs were used for 

visual characterization of the polymer layer, where the thickness was decreasing with a 

higher porogen to monomer ratio (in order; Yue et al. (A), Rogeberg et al. (B) and the 

experimental preparation (C)) The presentation of all micrographs are shown in Appendix 4. 

It was difficult to make an exact measurement of the layer thickness of the columns by SEM, 

mainly caused by three things; the narrow tubular shape, silica and stereopsis. The circular 

column opening is highly exposed for drift in the instrument, making the micrographs 

spherical. Additionally, the fused silica material (capillary) was disrupting focus as it was 

“glowing” due to storage of charge from the electron beam. Because of these issues, 

positioning of the capillaries was delicate, and was not ideal for exact measurements. 

However, by positioning the capillaries slight off-axis (80-degrees) for the BSE-detector, 

micrographs were obtained with decent resolution. From the examination, a higher ratio of 

porogen contributes to a more homogenous distribution (in terms of size) of globules. The 

polymer layers were also concluded to be thinner for the preparations with the higher amount 

of ethanol. Anyhow, estimates of the polymer layers were visually measured to ~1.0, ~0.6 

and ~0.4 µm for columns prepared according to A, B and C, respectively. The visual 

examination of the polymer layer thicknesses by SEM showed the approximate same 

thicknesses as measured with EIS. 
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Table 4 Scanning electron micrographs of PS-DVB polymerized PLOT columns prepared according 
to preparations described by Yue et al. [25] (A), Rogeberg et al. [46] (B) and the experimental 
preparation (C). The micrographs represent the start, center and end section as schematically 
described in Figure 36. The micrographs were captured in low vacuum mode with the large field 
detector and 20.0 keV applied potential. 
	  

Prepared 

regarding 

 
Start, S1 

 
Center, S2 

 
End, S3 

 
 

A 

   
 
 

B 
 

   

 
 

C 

   
 

 

 

To sum up, from the characterizations by electrochemical impedance spectroscopy, SEM, 

backpressure tests and loading capacities, the polymer layer thickness of the PS-DVB PLOT 

column was confirmed reduced with an increased porogen to monomer ratio. However, 

whether the measurements are reliable is still up for debate. Furthermore, it was easier to 

prepare columns in longer lengths with an increased porogen to monomer ratio. The columns 

with the thinner polymer layer showed better stability at high pressure over several LC runs. 
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7 Concluding remarks 
	  

An electrochemical impedance spectroscopy method has been developed for characterizing 

polymerized capillaries sub 20.0 µm ID. The method was used to determine polymer layer 

thickness and was additionally used for morphological determinations. Under pore-blocking 

conditions, pHEMA-VDM OT capillaries showed no significant porosity. PS-DVB OT 

capillaries indicated non-porous characteristics by EIS charge diffusion- and LC-MS loading 

capacity measurements. It was therefore assumed that a thin polymer layer is beneficial for 

both types of capillaries in order to provide a high surface area, i.e. more available functional 

groups. Furthermore, optimal porogen for pHEMA-VDM capillaries was tentatively 

concluded to be 1-heptanol. An increased porogen-to-monomer ratio was beneficial for PS-

DVB capillary preparation repeatability. Even though SEM provides good estimates of layer 

thicknesses, perception of depth (in the micrographs) can give contorted micrographs. EIS 

can be a good supplementary technique for accurate determinations, however, the EIS 

method showed limitations for the lower IDs (since the electrical conductivity was low). The 

developed EIS method showed future potential for characterization of polymerized capillaries 

for optimization of their preparation with a simple instrumental approach. 
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9 Appendix 
	  

9.1 Appendix 1 correlation between ID and impedance 
To investigate the correlation between ID and measured impedance with EIS, un-treated 

fused silica capillaries (l: 10.0 cm) in 10.0, 15.0, 20.0, 30.0, 50.0 and 75.0 µm ID were 

measured by EIS (N = 3, n = 5) with 1.05 M NaCl as charge carrier at 1.50 Hz with 250 mV 

applied voltage. Figure 37 shows the measured values for each capillary with medians.  

 

In the correlation plot (section 6.2.2) average values of the medians from each ID was plotted 

with respect to stated ID from the manufacture. Even though the plot showed decent 

correlation, it is hard to state accuracy in the measurements. The manufacture states ID with 

approximate 4 % deviation in ID from start to end in the un-treated fused silica coil (100 m) 

(e.g. 10.0 µm ID at the start, 10.4 µm ID at the end). Additionally, the spread in measured 

values could originate from the instrumentation since the measured impedance is on the 

borderline of instrument specification for accurate measurements. This is likely since the 

measurements were more unstable at low ID measurements (i.e. lower conductivity = higher 

impedance). The method could have been optimized for increased conductivity by increasing 

the concentration in the conducting solution. However, increasing the salt concentration was 

not desirable since unwanted chemical reactions could occur. 
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Figure 37 Absolute value of impedance (|Z|) at 1.50 Hz for un-treated fused silica capillaries (N = 3, 
n = 5 per ID) (l: 10.0cm). The black lines represent the median for each dataset. The measured values 
from capillary 1 75.0 µm ID (marked with an arrow) were not used for the correlation plot since this 
capillary was ~ 0.5 cm shorter than the others. 
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9.2 Appendix 2 Polymer layer charge transfer by EIS 
In section 6.2.3 EIS was carried out to examine the presence of charge diffusion on the PS-

DVB polymer layer. To confirm diffusion, criteria elaborated in section 4.6.1 had to be met. 

The criteria for indication of charge diffusion are briefly summed up to; 45-degree phase 

angle, a slope in the linear part of the Bode plot of -1/2 or -1/4 and ideally Z’ =  Z”. The 

highlighted data given in Table 6 were used to calculate the slope (m) between 105 and 104 

Hz. 
 
 

Presented in the calculations below, the slope was ~ -18. 

m = ∆!
∆!

 = !!.!"∗!"
!

!.!"∗!"!
 = -18.7401 

 

 

Furthermore, the phase angle (“Phase” in Table 6) indicated capacitive tendencies 

throughout the whole data set. The contribution of  Z” with respect to Z’ was calculated with 

Eq. 12 at 1.5 Hz. 

 

𝑍 =    (1.61 ∗ 10!)! + (−2.04 ∗ 10!)!	  =	  161020129	  
	  
!"
|!|
∗ 100 =  -‐1,27E-‐01	  

	  
From the calculations; contribution of Z” was concluded to be neglectable. Furthermore, 

since none of the criteria for charge diffusion was confirmed. The PS-DVB polymer layer 

was tentative concluded to be non-porous. 
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Table 6 Raw data from EIS measurements of PS-DVB polymerized capillary measured with 600 mV 
applied voltage. The data used for calculating slope (y = mx +b) are highlighted. 
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9.3 Appendix 3 Immobilization of OTER 
Since trypsin is a charged enzyme, the possibilities of EIS as a characterization method for 

trypsin coverage (in terms of how much trypsin that could be attached to the polymer layer) 

were explored. For the measurements: pHEMA-VDM capillaries prepared regarding section 

5.2.2 were immobilized with trypsin according to the following procedure; 

 

Vial 1: 2.5 mg trypsin + 1 mL phosphate buffer (20 mM, pH = 7.4) 

Vial 2: 2.5 mg benzamidine + 1 mL phosphate buffer (20 mM, pH 7.4) 

Mix 900 µL from vial 1 and 100 µL from vial 2. 

The polymerized capillaries were filled with the solution (3 hours) regarding section 5.2. 

 

The immobilized capillaries were measured (n = 3) regarding section 5.4 with 900, 250 and 

100 mV applied voltage over 31 measuring points (106-10-1 Hz) with type-1 water as a non-

conductive solvent. The dataset were visually examined in Bode plots. Since type-1 water has 

a resistivity of 18.2 MΩ/cm, the response of the system was assumed to originate from the 

charged enzymes rather than the conductive solution as previously used in this thesis. From 

the measurements trypsin did conduct charge and it was possible to measure the capillaries 

without major interferences. The measurements were carried out with different applied 

voltages to examine how this affected the response. The impedance measurements were high 

(109 Hz) compared to measurements on polymerized pHEMA-VDM capillaries measured 

with conductive solvent (NaCl) in section 6.3.2 (107 Hz). However, since the slopes in the 

Bode plots were able to stabilize (maintain linear parts in the low frequencies, 101-10-1 Hz) it 

was assumed that the method could be further optimized for measuring immobilized 

capillaries. In Figure 38, 39 and 40 the measurements are presented with 900, 250 and 100 

mV applied voltage, respectively.  
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Figure 38 Bode plot of measured |Z| of immobilized pHEMA-VDM capillary (OTER) measured (n = 
3) with 900 mV applied voltage over 31 measuring points (106 to 10-1 Hz) with type-1 water  
(resistivity; 18.2 MΩ/cm) as conducting solvent. 
 

	  
Figure 39 Bode plot of measured |Z| of immobilized pHEMA-VDM capillary (OTER) measured (n = 
3) with 250 mV applied voltage over 31 measuring points (106 to 10-1 Hz) with type-1 water  
(resistivity; 18.2 MΩ/cm) as conducting solvent. 
 

	  
Figure 40 Bode plot of measured |Z| of immobilized pHEMA-VDM capillary (OTER) measured (n = 
3) with 100 mV applied voltage over 31 measuring points (106 to 10-1 Hz) with type-1 water  
(resistivity; 18.2 MΩ/cm) as conducting solvent. 
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The measurements showed that it was beneficial to apply a higher voltage to eliminate 

background noise. The experiment was however carried out with the preparations according 

to section 5.2.2. Nevertheless, the experiments were not carried out with different polymer 

preparation procedures (i.e. polymer thicknesses) hence; it is difficult to state if the method 

could distinct between different amounts of attached enzymes per column.  
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9.4 Appendix 4 Loading capacity of PS-DVB PLOT 

columns 
 

The complete collection of micrographs regarding section 6.4.3 is presented in Table 5. 

 

 

 
Table 5 Scanning electron micrographs of PS-DVB polymerized PLOT columns prepared according 
to preparations described by Yue et al. [25] (A), Rogeberg et al. [46] (B) and the experimental 
preparation (C). The micrographs represent the start, center and end section as schematically 
described in Figure 36. The micrographs were captured in low vacuum mode with the large field 
detector and 20.0 keV applied potential. 
 

 Batch 
# 

Start, S1 Center, S2 End, S3 

 
 
 
 
 
 
 
 
 
 
 
Yue 
et al. 

 
 
1 

   
 
 

2 
 

   

 
 
3 
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