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Abstract 

The following thesis describes research built upon three major aims, such as investigating the 

evanescent field based optical detection, surface modification, characterisation and non-

invasive means of detection of multi-lumen capillaries (MLC). Where the common overall 

direction has been to develop practical and novel (bio) analytical applications of surface 

modified MLC. 

Within the first Chapter of this thesis, the general background principles and ideas, and the 

supporting literature behind much of what is discussed in subsequent Chapters is presented. 

The use of multi-lumen capillaries (MLCs) has expanded over recent years, with numerous 

applications being reported across many areas of analytical chemistry. Multi-lumen capillaries 

possess multiple parallel micro-channels, which provide a higher surface-area-to-volume 

ratio when compared to their single lumen (traditional fused silica capillary) counterparts. 

MLCs are most well-known for their application as fused silica capillary-based optical fibres 

otherwise known as photonic crystal fibres (PCFs). PCFs have multiple parallel multi-µm 

channels within the capillary, often surrounding a solid silica core. MLCs originated within the 

fields of fibre lasers, fibre sensors, and optical fibre-based communications. These fibres can 

thus be readily used as waveguides, and have significant potential for novel applications in 

the fields of sensing and analytical detection. Their unique structure provides an excellent 

platform within which light and chemical samples can actively interact for quantitative 

spectroscopic analysis. Additionally, with the enhanced surface area of these capillaries, their 

potential for applications in areas of in-capillary extraction, reaction and chromatographic 

separation is also significant. 
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In the second Chapter we present a complete literature review of the application of MLCs 

reported to-date, specifically in the area of the separation science. Multi-lumen capillaries of 

many dimensions have been fabricated and modified, for use within a wide range of 

applications within separation science. As mentioned above, this extends from sample 

preparation and sample extraction, to chromatographic separations, and detection sciences. 

The most commercially available range of MLCs, the so-called photonic crystal fibres (PCFs), 

emerged in the 1990's, and were specifically designed for optical applications, predominantly 

as waveguides. Since then, a range of modifications have been reported, with the fibres 

applied to a wide variety of analytical applications, in liquid and gas phase analysis or 

detection. This comprehensive review provides an up-to-date and state-of-the-art analysis of 

such applications of PCFs and related MLCs, detailing the chemical modifications that have 

been carried out, and the subsequent applications of the developed materials.  This Chapter 

has been published in its entirety as a co-authored review within Trends in Analytical 

Chemistry.  

In the third Chapter, a novel investigation of evanescent field-based optical detection using 

multi-lumen capillaries (MLCs) is presented. The micro-structured capillaries provide the 

potential for long effective optical pathways with the additional advantage of high surface-

area-to-volume ratios. Their use in in-capillary evanescent field-based detection could offer 

several significant advantages, including on-line sensing, in-capillary reaction monitoring and 

integration with various chromatographic applications. The Chapter involves comparison of 

the effective detection pathlength of empty MLCs with MLCs that have gold nanoparticles 

(AuNPs) immobilised on the surface of the channel. MLCs with 126 parallel channels of either 

4 µm or 8 µm inner diameter were used, connecting a light source and optical detector. 

Experimental measurements were carried out with different concentrations of a brilliant blue 
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dye solution using a flow-injection analysis (FIA) approach. Calibration curves using the 

brilliant blue dye solution were constructed to demonstrate the potential of the approach, 

and were linear up to 5.12 mM, with typical R2 values of 0.998.   The effective pathlengths of 

the empty MLCs range between 1.205 mm and 0.075 mm, and with AuNPs on the surface the 

effective pathlengths increased relatively to 1.893 mm and 0.229 mm for the 4-µm and 8-µm 

MLCs, respectively. In addition, a peak dispersion study was carried out using a scanning 

capacitively coupled contactless conductivity detector (sC4D) and injections of a 10 mM NaCl 

solution. The 8-µm channel MLC showed lowest dispersion with the difference in width of the 

peak being 0.004 mm (23.53%) from the beginning to the end of the 12-cm capillary.  

In the fourth Chapter, the modification of the internal channel wall of a multi-lumen capillary 

(MLC) with a polymer layer was investigated. Lauryl methacrylate ethylene dimethacrylate 

(LMA-co-EDMA)-based monolithic porous layer open tubular (monoPLOT) MLC columns were 

prepared, using a UV polymerisation approach. The study aimed to rapidly produce a uniform 

monolith layer within each channel of the MLC using UV light (a 254 nm lamp or a 255 nm 

LED). The difference in monolithic growth within the MLCs, with and without the acrylate 

external capillary coating, was noticeable due to the initiating UV light either travelling 

through the core of the MLC as an evanescent wave or, in the case of the uncoated MLC, 

directly through the wall. The uniform wall coverage of the monolith was monitored using a 

scanning capacitively coupled contactless conductivity detector (sC4D) and scanning electron 

microscopy (SEM), with the greatest monolith growth (up to 1000 nm) occurring in the 

uncoated MLC where the light was able to enter through the wall. Photo-initiation using the 

UV LED gave the least homogeneous coverage; some channels of the MLC were blocked and 

some did not show any polymerisation. The application of monolithic MLCs for the retention 

of series of test proteins was also briefly explored. Under optimised gradient conditions, 
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effective retention of proteins was demonstrated on the MLC column with the greatest 

amount of immobilised monolith (the uncoated MLC). 

In the fifth Chapter of this thesis, the simultaneous homogenous modification of all channels 

within a multi-lumen capillary (MLC) was investigated. Capillaries were first functionalised 

with 3-aminopropyltriethoxysilane (APTES), followed by the attachment of gold nanoparticles 

(AuNPs). A gold layer thickness of ~15 nm was observed, which corresponds well with the 

15 nm AuNP particle size and confirmed a mono-layer structure. These attached AuNPs were 

then used as seeds for a surface reduction reaction, in which a mixture of a reducing agent 

(hydroxylamine) and chloroauric acid (HAuCl4) was slowly passed through the MLC.  During 

the process, the deposited gold particles agglomerated within the capillary when they 

reached a certain size (100 nm) eventually forming a complete uniform gold layer within each 

channel. Scanning capacitively coupled contactless conductivity detection (sC4D) 

measurements were applied to determine uniformity of coverage along the length of the 

capillaries. Under optimal conditions, an AuNP-modified 126 x 4 μm inner diameter (ID) MLC 

gave an average C4D response RSD of 0.8% along the 15 cm length, indicating a uniform axial 

gold coverage. FE-SEM images of the capillary cross-sections also indicated uniform radial 

gold coverage in all 126 channels of each MLC. The obtained gold layer was then 

functionalised with Erythrina cristagalli lectin (ECL) via a bio-linker to demonstrate one 

potential in-capillary extraction application of the modified MLC. The ECL-modified MLC was 

applied to the selective extraction and isolation of galactosylated proteins. 

In the final Chapter, a novel microreactor prepared using surface modified PCF capillaries was 

developed. The capillary investigated contained 126 parallel channels, each of 4 μm internal 

diameter. The modified PCF, along with conventional fused silica capillaries of 25 μm and 50 
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μm internal diameter, were treated by (3-aminopropyl)triethoxysilane (APTES) and then 

modified with gold nanoparticles, of ∼20 nm in diameter, to ultimately provide 

immobilisation sites for the proteolytic enzyme, trypsin. The modified capillaries and PCFs 

were characterised and again profiled using non-invasive sC4D. The sC4D profiles confirmed a 

significantly higher amount of enzyme was immobilised within the PCF when compared to the 

fused silica capillaries, attributable to the increased surface to volume ratio. The modified PCF 

was used for dynamic protein digestion, where peptide fragments were collected and 

subjected to off-line chromatographic evaluation. The digestion was achieved with the PCF 

reactor, using a residence time of just 1.26 min, following which the HPLC peak associated 

with the intact protein decreased by >70%. The PCF reactors behaved similarly to the classical 

in vitro or in-solution approach but provided a reduction in digestion time, and fewer peaks 

associated with trypsin auto-digestion, which is common using in-solution digestion. This 

Chapter has been published in its entirety as a co-authored paper within the Analyst. 

The thesis is comprised of seven Chapters, first Chapter gives overview of the thesis, second 

Chapter is literature review of MLC in analytical chemistry. Chapter three to six involved major 

line of experimental work, with key aims described in the thesis: (i) optical detection using 

evanescent field-based system, (ii) synthesis of organic polymer layer and AuNPs to provide 

solid stationary phase for further attachments of legends (lectin and trypsin) in MLC and, (iii) 

the characterization of MLC using non-invasive techniques.  
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Abstract 

In the first Chapter of this thesis the general background principles and ideas, and the 

supporting literature behind much of what is discussed in subsequent Chapters is presented.  

The use of multi-lumen capillaries (MLCs) has expanded over recent years, with numerous 

applications being reported in various areas of analytical chemistry. Multi-lumen capillaries 

possess multiple parallel micro-channels, which provide a higher surface-area-to-volume 

ratio when compared to their single lumen (traditional fused silica capillary) counterparts. 

MLCs are most well-known for their application as fused silica capillary-based optical fibres 

otherwise known as photonic crystal fibres (PCFs). PCFs have multiple parallel multi-µm 

channels within the capillary, often surrounding a solid silica core. MLCs originated within the 

fields of fibre lasers, fibre sensors, and optical fibre-based communications. These fibres can 

thus be readily used as waveguides, and have significant potential for novel applications in 

the fields of sensing and analytical detection. Their unique structure provides an excellent 

platform within which light and chemical samples can actively interact for quantitative 

spectroscopic analysis. Additionally, with the enhanced surface area of these capillaries, their 

potential for applications in areas of in-capillary extraction, reaction and chromatographic 

separation is also significant. 
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1.1 Introduction 

The implementation of various new technologies into analytical science brings new 

challenges. Due to increasing demand for time and cost-effectiveness, there is also a constant 

interest in new technologies replacing classical techniques. 

The present study investigates multi-lumen capillaries (MLCs) as novel surface-structured and 

micro-fluidic platforms for detection, affinity extraction and separation. MLCs are also known 

as micro-structured capillaries and photonic crystal fibers (PCFs), and consist of a bundle of 

narrow open channels, where each channel possesses a diameter in the order of a few 

micrometres [1,2]. For this project, we have used 126-hole MLCs with either 4 µm or 8 µm 

I.D. channels. An important feature of this project was evaluation of MLCs using a non-

invasive means for characterisation, such as capacitively-coupled contactless 

conductivity detection (C4D), optical techniques or other coupled approaches. 

A schematic presentation of the Thesis structure is shown in Fig.1.1.  Chapter 2 presents a 

summary of the literature on MLCs in the separation science field; this Chapter has been 

published as a review paper in Trends in Analytical Chemistry [3]. MLCs show an impressive 

light trapping and propagation phenomenon due to their excellent evanescent wave 

properties. Chapter 3 is dedicated to the use of MLCs as optical light paths in flow through 

optical detection, and the detection of the effective horizontal path-length. Chapter 4 is a 

detailed study of organic polymer monolith (OPM) immobilisation within MLCs using 

photoinitiated polymerisation techniques (such as a UV lamp oven or UV LED) and the 

potential use of modified MLCs for protein separations. Chapter 5 explores lectin 

immobilisation in MLCs by attachment with a single uniform layer of gold nanoparticles 
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(AuNPs), and lectin-based affinity extraction of specific proteins. Lastly, Chapter 6 is devoted 

to trypsin-based rapid digestion of proteins in MLC (published in the Analyst [4]).  

 

Fig.1.1. A schematic overview of the thesis. 

 

MLCs originated in 1991 when it was discovered that light could be trapped inside a hollow 

fibre [6]. The first fabrication technique for MLCs was reported in 1995 (Fig.1.2) using a fibre-

drawing tower approach (which was later known as the “extrusion method”). This method 

fabricated MLCs with channel diameters ranging from nanometres to micrometres [7, 8]. The 

novel MLC provides an advantage over conventional optical fibres in that chemical samples 

can be included within the channels of the MLC [9]. MLCs are primarily made up of fused silica 

and contain an array of channels/voids around a core. Solid core MLCs (SC-MLC) have a solid 

fused-silica core, whereas hollow-core MLCs (HC-MLC) consists of a central hollow core. The 

size and shape of the core affects the application for which the MLC can be used.  For example, 

elliptical cores were found to enhance the phenomenon of birefringence [10-12]. Chapter 2 

explores these applications and advantages in greater detail. 

Chapter 2: Multilumen-
capillary (MLC)- a review

Chapter 3: Absorption 
spectroscopy using MLC

Chapter 4: 
Immobilisation of OPM 
for protein separation.

Chapter 5: 
Immobilisation of lectin 
via AuNPs for specific 

protein separation.

Chapter 6: 
Immobilisation of trypsin 
via AuNP for digestion of 

proteins.
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Fig.1.2. Fabrication of MLC: macroscopic preformed stacked glass rods are placed in a furnace 
(temperature 1800°C–2000°C), fused fibres are then coated with acrylate coating [13].  

 

1.1.1 Sensing applications using MLC 

MLCs have played a significant role in sensing applications such as broad-band, non-linear 

spectroscopy. The guided light, in different types and shapes of MLC, interacts with samples 

using an evanescent wave absorption field, which penetrates the surrounding environment 

[14]. One benefit of using this approach is the direct application of the MLC to the sample, as 

each of the insulating channels (henceforth referred to as channels) can accommodate 

sample for testing directly, without post-processing techniques [15]. This can include gaseous, 

as well as liquid-based samples [16]. The use of an evanescent wave allows the samples to be 

probed by the guided light, and with the low transmission loss inherent in an MLC, allows the 

sample to interact strongly with the guided light, over a very long path-length [17].   
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The use of MLCs in sensing has generated a significant amount of research due to their 

microstructural composition. Moreover, MLCs use low volumes of sample thereby gaining 

more results in comparison to single-channel capillaries. MLCs also provide an ideal 

environment for optical spectroscopy and evanescent wave absorption studies [14]. Sensing 

applications of MLCs in analytical chemistry include absorption spectroscopy, label-free 

biosensing and low-loss light guidance [12,18,19]. 

The first approach including this type of application of an MLC was by Russell, in 2003, 

demonstrating the capability of MLC technology for low-loss guidance of light in hollow-core 

fibres [6]. Later, in 2006, Akimov et al. conducted research focused on the potential of MLCs 

to create efficient sources of ultrashort pulses in nonlinear spectroscopy [20]. They used a 

solid fibre core surrounded by a single ring of thin-wall capillaries where the capillary outer 

diameters were equal to the diameter of the MLC core. They found that MLC frequency 

shifters could serve as convenient sources of chirped wavelength-tunable pulses for coherent 

anti-stokes Raman scattering (CARS) spectroscopy.  

In Chapter 3, the ‘effective’ absorbance detection pathlength is investigated using 126 hole 

MLCs (both 4 µm and 8 µm inner diameter (ID)) to connect a light source and an optical 

detector. The micro-structured capillaries provide the potential for long effective optical 

pathways when used as flow through absorbance flow cells. There is also an additional 

advantage of high surface-area-to-volume ratios when MLCs are compared to their single 

lumen (traditional fused silica capillary) counterparts (as shown in Fig.1.3). The use of in-

capillary evanescent field-based detection offers several significant potential advantages, 

including on-line sensing, in-capillary reaction monitoring and various chromatographic 

applications [2].  
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Fig.1.3: Comparison of surface area between the MLC and fused silica capillaries (FSCs) of increasing 
inner diameters, from 25 µm ID to 250 µm ID, for a hypothetical capillary length of 100 mm. Insert: 
SEM micrograph of MLC cross-sectional area, showing the 126 x 4 µm I.D. channels. 

 

Several studies have described the preparation and application of polymer monolith 

stationary phases for separation science [9,23.24]. The microporous, rigid form of the 

monolith was first introduced in 1992 [21].  Over the past two decades, monolithic materials 

have been used extensively for separation of proteins and molecules for separation science 

and bioanalytical applications [22]. MLCs can be used to house polymeric layers, which can 

be exploited using well-established silanol wall chemistry, similar to that used for the 

preparation of capillaries for polymeric monolithic development [23,24]. This type of wall 

modification has paved the way for several applications, such as the preparation of porous 

polymer layers for GC and LC applications.  The use of UV LEDs as the light source shortens 

the time required to polymerise monoliths [25,26]. Although successful monolith 

polymerisation has been reported, such narrow-bore silica-channel capillaries have very low 

capacities and flow rates, and therefore small sample capacities due to the small surface area 
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[27-29]. MLCs have excellent evanescent wave properties to guide the UV light throughout all 

channels as well as higher capacities and higher flow rates compared to single-channel 

capillaries. The fabrication of a monoPLOT (monolithic porous layer open tubular) MLC-based 

column utilising a UV immobilisation approach has been reported for the first time in Chapter 

4, which includes different approaches of immobilisation and characterisation of the open 

porous monolith layer (OPM) within the MLCs. 

1.1.2 MLC’s role in separation science 

There have been several reports of MLC use in the separation sciences, most notably in 

electrophoretic separations. In such cases, the separation of peptides and small molecules in 

capillary electrophoresis (CE) was performed in an MLC [30–33]. Due to the large number of 

channels available within the capillary, a higher capacity for sample loading, and shorter 

diffusion of the sample was provided, while the occurrence and effect of Joule heating for CE 

was reduced, often resulting in better peak efficiency.  

In Chapter 5, the preparation of immobilised lectin attached with gold nanoparticles (AuNPs) 

to the MLC is demonstrated as a solid base for the separation and extraction of lectin-specific 

proteins. The biggest challenge for this work was to provide a thick uniform layer of AuNPs in 

each of the channels of the MLC. AuNPs have a high surface-area-to-volume ratio and can be 

covalently bound to amine and thiol-containing groups with technical ease. AuNPs can be 

used to covalently attach specific binding ligands such as lectins, or enzymes. To provide the 

uniform layer of gold, the gold growth approach was applied for the first time within an MLC. 

The AuNPs were flushed across an aminated surface, with binding occurring via the lone pair 

of the amine. The immobilised AuNPs acted as seeds, and "islands" of gold were formed and 
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agglomerated in the growth reaction involving hydroxylamine and chloroauric acid, as shown 

in Fig.1.4 [34,35].  

 

 

Fig.1.4. Schematic flow diagram of the process of lectin immobilisation process on MLCs. 

 

Lectins from both plants and animals are widely known as carbohydrate-recognising proteins. 

Lectins are proteins that specifically bind to glycoproteins contributes to diagnosis and 

treatments in such fields as plant pathology, oncology, bacterial infections, etc. [36,37]. Lectin 

affinity chromatography has been used widely for glycoproteomic analysis for liver, lungs 

caners.  Glycoproteins have specificity with lectin, for example, the glycoprotein desialylated 

transferrin binds specifically to Erythrina cristagalli lectin (ECL) (covered in detail in Chapter 

5), Concanavalin A (Con A) binds Sambucus nigra agglutinin (SNA) [38]. ECL as shown in Fig.1.5 

is well-characterised commercially available lectin with binding sites with AuNPs using bi-

functional linker DTSP and specific glycoprotein with terminal galactose residues. The 

disadvantage of lectin separation is only single glycoprotein attach to single lectin [45]. To 

overcome this, MLC shows higher volume ratio in comparison to single channel column. 
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Fig.1.5. The structure of ECL [46]. 

 

In the sixth Chapter (published in its entirety as a co-authored paper in Analyst), we 

immobilise trypsin in an MLC for the rapid digestion of proteins [4]. To identify the protein 

sequence of an unknown protein, the trypsin enzyme digestion process breaks the protein 

structure into small fragments. Traditional approaches use a free enzyme to digest the protein 

in a buffered solution; however, this breaks down not only the targeted protein but also other 

proteins that are present [39–41]. To overcome these issues, immobilised enzyme reactors 

(IMERs) have been investigated for the past several years. Examples of techniques include 

hydrogen-containing capillaries, fused silica capillaries, monolithic materials, etc. IMERs 

provide high stability under extreme pH and temperature conditions and the reaction time is 

minimal [42–44]. The issues that arise from traditional techniques are flow resistance, back-

pressure on the capillary, and low sample capacity due to the small surface area. To overcome 
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such issues, we used an MLC due to its potential for simple surface modification (using 

AuNPs), increased surface area and enhanced stability at higher pressure. 
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1.2 Conclusion: 

The MLC is a remarkable capillary column due to its unique structure and surface area. MLCs 

can be used in versatile sensors and for a broad range of analytical chemistry and separation 

science techniques. Several significant advantages of MLCs over conventional systems are:  

(1) Different types of MLCs can be used for various specific applications.  

(2) MLCs have been used in capillary electrophoresis for the separation of molecules and show 

better results for temperature-sensitive species.  

(3) MLCs can be used in evanescent wave absorption and gas sensing studies for sensitive 

detection. 

(5) MLCs have multiple channels, which can be given different coatings by silanisation (for 

example, gold nanoparticles, or porous polymer monoliths. The chromatographic separation 

of molecules is also possible using different coatings in the channels as a stationary phase, 

which makes the use of modified MLCs as a new form of capillary chromatography column 

also a future possibility [7].  
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1.3 Aims 

The overall goal of this research was to investigate and develop practical and novel analytical 

applications of surface-modified multi-lumen capillaries (MLCs). This required a prior 

understanding of the properties of MLCs such as evanescent wave absorption, linearity of 

detection and possible surface modifications. Therefore, the following aims were identified: 

▪ Investigation of evanescent field-based optical detection using an MLC with the goal 

of improving the understanding of the potential for a long effective path-length. 

▪ Exploration of strategies for modification of organic monolith polymer through UV 

polymerisation to the MLC using the evanescent wave field and of how the evanescent 

wave field affects the material during immobilisation.  

▪ Investigation and modification of various functional layers in the MLC as stationary 

phases for chromatographic applications, and characterisation via non-invasive 

means.  
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Abstract  

Capillaries of many dimensions are fabricated and modified, for use across a wide range of 

applications within analytical science. This extends from sample preparation and sample 

extraction, to separation sciences, and detection sciences. Photonic crystal fibres, emerged 

in the 1990's, and were specifically designed for optical applications, predominantly as 

waveguides. Since then, a range of modifications have been reported, with the fibres applied 

to a wide variety of analytical applications, in liquid and gas phase analyses or detection. This 

review aims to provide an overview of photonic crystal fibres and related multi-channel 

capillaries, the chemical modifications that have been carried out, and the subsequent 

applications of the developed materials towards analytical separations, including sample 

preparation. 
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2.1 Introduction 

Photonic crystal fibres (PCFs) have been developed primarily for use in the guidance of light 

in optical communications. A PCF usually, is a fibre which is selectively fabricated with a 

refractive index that varies periodically across the material [1,2]. The fibre is generally of silica 

construction, however, other materials have been reported (see Table 2.1) [3,4]. Within the 

fabricated fibre, there is a core, and an array of patterned air-holes/channels. In the case of 

solid-core PCFs, the open pathways surrounding the solid-core provide cladding/air insulation 

to the guided wave form during transmission, trapping the light in the core, so as little light 

as possible is lost during transmission [1,2]. The light is confined to the core by Bragg 

reflection phenomena [1], or by total internal reflection [2]. Many types of PCFs exist, which 

can be grouped into four main categories; solid-core (SC-PCF), hollow-core (HC-PCF), 

suspended-core, and Kagome lattice (see Fig.2.1). The first PCF was reported in 1996 [2], 

which contained a solid core, by means of introducing a “defect” area throughout the central 

core (i.e. the solid-core). Later, the first hollow-core PCF was reported, where the introduction 

of a “low-index defect” did not permit the guidance of light by total internal reflection [5]. 
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Fig.2.1. Schematic representations of the types of PCF available/generally fabricated (I), and a 
corresponding SEM of each type (II). Adapted from Ref. [8] with permission of The Royal Society of 
Chemistry. 

 

Initial studies into the fabrication of PCFs, was to provide a photonic band gap, essentially a 

light filter, preventing the transmission of a particular frequency of light [6]. The first PCF's 

contained a solid-core, as it was expected that the hollow-core would not provide the desired 

photonic band gap [6]. Hollow-cores, and Kagome lattice arrays, produce larger losses in light 

transmission, which limits their applications over long distances. However, they have been 

shown to be useful in applications where broad ranges of wavelengths are required [7]. For 

HC-PCF based analysis/sensing, once the core has been filled with a liquid sample, the fibre 

can then provide a region of differing refractive index, and thus create a waveguide [7]. An in-

depth discussion on the physical properties of the light guidance mechanisms in each fibre 

type is beyond the scope of this review, however the authors wish to guide reader attention 

to the following literature sources [1,2,5,6,8,9].  

PCFs and similar multi-channel capillaries can be found in many aspects of analytical science, 

predominantly in sensing technologies; with detection performed either directly or indirectly. 
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A typical PCF of 126 channels, each of 4 µm I.D., with a length of 100 mm, has a surface to 

volume ratio of >1000:1, versus a ratio of 40:1 for a 100 mm I.D. capillary of equal length; 

providing greater surface areas when compared to conventional fused silica capillaries [10]. 

Some applications utilise the unique properties of PCFs, whereby a sample can infiltrate the 

cladding holes, which are essentially parallel microfluidic channels, and interact with a light 

source, in-situ [11-18] (see example in Fig.2.2). Alternatively, PCFs can be filled with sample 

and sealed, which is used to aid in the generated optical response [12,19,20]. While recent 

reviews have focused on the spectroscopic and sensor-based applications [7,21,22] this 

review aims to focus on the types of PCFs, their modification, and their use towards analytical 

applications, predominantly in the separation sciences, including extraction, and 

electrophoretic or chromatographic based separations. With applications in analytical 

methods, there is also a limited discussion on spectroscopic techniques, as these are pertinent 

to approaches in fabrication and modification.  

This text contains a brief introduction to PCFs, how they are prepared, and what types of 

structures are available. Different types of modifications are broken into two main 

discussions; modifications for biomolecule immobilisation, and modifications for surface 

localised structures, i.e. polymers, inorganic layers, etc. The applications featured include a 

brief discussion on spectroscopic applications, as well as those applications in separation 

sciences, which include CE, chromatography (liquid and gas), as well as micro-extraction. 

 
 
 
 
 

 

 



25 
 

Table 2.1: Summary of SC-PCF with specifications, modifications (where applicable), and application.  

 

Material  
 

Core 
type  
 

Channel 
diameter 
(mm) 
 

Channels 
in array 
 

Modification  Application  Ref. 

Solid core 

PCFs 

Cyclic olefin 

copolymera 

Solid 40 3 Anthraquinone linker for attachment of 

streptavidin and α C reactive protein 

(CRP) 

Fluorescence detection 

of antibodies 

[28] 

Silica Solid 4-5 168 γ-maps, then PSDVB polymer monolith 

formation at 70°C for 2 h. 

Polymer monolith 

microextraction of 

PAHs from aqueous 

ACN mixtures for 

GC-MS 

[32] 

Silica Solid 3.7 54 PCF integrated into a PMMA chip using 

PDMS as a sealant, on a T-shaped injector. 

No modification of the PCF surface was 

reported. 

CE separation of 

fluorescein and 

rhodamine 123 

under varying 

voltages with 

improved resolution 

when compared to a 

glass microchip. 

[47] 

Silica Solid 3.2 126 Poly(allylamine) coating by electrostatic 

interaction, with immobilisation of anti-

rat BSP monoclonal antibody. Human 

serum albumin was used to block 

unreacted sites. 

Optical monitoring 

of on-line binding 

events between 

primary and 

secondary 

antibody. 

[14] 

Silica and 

boron 

doped silica 

compositea 

Solid 8.3 9 Etching of glass to produce nozzle for 

electrospray emitter fabrication. 

Immersion in toluene:CTMS solution to 

produce a hydrophobic surface on the 

electrospray nozzle. 

Coupled to a syringe 

pump, which 

delivered 

electrospray at a 

given rate for 

angiotensin and 

bradykinin MS 

detection. 

[48] 

Silica Solid 4.8, 4, 

3.8, 5.5 

30, 54, 

168 

Trichloro(1H,1H,2H,2H-perfluoroctyl) silane, 

(tridecafluoro-1,1,2,2- 

tetrahydrooctyl)dimethylchlorosilane, 

(heptadecafluoro-

1,1,2,2tetrahydrodecyl)dimethylchlorosilane, 

Chromatographic 

separation of 

triphenylphosphine 

oxides 

[30] 

Silica Solid 3.7 54 Insertion of PCF into milled PMMA mchip, 

using PDMS as a sealant. 

CE separation of 

DNA fragments on 

mchip with 

reduced joule 

heating effects and 

[45] 
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increased 

efficiency, when 

compared to a 

glass mchip 

counterpart. 

Silica Solid  168, 54, 

501, 

19, 9, 6 

Surface treatment with γ -maps. Thermal 

polymerisation of DVB tubes and solid 

rods (80°C). Formation of butyl acrylate-

co-butanedioldiacrylate monolith by UV 

irradiation. 

Fabrication and 

characterisation by 

scanning electron 

microscopy. 

[31] 

Silica Solid 3.8 54 Integrated into COC mchip. No surface 

modification was performed. 

PCF used as a retaining 

frit for packed 

separation channel on 

a COC mchip, for HPLC 

separations of small 

molecules. 

[49] 

Silicaa Solid 23-25 6 Channels used as manufactured for CE 

separations. No additional modification 

reported. 

Used for the CE 

separation of 

fluorescently tagged 

nitrocellulose in 

dynamite. 

[46] 

Silicaa Solid 145 37 During the fabrication process, gold wires 

were placed into 19 of the centralised 

channels, and were subsequently 

protruding from the PCF face by 50 mm. 

Creation of an iontrap 

based on PCF 

fabrication technology. 

[50] 

Silica Solid N/A N/A Outer layer coated with carbon nanotubes 

to provide a film of high refractive index. 

CNT coated PCF 

was connected to 

single mode fibres 

at each end, and 

the PCF was placed 

on a slide. A sample 

solution was placed 

on the slide over 

the CNT coated PCF 

and the refractive 

index was 

measured using a 

Mach-Zehnder 

interferometer 

configuration. 

[20] 

Silica Solid 2.85 60 Infiltration of zinc acetate/methanol 

solutions and annealing at 300°C for a 

number of hours, depending on the final 

layer thickness. 

Fabrication and 

characterisation using 

SEM and 

photoluminescence 

methods. 

[36] 



27 
 

Silica Solid 2.85 60 Treatment with HCl:methanol 1:1, then 

overnight modification with APTES (5% in 

ethanol). Amine groups then modified to 

carboxylic acids using succinic anhydride 

in DMF overnight. The carboxylic acid 

groups were treated with N,N’-

diisopropylcarbodiimide and N-

hydroxysuccinimide, followed by 

reaction with peptide nucleic acids.any 

unreacted ester groups were endcapped 

with ethanolamine. 

Direct 

measurement of 

genomic DNA 

without the use of 

PCR was 

demonstrated, 

using IR light 

reflection in the 

combination of 

Bragg gratings PCFs 

with PNA probes, 

with streptavidin 

modified gold 

nanoparticles for 

signal 

enhancement. 

[40] 

Silicaa Solid 3 N/A No treatment was performed on the inner 

walls of the PCF. 

Used a sialic acid 

binding compound to 

bind to HeLA cells 

(upregulated sialic  

[42] 

(continued on next page) 

 

 

Material Core 

type 

Channel 

diameter 

(mm) 

Channels 

in array 

Modification Application Ref. 

     acids) for Raman 

detection using 3D 

SERS. 

 

PMMAa Solid 60 3 PMMA rod was drilled and used as 

a preform for multi-channelled 

capillary. Streptavidin immobilised 

to surface by exposure for 30 min 

in PBS. A blocking procedure was 

performed on unreacted sites 

using bovine serum albumin. 

Selective trap and 

release of bound 

antigens; α-

streptavidin and α-

CRP. 

[29] 

Soft glassa Solid N/A N/A Modification with 

3mercaptopropyltrimethoxy 

silane, followed by reaction with 

a crosslinker, N- γ -

maleimidobutyryloxysuccinimide 

ester. 

Investigation into the 

successful modification 

of the surface silanols. 

[51] 

Silica Solid 4 126 Silanisation of inner walls with γ 

-maps for polymerisation. A 

polymer precursor solution of 

150 µL styrene, 150 µL 

The PLOT monoliths 

were used for the 

extraction and 

preconcentration of 

[10] 
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divinylbenzene, 700 µL ethanol 

and 5 mg AIBN was prepared. 

Polymerisation was achieved 

using 74°C for 16 h. 

PAHs from water 

samples, using LC for 

evaluation of the 

method. 

Silica Solid 4 126 Walls washed with 0.2 M NaOH, 

water, 0.2 M HCl, water, 

ethanol, and finally with 10% 

APTES in ethanol. Suspension of 

citrate stabilised gold 

nanoparticles were flushed 

across the PCF. DTSP in DMSO 

was flushed across the 

AuNPPCF, after which a solution 

of trypsin was flushed across the 

AuNP sites, followed by 

perfusion of a TRIS buffer to 

block any unreacted sites. 

Offline digestion of 

proteins with 

subsequent 

characterisation of 

digest by LC, and LC-

MS. 

[34] 

Silica Solid 4 126 Silanisation of inner walls with γ 

-maps for polymerisation. A 

monolith precursor solution of 

20% (wt./vol) styrene, and 20% 

divinyl benzene, with 52% 

decanol, and 8% THF in the 

presence of 10 mg AIBN. 

Polymerisation was achieved 

using thermal initiation at 70°C 

for 20 h. 

Comparison of 

monolithic structure to 

those in single channel 

fused silica capillaries, 

with characterisation 

approaches of SEM 

and scanning C4D. 

[33] 

Silica Solid 8 126 Silanisation of inner walls with γ 

-maps, for polymerisation. The 

polymerisation was performed 

using a mixture of 0.1 mg AIBN, 

600 mg heptanol, 80 mg 

hydroxyethyl methacrylate, and 

20 mg vinyl azlactone. Thermal 

polymerisation was performed 

using 

65°C for 5 h followed by 80°C for 5 

h. 

Polymer layer with 

reactive vinyl 

azlactone was used 

to immobilise a 

mixture of LysC and 

trypsin for digestion 

of proteins, using 

static, online 

digestion. 

[38] 

Inclusive of core. 
a In-house fabricated. 
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2.1.1 Fabrication of multi-channel capillaries 

There have been many alternative terms used to describe multi-channelled capillaries and 

PCFs in the literature, including, but not limited to, multi-lumen capillaries (MLCs), multi-

structured optical fibres (MOFs, not to be confused with metal organic frameworks), multi-

channelled fibres (MCFs), micro-structured waveguides (MSWs) etc. For clarity, in this review, 

despite the exact term used by the author of the cited work, we will only refer to PCFs and/or 

multi-channelled capillaries. There are two main approaches used to fabricate a PCF; a) by 

using a preform and drawing capillaries [3,23], and b) extrusion through a die [24-26].  

In the first approach, the PCF preform consists of tubes of high purity rods (with open 

channels), within a material of a differing refractive index [1,2]. The preform can be fabricated 

using multiple steps [2], especially when a complex structure is required. The preform tubes 

are placed in a furnace (at 2000°C) and are pulled to form capillaries. This can produce PCFs 

with internal holes on the order of a few micrometres. Alternatively, a number of glass pulling 

steps can be performed to produce nanometre-channelled arrays; these capillaries can be 

collected in a new bundle, and drawn again to create smaller capillaries with smaller cladding 

holes [27]. Alternatively, if channels of nanometre dimensions are required, a similar preform 

can be prepared, wherein one preform rod is susceptible to acid etching. Once the preform 

has been pulled to the etching in acid, resulting in an I.D. of ca. 33 nm [27]. 

While many types of PCF are commercially available, some groups have fabricated their own 

multi-channelled capillaries with customised dimensions [18,26,28]. Generally, silicate 

materials are used in the preform, however, alternative materials have been used, such as 

silica and boron doped composites for stack-and-draw preforms, and alumina, for die 

extrusion techniques [26] (further details are given in Tables 2.1 and 2.2). Polymers have also 
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been used to produce multi-channel structures, such as a poly(-methylmethacrylic acid) 

(PMMA) tubular preform, which contained drilled holes for capillary drawing [29], and a cyclic 

olefin copolymer also with a drilling approach [28], adding organic materials to the fabrication 

of the preforms, in a predominantly inorganic field. An interesting feature of the PCFs, is that 

when the morphology of the channel is elliptical, birefringence, or double refraction is 

observed [6,8]. A summary of the types of PCFs and related multi-channel capillaries reported 

to-date, their dimensions, and their applications, is compiled in Tables 2.1 and 2.2. 

 

Fig.2.2. Demonstration of signal generation for on line Raman analysis of DBA derivatized sialic acid 
glycan (cell wall). Chemical structure of the sialic acid (a) and DBA (b), and the resulting DBA-bonded 
sialic acid (c), with the corresponding Raman peak (at 2000 cm-1) (d), and the schematic of the SC-PCF 
sensor set up (e). Reprinted from Biosensors and Bioelectronics, 64, Gong, T. et al., Highly sensitive 
SERS detection and quantification of sialic acid on single cell using photonic crystal fiber with gold 
nanoparticles, 227e233, Copyright (2015), with permission from Elsevier. 
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2.1.2 Modification of multichannel capillaries 

As PCFs are generally fabricated from high purity silica, a range of chemical modification 

reactions can be used. Generally, with the presence of surface silanols, the reaction chemistry 

is technically straightforward, and relatively well established. Using alkoxysilanes, 

aminosilanes, halogenated silanes etc., the surface can be readily modified, once surface 

silanols are present. An issue of silanol content was raised by Pidenko et al. where they 

investigated the concentration of silanols available on a HC-PCF [17]. As PCFs are formed 

under high temperatures [6], it is likely that the available surface silanols of the preform tubes 

are reduced following heat treatment [17]; the formation of siloxanes occurs between 600 

and 800°C. However, prolonged treatment of the surfaces with strong bases and acids can 

provide rehydroxylation. Though, most reported approaches include either a primary 

oxidation of the surface [17], or the use of strong bases and acids. Once the walls have been 

significantly activated, the silanising reagent can be added in either an anhydrous reaction, 

using thermal catalysis, or through a surface acid assisted hydrolysis/ condensation reaction, 

at room temperature. The predominant surface modification is with silanes, which can 

contain additional functional groups such as a vinyl linker for polymerisation, or an amine, 

which can provide a functional site for biomolecule modification. For example, a halogenated 

silane was used to provide fluorous coatings on the PCF inner walls for LC [30], while the 

introduction of a vinyl containing silane was used as an anchor for the growth of polymer 

layers [10,31-33].  
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Table 2.2: Summary of HC-PCF with specifications, modifications (where applicable), and application. 

 

Material Core type Channel 

diameter 

(mm) 

Channels 

in array 

Modification Application Ref. 

Hollow 

Core 

Aluminab Hollow 470 to 720 3, 7, 19 N/A Water permeation studies [26] 

Silicab Hollow Concentric N/A Amination using (APTES) 

followed by reaction with 

glutaraldehyde (linker) and 

horse radish peroxidase 

(HRP) 

Optimisation of 

modification procedure 

based on silanol content, 

as determined by 

transmission spectroscopy. 

[17] 

Silica Hollow 8 N/A No modification reported. Hollow core was filled with 

a mixture of analyte and 

silver nanoparticles, prior 

to analysis by Raman 

spectroscopy. 

[13] 

Silica Hollow N/A N/A Poly(lysine) coating with a 

secondary coating of cell 

lysate, followed by 

antiEpidermal Growth 

Factor Receptor antibody 

conjugated with a SERS 

active nanotag 

SERS detection of EGFR as 

up-regulated cancer 

biomarker in human 

epithelial cells. 

[11] 

Silica Hollow 0.75 N/A Infiltration of sample only. Raman analysis of 

infiltrated sample for 

glucose content 

[12] 

Silica Hollow 8 N/A The PCF was washed with a 

piranha solution of 

concentrated sulphuric acid 

(95-96%) and hydrogen 

peroxide (30%) in a 7:3 

ratio, for 20 min at 120°C 

following which the PCF was 

washed with water and 

dried in air. PVA solutions 

were prepared in deionised 

water, and the PCF was dip 

coated into the PVA 

solution, using a drawing 

speed of 33 mm/s the 

coated PCF was then placed 

in an oven at 80°C for 1 h. 

Humidity sensing was 

performed based on the 

RI difference in the PVA 

coating, due to the 

swelling and contraction 

of the coating. 

[19] 
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Silica Hollow 40 1375 Sol-gel synthesis of 

inorganic sorbents (silica 

and alumina). Synthesis of 

organic sorbents 

(polytrimethylsilylpropyne, 

PSDVB layer, DVB-

vinylimidazole, DVB-

coEDMA sorbent layers). 

GC separations of 

hydrocarbon analytes and 

the efficiency of each 

coating type. 

[37] 

Schott 

SF6 lead 

silicateb 

Suspended 25 to 12 17a No modification reported. Used as a host material 

for the photoreaction of a 

light induced 

intermolecular CH bond 

activation of the 

organometallic complex 

(HB 3,5-dimethylpyrazolyl) 

Rh(CO)2. 

[18] 

Flint glass Hollow N/A N/A No modification of the inner 

walls. 

Used as a cuvette, in order 

to ascertain blood typing, 

where the blood sample 

following agglutination was 

measured for positive or 

negative reaction, by 

transmission spectra in the 

VIS/NIR range. 

[41] 

a Inclusive of core. b In-house fabricated. 
 

2.1.2.1 Modification for biomolecule attachment  

For biomolecule immobilisation, the silanols can be modified to express reactive groups 

suitable for attachment. For PCFs, the use of an aminating agent is common place, such as 

poly(allylamine) hydrochloride [14], poly-lysine [11], or (3-aminopropyl)triethoxysilane 

(APTES) [17,34,35]. Following the introduction of an amine, a linker such as glutaraldehyde is 

immobilised, and the biomolecule of interest can be readily attached [17]. Using the inherent 

negative charge of the silanol containing surfaces of silica PCFs, a solution of poly(allylamine) 

was electrostatically bound to the inner walls of a PCF, producing a self-assembled monolayer, 

suitable for immunoglobulin adsorption [14]. Potential unreacted sites were end-capped 

using a perfusion of human serum albumin, followed by washing in PBS [14].  
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In another approach, the poly(lysine) solution was introduced to the PCF, after which, the PCF 

was dried at room temperature for 2 h. Following washing and drying, the PCF was dipped 

into the protein receptor solution for 20 min to facilitate protein binding, after which the PCF 

was washed and dried, before the introduction of the SERS tagged antibody, which was 

achieved by capillary action [11].  

Modification with APTES is performed at room temperature in ethanol, with varying 

concentrations of APTES. The effect of higher concentrations of APTES in PCFs was reported, 

with a decrease in transmitted light through the core, with concentrations above 2% (wt.) 

[17].  

As a precursor to applications using PCFs, glass slides can be used to test modification 

approaches [35]. Foo et al. used an extruded glass slide to investigate the modification of lead 

silicate glass composites, using APTES (5% in toluene). The slides were immersed in the 

reaction solution, followed by a coupling reaction with 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N hydroxysuccinimide (NHS). The activated 

slides were then reacted with a fluoroionophore, which should increase in fluorescence 

intensity following coupling with cations [35]. APTES has also been used to support a layer of 

immobilised gold nanoparticles within PCFs [34]. The gold nanoparticles can be used to host 

specific proteins or enzymes. In all cases where a reactant is used, an end-capping procedure 

should be performed on unreacted sites, in order to avoid non-specific interactions with 

incoming biomolecules, or components in the sample matrix. 
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2.1.2.2 Modification for inorganic layer formation 

Zinc oxide nano-layers were prepared within the confines of PCF capillaries, using a solution 

of zinc acetate in methanol which was perfused into the PCF channels. The filled PCF was 

subjected to heat treatment at 300°C for 20 min. This was repeated in an attempt to increase 

the thickness of the formed layer, however, the final layer thickness was a direct product of 

the initial zinc acetate concentration, until a concentration of 0.6 M, above which solid zinc 

oxide rods were formed in the interstices of the PCF channels [36]. This approach resulted in 

zinc oxide layers ranging from 25 nm to 100 nm.  

To prepare stationary phases for GC analysis, Nikolaeva et al. prepared both alumina and silica 

based materials within the channels of PCFs [37]. For the alumina layers, polypropylene glycol 

and aluminium butoxide were mixed to a ratio of 0.39. The PCF was connected to a flow of 

the liquid stationary phase precursor, while the open end was introduced to an oven at 200°C 

at a rate of 20 mm/min. The layer was deposited directly onto the PCF inner walls, after which, 

the PCF was conditioned at 300°C for 6-10 h under a flow of argon. Similarly, the silica layer 

was formed by a sol-gel approach, wherein tetra ethoxysilane, vinyl triethoxysilane, and 

polypropylene glycol (2025Mr) were mixed in acetone. The solution was stirred for 15 min at 

60°C, and a solution of 1 M HCl was added.  

The solution was stirred at 60°C for 45 min, before being perfused into the PCF housing. In 

both cases, the evaporation of solvent and simultaneous heating resulted in the formation of 

the layers. 
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2.1.2.3 Modification for polymer layer attachment 

One of the main silanising reactions used in polymeric layer synthesis requires the addition of 

an anchor group to the silica wall. This is achieved through the use of 3-(tri-

methoxysilylpropyl) methacrylate, also known as γ-maps [10,31-33]. For silica PCFs, this 

approach is ideal for producing modified inner walls. Consequently, PCFs have been used in 

the formation of porous layer open tubular columns (PLOT) [10,32,38], polymer monoliths 

[33], as well as for the synthesis of both porous, non-porous polymer tubes, and acrylate 

based monoliths [31]. Alternatively, if the PCF material is organic/polymer in nature, the 

introduction of an active linker would be necessary to produce any inner surface modification. 

In the preparation of COC based fibres, an anthraquinone linker was used in order to 

introduce biomolecules to the inner surfaces, such as streptavidin and C reactive protein (α-

CRP) [28].  

The reaction with γ-maps can be performed using thermal anhydrous reactions [33], or by 

acid catalysis [10,31,32]. Some variation in the vinylisation reactions are reported [31] such 

as the use of 20% v/v γ-maps, 50% v/v H2O, 30% v/v glacial acetic acid for an overnight 

reaction, while Mugo et al. [32] incorporated a solution of γ-maps/glacial acetic 

acid/deionised water (2/3/5 v/v/v) over an 8 h period. For the thermal reaction, a 50% 

solution of γ-maps in acetone was prepared, filled into the capillary, and heated to 60°C for 

20 h [33]. In a recent publication, the inner walls of a 126 x 8 µm channel I.D. PCF was modified 

to express vinyl groups for polymer attachment, using a mixture of γ-maps (313.5 mg) and 

DMF (660.8 mg), under thermal conditions of 110°C for 6 h [38]. In all parallel channels, 

successful polymerisation was reported. Porous layer open tubular (PLOT) monolithic 

columns were prepared for extraction of PAHs using thermally initiated polymerisation 
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[10,32]. The resulting PSDVB layers were used for GC sample preparation (with thermal 

desorption at 260°C) [32], or for LC sample preparation [10]. This indicates not only the 

thermal stability of the prepared polymers, but also the stability of the polymer-PCF wall 

attachment (see Fig.2.3).  

Approaches to the formation of polymer layers were reported including UV irradiation [31] 

and thermally initiated polymerisations, where temperature and time for polymerisation was 

varied; e.g. 80°C for 16 h [31], 70°C for 2 h [32], 74°C for 16 h [10], 65°C for 5 h followed by 

80°C [38], or 70°C for 20 h in the case of a full monolith [33]. However, with the reduction in 

internal diameter of the housings, relative to single channel capillaries, the effect of 

confinement may be observed.  

For example, the monolithic structures in PCF generally demonstrate a monolith with larger 

globules relative to the channel diameter, when compared to the properties of a bulk 

monolith structure [31]. Monolithic structures formed by Currivan et al. demonstrated 

properties similar to the bulk polymer [33]. However, a discussion on the effects of 

confinement is beyond the scope of this review. 
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Fig.2.3. Polymer monolith microextraction (PMME) device fabricated from PCF. The inner channels 
contain PSDVB polymer layer for extraction of PAH. The schematic demonstrates the extraction 
procedure from solution, prior to GC analysis (a). SEM micrographs of PSDVB monolithic PLOT columns 
used for extraction of PAHS for LC analysis (b). Part (a) adapted from Ref. [38] with permission of The 
Royal Society of Chemistry. Part (b) reprinted from Anal Chim Acta, 905, Kazarian, A. A., et al.,Wall 
modified photonic crystal fibre capillaries as porous layer open tubular columns for in-capillary micro-
extraction and capillary chromatography, 1-7, Copyright (2016), with permission from Elsevier. 

2.2 Applications 

The potential of PCFs in sensing was initially mentioned in 1995 [1], but the first optical fibre 

sensor dates to 1994, where calcium ions were detected using an indicator system, and a 

single mode optical fibre with a tapered end [39]. From there, PCF has demonstrated its 

strength in Raman based sensing, predominantly in SERS approaches [22].  

2.2.1 Opto-fluidic applications  

Opto-fluidics is the synergistic integration of microfluidics and optics [14]. One of the many 

benefits of PCF is in its unique ability to simultaneously probe a sample during a microfluidic 

application, such as the ability to monitor the ongoing fluidic processes within a PCF, during 

protein or substrate interactions [14,28]. The use of PCF can provide both sample infiltration, 

and simultaneous in-situ, online monitoring. Two properties are often investigated; the 
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physical property of an analyte i.e. refractive index (RI), or the measurement of a 

colorimetric/fluorescent analyte probe [21]. Upon the introduction of a medium of high RI to 

the PCF, the coupling of light between the core and the cladding capillaries leads to 

observable differences in the optical spectra [36,40]. Alternatively, the PCF can also be used 

to monitor a reactant's presence or absence, using transmission spectra [41]. The differences 

between the RIs of the PCF material and incoming matrix, may be enhanced by coating the 

PCF in another material of higher RI, such as carbon nanotubes (CNTs) [20].  

Many applications for PCFs lie in the use of evanescent wave sensing. One limitation of 

evanescent wave based sensors is the weak wave generated, but also, this wave is limited by 

the diameter of the channels [9]. When SC-PCFs are used with Raman analysis, a surface 

enhancement may be required, where channels are coated with metal nanoparticles, or metal 

nanoparticles are added to the sample matrix for surface plasmon resonance (SPR) [22,42]. 

The Raman signal is generated by the incoming evanescent wave and the interaction with a 

tag or the analyte whilst being enhanced by SPR, attributed to the presence of the metallic 

nanoparticles [40].  

HC-PCFs can be used differently, where a large background contribution from silica is not 

observed due to the open central core. The HC-PCF is filled with a mixture of both metallic 

nanoparticles and the analyte solution [13]. The analyte fills the channels, and interacts with 

the evanescent light wave generated from the PCF's core [13]. There are many publications 

on PCF or multi-channelled capillaries used for applications in Raman spectroscopy [7,11-

13,21,22,42]. As this review is based the applications to analytical separations, the reader is 

directed to the related reviews on the topic of sensing [7,21,22]. 
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2.2.2. Gas phase analysis 

2.2.2.1. Gas chromatography 

Aside from gas sensing [43], a few applications of PCFs in areas of gas phase analysis have 

been reported. For sample preparation in GC analysis, Mugo et al. prepared PSDVB polymer 

layers within a PCF for the extraction of PAHs [32]. The PSDVB-PLOT PCF was conditioned in 

a GC oven at 280°C, prior to placement in a stirred vial containing the 100 ppm PAH standards 

(3 min adsorption). The PAHs were thermally desorbed at 260°C over 30s, prior to injection.  

For direct GC analysis, a number of coatings were investigated in a recent study, including 

inorganic and organic based coatings. The resulting separations were performed within 

seconds, and with efficiencies of 4, 000 to 11, 000 N/m [37]. The loading capacity of the PCFs 

was calculated, and resulted in a range between 0.03 µg and 1 µg of sample weight, which is 

an order of magnitude greater than that reported for other porous layer columns [37]. This 

increase in loading capacity was directly associated with the physical properties of the PCFs. 

One method to circumvent the use of permanent or covalent modifications, is to use a liquid 

based stationary phase for GC separations, which resulted in a higher separation efficiency 

when compared to those PCFs with solid sorbents, with 19, 600 N/ m versus 11, 700 N/m, 

respectively [37]. 

2.2.3. Liquid phase analysis 

The PCF structure permits the use of simultaneous reaction monitoring, or indeed, bio-

sensing using liquid media. Aside from sensing applications, very few liquid phase analyses 

such as HPLC, or CE are reported. The main issues which are limiting, are the back pressures 

generated due to the number of small internal diameter channels, the fragile nature of the 
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PCF (difficult handling), and the protective (acrylate) coating surrounding the PCF. To alleviate 

pressure concerns, one approach is to use a PCF with an increased number of channels [30]. 

Most commercially available PCFs have an acrylate based coating around the fibre, which is 

easily damaged, and more robust alternatives, such as polyimide should be sought where 

possible. For high pressure applications it may be necessary to remove the coating to due to 

solvent incompatibility, and to ensure that the connectors are properly sealed, maintaining 

pressure [30]. 

2.2.3.1. Liquid chromatography 

When a stationary phase is introduced to the PCF, selective retention in LC can be observed 

[10,33]. However, when using wall coated (open tubular) PCFs for separations, Daley et al. 

observed some unusual multiplet peaks in the resulting chromatograms [30]. PCFs with a 

varying number of channels were analysed, with a 54 channel PCF demonstrating the least 

variance in channel diameters. As a result, they predict that plate counts of well below 50,000 

N/m should be expected, when using PCF based LC columns, based on the then current 

industry standards of fabrication [30]. The group hypothesized that the axial variation in 

channel diameters (along the fibre) can directly affect the flow velocity in each channel, as 

suggested by Poiseuille's Law; whereby the flow rate is dependent on the radius (r4) and any 

variation in r, will dramatically affect the flow rate. This would also result in band broadening 

in the final chromatogram, which was also observed elsewhere [44]. Examples of 

chromatograms are shown in Fig.2.4.  

PCF housings provide a much greater surface area relative to single channel capillaries, and 

thus, provide enhanced sample loading capacity [10]. A PLOT-PCF was successfully applied to 
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the extraction of PAHs from water samples, where the PAH standards were flushed across the 

PLOT-PCF, trapping the analyte. With subsequent elution and concentration of the analyte, 

the eluate was analysed under RPLC conditions using standard addition of PAHs in water 

samples. The PLOT-PCF was also used for the retention of proteins under nanoLC conditions 

[10]. There have yet to be reports discussing the chromatographic performance of PCFs for 

liquid phase chromatography with packed PCF columns, or monolithic PCF columns. 

 

 

Fig.2.4. Chromatograms from 30 channel (a) and 168 channel (b) PCF columns modified with 
trichloro(1H,1H,2H,2H-perfluoroctyl)silane. Chromatograms of 168 channel (c), and 54 channel (d) 
PCFs modified with (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane. Peak identification: 
tripheylphosphine oxide (peak 2), diphenyl-[4-(1H,1H,2H,2Hperfluorodecyl) phenyl] phosphine 
multiplet of peaks (peak 3), Bis[4-(1H,1H,2H,2H-perfluorooctyl)phenyl]phenylphosphine oxide 
multiplet of peaks (peak 4). All samples prepared in a solvent of 60:40 methanol:10 mM ammonium 
formate. Reprinted from Anal. Chim Acta, 690, Daley, A.B. et al., Parallel, fluorous open-tubular 
chromatography using microstructured fibers, 253e262., Copyright (2011), with permission from 
Elsevier. 
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2.2.3.2. Electrophoretic separations 

PCFs are not limited to pressure-based separation mechanisms, but have also been used for 

CE [44-47]. PCF in CE has been used to overcome the issue of joule heating, particularly for 

chip-based CE [45,47]. Usually, this is counteracted by using a capillary of narrow dimensions, 

due to the higher surface area to volume ratio [45]. In using PCFs for CE, features such as 

enhanced heat dissipation, and smaller temperature variations across the channel cross 

section would be observed, as well as an increase in the sensitivity, due to noise reduction 

and larger sample capacity [46]; the increase in signal to noise ratio was ascribed to enhanced 

light-analyte interaction within the PCF structure, and multiple internal reflections of light 

inside the microstructure, leading to a reduction of the coherent noise from the laser light 

source [44].  

Sun et al. investigated a PCF fibre which was integrated into a COC chip, which provided a 

reduction in joule heating, when compared to conventional single channel capillaries [45,47]. 

Initial studies demonstrated improved efficiencies between PCFs and a single channel glass 

microchip, using the separation of rhodamine-123 and fluorescein [47]. In a later study, the 

use of PCFs was extended to DNA fragments, and again their performance on chip, was 

compared to a single channel glass microchip [45]. An enhancement in separation was 

observed, with an increase in peak resolution seen throughout the electropherogram. 

However, neither a PCF nor a glass microchip provided a fully resolved separation of the DNA 

fragments.  

The effect of using a PCF for injection in CE was investigated thoroughly by Calcerrada and co-

workers [44]. The use of multi-channelled capillaries resulted in reduced peak resolution 

when compared to 75 µm I.D. capillaries, and 25 µm I.D. capillaries. Reported efficiencies for 
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nitrostarch were 97,000 N versus 26,000 N for the 75 µm I.D. capillary versus the PCF, 

respectively. When compared to 25 µm I.D. capillaries the efficiencies were improved, at 

46,000 N (25 µm I.D.) versus 40,000 N (PCF). The group suggested that the poor performance 

of the PCFs in CE, was due to longitudinal heterogeneity in channel diameters throughout the 

capillary, or differences in the wet perimeter which could lead to a higher resistance of the 

liquid passing through the channels [44,46]. The group also investigated in-house prepared 

PCFs (6 channels), with diameters of 23-25 µm. Using fluorescently tagged samples, they 

could separate and quantify nitrocellulose in dynamite at pg levels, from 220 to 400 pg, using 

a 31 cm long PCF [46]. 

2.2.3. Instrumental applications 

The use of PCFs as a coupling medium is not limited to optical techniques. It has been shown 

that the PCF array is also useful as a nano-spray emitter for MS applications [48,49], and as a 

retaining frit for chip based columns [49]. In the fabrication of a nano-spray emitter, the in-

house fabricated PCF contained a radial array of 9 channels. The glass surrounding the 

channels was etched using HF over a number of minutes with 14 min providing the optimum 

effect. The tip was then coated to provide a hydrophobic environment, in an attempt to 

reduce the accumulation of droplets on the emitter's surface [48].  

PCF has also been integrated into a microfluidic separation chip, having a dual role as a 

retaining frit for the packing material, as well as providing a nozzle for nano-spray generation 

[49]. The capillary is embedded into the chip during fabrication. The chip had a dedicated 

channel for packing material, which consisted of 3.5 mm diameter particles. The PCF 

contained channels of 3.8 mm, theoretically large enough for the particles to pass through. 
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However, due to the keystone effect, the particles were not lost during operation, which was 

also investigated using fluorescently dyed particles. Using PCF technology, an ion trap was 

developed, using gold filled channels within the PCF structure, which could generate a 3D 

confining pseudo-potential of 88 µm above the electrode surface [50]. This method was 

successfully used to trap calcium ions using a radio frequency of 40.3 MHz, with a 70 V zero 

peak amplitude. 

2.3. Conclusions 

The higher loading capacity of the PCF, along with the ability to provide online monitoring, 

are two advantages of the material. The ability to use pre-existing silanol modification 

chemistry has been shown, with few applications. Predominantly, amination of the surface, 

or the introduction of a vinyl anchor group for polymer attachment is used. Other groups have 

shown the use of fluorocontaining silanes, however, this leaves a wide range of potential 

reactions and applications available.  

For the future of PCFs in separations, there is one crucial element that needs to be addressed; 

channel axial homogeneity, which currently stands at 5% variance using stack-and-draw 

methods [30]. Improvement would serve to limit band-broadening in chromatographic 

applications [30,44]. However, die extrusion techniques provide greater control and 

reproducibility, with progress being made on 3D-printed dies [25]. Additional methods of 

cladding (e.g. acrylate vs. polyimide) would be necessary for solvent compatibility. Alternative 

characterisation methods would also be required, to provide an accurate overview of 

modifications, longitudinally along the PCF channels, for example capacitively-coupled-
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contactless-conductivity detection (C4D). Techniques such as SEM are beneficial, however, 

they are destructive in nature.  

Currently, the prospective use for PCFs, would be in extraction or sample clean-up. Other 

applications, such as online-monitoring of binding events, or monitoring of polymer growth 

using spectroscopic (e.g. laser-induced-fluorescence or Raman), or conductivity (e.g. C4D) 

methods could be useful. The monitoring of modification reactions could provide insights to 

previously unknown reaction kinetics or processes. 
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Abstract 

In this Chapter, a novel investigation of evanescent field-based optical detection using multi-

lumen capillaries (MLCs) is presented. The micro-structured capillaries provide the potential 

for long effective optical pathways with the additional advantage of high surface-area-to-

volume ratios. Their use in in-capillary evanescent field-based detection could offer several 

significant advantages, including on-line sensing, in-capillary reaction monitoring and 

integration with various chromatographic applications. The Chapter involves comparison of 

the effective detection pathlength of empty MLCs with MLCs that have gold nanoparticles 

(AuNPs) immobilised on the surface of the channel. MLCs with 126 parallel channels of either 

4 µm or 8 µm inner diameter were used, connecting a light source and optical detector. 

Experimental measurements were carried out with different concentrations of a brilliant blue 

dye solution using a flow-injection analysis (FIA) approach. Calibration curves using the 

brilliant blue dye solution were constructed to demonstrate the potential of the approach, 

and were linear up to 5.12 mM, with typical R2 values of 0.998.   The effective pathlengths of 

the empty MLCs range between 1.205 mm and 0.075 mm, and with AuNPs on the surface the 

effective pathlengths increased relatively to 1.893 mm and 0.229 mm for the 4-µm and 8-µm 

MLCs, respectively. In addition, a peak dispersion study was carried out using a scanning 

capacitively coupled contactless conductivity detector (sC4D) and injections of a 10 mM NaCl 

solution. The 8-µm channel MLC showed lowest dispersion with the difference in width of the 

peak being 0.004 mm (23.53%) from the beginning to the end of the 12-cm capillary.  
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3.1 Introduction 

UV/visible absorption spectroscopy is the most widely used capillary-based flow-through 

detection technique and this photometric detection can be performed either directly or 

indirectly. While techniques such as mass spectrometry and fluorometric detection use direct 

detection, indirect photometric detection is gaining popularity in capillary electrophoresis 

(CE) and offers universal detection. The main disadvantage of direct detection is the small 

pathlength of the capillary, e.g. within methods such as CE where the actual optical 

pathlength in the capillary is less than the inner diameter, since only a fraction of the light 

passes directly through the centre. This also results in a short linear range. The robustness of 

indirect detection compared to direct photometric detection is low [1,2]. In indirect detection 

within CE, the limiting factor is the separation current that restricts the electrolyte 

concentration [3,4].   

The appearance of the multi-lumen capillary (MLC) in 1996 revolutionised both 

telecommunications and sensing fields, due to its light guidance and high sensitivity 

properties [10]. MLCs are characterised by their novel geometry and the periodic 

arrangement of air holes running along the length of the fibre [11]. There are many types of 

MLC, such as hollow core, solid core and suspended core MLCs and they have different 

properties according to their types (discussed in detail in Chapter 2) [12]. MLC fibre sensors 

are low in cost and can be suitable for unfavourable environments, such as corrosive, high 

temperature, explosive, high noise and high voltage conditions [12].  

In the sensing applications of solid core multi-lumen capillaries (SC-MLC), light travels in the 

solid core and interacts with the samples via an evanescent wave (a light wave that reflects 

off a surface) that penetrates the MLC channels. The sample can be pumped into the SC-MLC 
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without affecting the evanescent wave field [6,13]. The refractive index of the cladding 

(acrylate coating) and silica varies with the radial distance, depending on the geometry and 

material [15]. The refractive index of the cladding should be lower than the core’s refractive 

index, allowing the guidance mechanism to be total internal reflection. The adaptable design 

of solid core MLCs can be explored to achieve endless single-mode guidance [16]. These 

attributes contribute to outstanding opportunities for applications in analytical science, such 

as long-period grafting, spectroscopy and fibre sensing, among others [17-21]. Fiber-optic 

evanescent wave absorption detectors have attracted significant attention due to the 

sensitivity of evanescent wave absorbance to changes in concentration [5,6]. For example, in 

a study for the determination of nitrite in mineral water, tap water, rainwater and seawater, 

the authors developed a novel small-volume fiber-optic evanescent wave absorption system 

that showed good sensitivity and reproducibility. The location of the detector was optimised 

to reduce the background noise and improve light efficiency (a schematic is shown in Fig.3.1). 

The narrow small-volume microchannel reduced the sample dispersion and sped up the 

solution displacement [7,8]. In another study, authors used a micro-structured optical fibre 

Bragg grafting (MOFBG) for acetylene gas sensing and demonstrated the novel use of MLCs 

with evanescent wave absorption. The MLC micro-channels were used as gas cells in which 

the gas molecules interacted with the guided evanescent wave [9].  
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Fig.3.1. Schematic diagram of the nitrite detection system based on fiber-optic evanescent wave 
absorption sensor [7]. 

 

  

 

 

Fig.3.2. Multi-lumen capillaries, (A) 126 4-µm ID channels, (B) 126 8-µm ID channels. 

 

Fig.3.2. (A) and (B) show SEM images of the solid-core MLCs used in this study. Each are made 

from pure silica using a stack-and-drawing technique. The inner diameters (ID) of the single 

channels were either 4 µm (A) or 8 µm (B), with both MLCs having 126 channels in total. The 

Acrylate coating Silica     126 channels 

A B 

C 
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total internal diameter of each MLC shown is 230 µm, and with cladding, the external 

diameter is 360 µm [14].  

Absorption detection is one of the most promising MLC detection methods because of its 

simplicity and ease of setup. MLCs exhibit unique properties such as potential long effective 

pathlengths, single-mode transmission, low power loss, varieties of light source options (such 

as light-emitting diodes (LEDs)) and excellent total internal reflection properties. The effective 

pathlength is always smaller than the actual length of the capillary because effective 

pathlength is calculated as the average length of light intersection between the cell and the 

propagation path of the capillary [6, 22].  However, with MLCs an axial pathlength can be 

utilised due to the evanescent light wave travelling the length of the capillary, potentially 

allowing a much longer effective pathlength. 

LEDs are highly stable light sources with the benefits of low heat production, low price, small 

size, portability, robustness and long lifetimes. LEDs were introduced in the 1960s, and since 

then the wavelength has extended from the original red to the visible wavelength region to 

the UV region. The emission intensity has increased, and the price has reduced, making LEDs 

a beneficial light source [20, 21].  

A scanning capacitively coupled contactless conductivity detector (sC4D) to detect ionic 

species within capillaries was also used in this study. The detector consists of two ring 

electrodes, which are placed around the capillary with a detection gap of 2 mm. Ionic 

solutions can be detected in the gap between the electrodes. The benefits of using the sC4D 

detector include fast detection, high sensitivity and the lack of physical contact [22,23]. Many 

research groups have used sC4D detectors to inspect the uniformity of coatings and monoliths 

throughout the length of a capillary and to visualise the exact location of desired chemical 
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groups within the capillary [22-25]. The detection of in-capillary binding of proteins and 

molecule layers has also been performed using sC4D [24]. The increase and decrease in 

conductivity during and after washing of the capillary shows the exact binding readings, which 

is vital information for further immobilisation or extraction processes [25-27].  

In this work, a comparison of sensitivity between empty MLCs and with AuNPs immobilised 

on the surface was performed using evanescent-wave-field-based axial absorption detection 

(to give a longer pathlength). In a normal capillary, the capillary pathlength for detection is 

approximately 360 µm (the width of the capillary) and the effective pathlength can be as low 

as 280 µm. However, because the evanescent wave allows light to travel through the whole 

length of the capillary, the theoretical optical pathlength of the capillary could be as high as 

the length of the capillary itself, although the effective pathlength has to be determined 

experimentally. In this study, we investigated the effective axial pathlength of an MLC for the 

first time to allow for more sensitive detection. Two types of 126-channel MLCs (4 µm and 8 

µm ID) were used, and a 630-nm LED was used as the light source. Experimental 

measurements using a flow-injection analysis (FIA) approach were carried out with different 

concentrations of brilliant blue dye solution.  As well as this sensitivity study, the behaviour 

of MLC band-broadening was investigated using sodium chloride (NaCl) solution and 

detection via sC4D.  

3.2 Materials and methods 

3.2.1 Instrumentation 

A spectrometer (QE65 Pro, Ocean Optics, USA) was used for the measurement of the LED light 

source. A Harvard Apparatus PhD 2000 syringe pump (Langer Instruments Corp, USA) was 
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used as the water carrier. Injection of the brilliant blue dye sample was performed using a 

four-port nano-injection valve (Valco Instruments, USA). An LED (volume: 8×5×9 mm; power 

dissipation: 15 mA×3.05 V) was used as the light source. A Hitachi SU-70 field emission 

scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) was used to characterise the 

morphology of the prepared AuNPs and capillaries under high magnification. An sC4D was 

used to characterise the dispersion of a plug (peak) of NaCl throughout the capillaries.  

3.2.2 Materials and reagents 

A series of standard solutions of brilliant blue dye (food dye) was prepared by the serial 

dilution (by a factor of 2) of a 17 mM solution to create concentrations from 0.0025 mM to 

5.12 mM for spectral absorbance calculations. Acetone, sodium hydroxide (NaOH), 

hydrochloric acid (HCl), (3-aminopropyl) triethoxysilane (APTES), ethanol (EtOH), chloroauric 

acid, hydroxylamine and a citrate-stabilised 15nm gold nanoparticle (AuNP) suspension were 

purchased from Sigma-Aldrich (Sydney, Australia). MLCs were purchased from NKT Photonics 

(BirkerØd, Denmark) with arrays of either 126 × 4-µm ID or 126 × 8-µm ID channels within 

230 µm fused silica capillaries, coated with a 120-µm polyacrylate protecting layer.  Deionised 

water was sourced from the Merck Millipore purification system (MA, USA) and was used to 

prepare and dilute standard dye solutions. Mobile phases were filtered through 0.4 µm nylon 

filters and sonicated before use. 

3.2.3 Immobilisation of gold nanoparticles with MLC channels  

Immobilisation of gold nanoparticles (AuNPs) in the MLC provided a new opportunity to 

compare response and linearity between an empty MLC and one that had the internal wall 



62 
 

coated with AuNPs.  To immobilise the AuNPs, the MLCs were first flushed with acetone and 

washed with water, then flushed with 0.2 M NaOH for 30 min followed with water until the 

pH of the wash was neutral. After this, the MLCs were flushed with 0.2 M HCl for 1 h, then 

washed with water until the pH of the wash was neutral. The MLCs were treated with a 10% 

solution of APTES in ethanol, which was flushed through the channels for a period of 2 h 

followed by ethanol for 30 min and finally water for 30 min. Finally, a suspension of AuNPs 

(15 nm diameter, citrate-stabilised) was flushed through the aminated capillaries for 2 h (flow 

rate 0.5 µL min-1) in both directions to provide a homogeneous nanoparticle coverage along 

the entire length of the MLC lumen. 

3.2.4 System setup 

The setup for the axial absorption measurement was adopted from that designed for 

evanescent field sensing, as shown in Fig.3.3 [8,9]. The MLC was supported (three axial 

fittings) and aligned by 200-µm fibre optics, connected on one end to an LED (630 nm) and on 

the other end to the detector. The acrylate coating of the MLC was removed to make a 

connection with a three-port fitting to create a light path guided to the detector. A Thermo 

Fisher Scientific (Dionex) Ultimate 3000 nano LC pump flushed water continuously at a flow 

rate of 1 µL min-1 and was attached to the nano-injector (capacity 4 nL). The nano-injector 

was loaded with a syringe using different concentrations of brilliant blue dye (0.0025 mM to 

5.12 mM). The LED light was absorbed by the dye, and the detector monitored the absorbance 

at a wavelength of 630 nm. The frequency of light was adjusted by adjusting the voltage of 

the LED and the experiment was carried out at 5.80 V. The removal of the acrylate coating 

from both end of the MLC helped to fit the ferrules and to easily attach the multi-port fitting. 
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Blockages, and the breakage of the silica parts of the MLC are common inside the multi-port 

fitting, and these can be detected by variations in the LED light intensity and by water leakage. 

 

 

a) 

 

 

 

 

 

 

 

 

 

b)  

 

 

 

 

 

 

 

 

Fig.3.3. (a) Schematic of the experimental setup (Section 3.2.4), and (b) actual presentation of the 
experimental setup. 
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3.2.5 Characterisation of the MLC by sC4D 

The AuNP modified capillaries were evaluated using sC4D at all stages of fabrication and 

experiment. While injecting water through the MLC, the detector was moved along the 

capillary length at increments of 1 mm for data collection unless stated otherwise. The 

detector response was recorded and a plot of detector response versus capillary distance 

used to provide a visualisation of the homogeneity of the modification reactions upon the 

MLC inner walls. The detector was set to 2x high, 0 dB, 200% gain, 0 offset.  

3.3 Results and Discussion  

The capillaries were flushed with water at 1 µL min-1, and a series of brilliant blue dye 

standards were injected using a 4-nL capacity nano-injector and absorbance measurements 

taken at 630 nm. The absorbance of each standard was measured in triplicate. Absorbances 

were measured in order of increasing concentration to minimise possible carryover errors. 

3.3.1 Absorbance detection method 

For absorbance detection, an Ocean Optics detector was used. The typical direct signal output 

at a wavelength of 630-nm is shown in Fig.3.4. Different concentrations of brilliant blue dye 

(0.0025 to 0.32 mM) in triplicate were introduced using a nano-injector. The average of each 

peak was calculated for each concentration of dye. For calculating the absorbance, the Beer-

Lambert Law (Equation 1, below), where A is absorbance, T is transmittance, ɛ is molar 

absorptivity, b is optical pathlength and c is concentration, was converted to Equation 2 

(below). In Equation 2, mAU is the milli-absorbance unit, L1 is the average peak value of a 

specific concentration and L2 is the highest intensity value (Fig.3.4).  
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                                                    A =  -Log T =  ɛbc                                                         equation 1 

 

                                                     mAU = -Log10 (
L1

L2
) *1000                                       equation 2 

 

 

Fig.3.4. Direct Intensity counts using Ocean Optics detector at different concentrations of brilliant blue 
dye within the 4 µm MLC.  

 

The absorbance of dye injected into the MLC can also be read directly using the Ocean Optics 

detector software. Fig.3.5 is an example of the recorded absorbance of different 

concentrations of brilliant blue dye. This software allowed the automatic generation of 

absorbance and was easy to use and saved time when compared to the indirect calculation 

of absorbance explained above.  

An example of the effective pathlength calculation used herein is presented below. The 

injected concentration of brilliant blue dye was 0.48 mM, the absorbance presented by the 

Ocean Optics software was 0.302 AU and the molar absorptivity of the brilliant blue dye was 

0.32 mM 0.25 0.16 0.12 0.08 0.06 0.04 0.03 0.02 0.015 0.01 0.005 

0.0025  
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17211 Lmol-1 cm-1. By using the Beer-Lambert Law, the effective pathlength was calculated to 

be 0.365 mm. The pathlength was calculated from the linear section of each calibration curve, 

calculated for each point and the average was the final effective pathlength for the MLC. 

 

 

Fig.3.5. Visible absorption of different concentrations of brilliant blue dye within the 8 µm MLC. 

3.3.2 Performance of the 126 x 4 µm channel MLC  

The absorption detection was carried out in a 5-cm long 4-µm ID MLC using various 

concentrations of brilliant blue dye. Some examples of the absorbance-versus-time graphs 

created using the Ocean Optics detector software are presented in Appendix A. The 

absorbance-versus-concentration graphs at 630 nm are presented in Fig.3.6 (a) and a graph 

showing the linear region i.e., R2=0.988 in Fig.3.6 (b). The range of concentration where the 

absorbance was directly proportional to the concentration of dye is known as the linear range 

(LR). The LR was from 0.01 mM to 0.08 mM.  

0

0.1

0.2

0.3

0.4

0.5

0.6

00:00 02:53 05:46 08:38 11:31 14:24 17:17 20:10 23:02 25:55

A
b

so
rb

an
ce

 (
A

U
)

Time (min)

0.96 mM

0.64 mM

0.48 mM

0.32 mM

0.26 mM



67 
 

Sensitivity data was calculated by dividing the measured absorbance by the concentration of 

brilliant blue dye, and the data was plotted against absorbance in Fig.3.6. (c). The effective 

pathlength was calculated using Beer-Lambert Law, where the molar absorptivity of the dye 

was 17211 Lmol-1cm-1, for each concentration of dye. As shown in table 3.1 the calculated 

average effective pathlength for the 5-cm 4-µm MLC was 1.205 mm.  
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Fig.3.6. (a) Absorbance data at 630 nm for different concentrations of brilliant blue dye using a 5-cm 
4 µm MLC, (b) Linearity range from 0.01–0.08 mM and (c) sensitivity versus absorbance plot. 
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Table 3.1: Linear range (LR) absorbance vs concentration with effective-pathlength calculation using 

Beer-Lambert Law of 4 µm MLC. 

LR Concentration (mM) Absorbance (AU) Effective-pathlength 
(mm) 

0.01 0.0305 1.77 

0.015 0.0375 1.45 

0.02 0.0462 1.33 

0.03 0.0599 1.16 

0.04 0.0725 1.05 

0.06 0.0916 0.88 

0.08 0.109 0.8 

  Average=1.205 
 

3.3.3 Performance of the 4 µm ID 126-channel MLC with immobilised AuNPs  

A similar experiment was carried out on the 4-µm ID 126-channel MLC where AuNPs were 

immobilised on the sides of each channel, giving a R2 value of 0.987, shown in Fig.3.7 (a). The 

trend was the same as for the original MLC. Surprisingly, the average effective pathlength of 

the AuNP MLC increased relatively to 1.893 mm (see table 3.2), and the LR was 0.01 mM to 

0.06 mM, shown in Fig.3.7. (b). Fig.3.7. (c) shows the sensitivity versus absorbance graph for 

the AuNP MLC. Clearly, the addition of AuNPs in MLC resulted in significant increase in the 

absorbance value, e.g., for 0.06 mM the absorbance increased from 91.55 mAU to 155.79 

mAU and this increase also increased the effective pathlength [28]. Two practical limitations 

found in the use of the AuNP MLC were that the acrylate coating of the MLC was removed 

during the AuNP immobilisation process, which made the MLC very fragile.  
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Fig.3.7. (a) Absorbance data at 630 nm for brilliant blue dye in the 4 µm ID MLC with immobilised 
AuNPs, (b) linearity range from 0.01-0.06 mM and (c) sensitivity versus absorbance plot. 
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Table 3.2: Linear range (LR) absorbance vs concentration with effective-pathlength calculation using 

Beer-Lambert Law of 4 µm AuNPs immobilised MLC. 

LR Concentration (mM) Absorbance (AU) Effective-pathlength 
(mm) 

0.01 0.0455 2.64 

0.015 0.0567 2.2 

0.02 0.0649 1.88 

0.03 0.0821 1.6 

0.04 0.105 1.53 

0.06 0.156 1.51 

  Average=1.893 

 

3.3.4 Performance of 8 µm ID 126-channel MLC 

Brilliant blue dye (0.01 mM to 5.12 mM) was injected into a 12-cm-long 8-µm-ID MLC using a 

4-nL nanoinjector; the absorbance versus time graphs produced by the software are shown 

in Appendix A. The software was not able to produce a detectable peak for absorbance below 

a dye concentration of 0.01 mM and it was difficult to analyse the absorbance at that 

concentration. Fig.3.8 (a) shows the absorbance versus concentration graph from 0.01 mM to 

5.12 mM concentration and Fig.3.8 (b) highlights the concentrations from 0.01 mM to 

0.48 mM for precise analysis of absorbance. Excellent linearity, i.e., R2 = 0.995, was observed. 

Fig.3.8. (c). graphs the sensitivity versus absorbance. The graph shows that the sensitivity 

trend declined from 0.01 to 0.96 mM and at a dye concentration greater than 1.2 mM, the 

sensitivity plateaus. The sensitivity data also indicates that it is possible to use the MLC for 

indirect photometric detection. Detector linearity can be identified using one probe (brilliant 

blue dye) [29]. The average effective pathlength was 0.0755 mm (see table 3.3) for the 12-cm 

long 8-µm ID MLC (calculated using Beer-Lambert Law) and the LR was 0.01mM to 0.48 mM.  
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Fig.3.8. (a). Absorbance data at 630 nm for different concentrations of brilliant blue dye using a the 
8 µm MLC, (b) linearity value from 0.01-0.48 mM, and (c) sensitivity versus absorbance plot. 
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Table 3.3: Linear range (LR) absorbance vs concentration with effective-pathlength calculation using 

Beer-Lambert Law of 8 µm MLC. 

LR concentration (mM) Absorbance (AU) Effective-pathlength 
(mm) 

0.01 0.003 0.174 

0.02 0.003 0.087 

0.03 0.004 0.077 

0.04 0.005 0.073 

0.06 0.008 0.077 

0.08 0.01 0.073 

0.12 0.012 0.058 

0.16 0.015 0.054 

0.26 0.025 0.056 

0.32 0.03 0.054 

0.48 0.04 0.048 

  Average=0.0755 

 

3.3.5 Performance of the 8 µm 126-channel MLC with immobilised AuNPs 

The 8 µm AuNP MLC showed better linearity than the uncoated MLC for up to 5 mM (R2 = 

0.996), and for the smaller concentrations R2 = 0.9922, which is only minutely different from 

the MLC without immobilised AuNPs. Fig.3.9 (a) shows the absorbance versus concentration 

and Fig.3.9. (b) represents the absorbance of the lower concentrations of dye more clearly. 

Again, the baseline absorbance was higher in AuNP-immobilised MLC as compared to the 

empty MLC. The average effective pathlength was 0.229 mm for the 12 cm MLC, with a LR of 

0.01 mM to 0.48 mM. The sensitivity was linear, but dropped at low concentrations of brilliant 

blue dye, as shown in Fig.3.9 (c).   
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Fig.3.9. (a). Absorbance data at 630 nm for samples with different concentrations of brilliant blue dye 
using the 8 µm 126-channel MLC with immobilised AuNPs, (b) absorbance versus concentration at 
lower dye concentrations, and (c) sensitivity versus absorbance plot. 
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Table 3.4: Linear range (LR) absorbance vs concentration with effective-pathlength calculation using 

Beer-Lambert Law of 8 µm AuNPs immobilised MLC. 

LR concentration (mM) Absorbance (AU) Effective-pathlength 
(mm) 

0.01 0.011 0.64 

0.02 0.012 0.35 

0.03 0.014 0.27 

0.04 0.015 0.22 

0.06 0.019 0.18 

0.08 0.025 0.18 

0.12 0.031 0.15 

0.16 0.041 0.15 

0.26 0.060 0.13 

0.32 0.065 0.12 

0.48 0.108 0.13 

  Average=0.229 

 

3.3.6 Comparison of 4 µm and 8 µm ID MLCs 

As shown in Table 3.1, the effective pathlength and linear range varies according to the length 

of the MLC and immobilisation of AuNPs. The 4-µm AuNPs MLC gave for greater effective 

pathlength i.e., 1.893 mm. However, working with the 8-µm MLC was easier due to its 

robustness and reduced backpressure in comparison with the 4-µm MLC and the linear range 

of the 8-µm MLC was much greater. 
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Table 3.5: Comparison of 4 µm and 8 µm MLCs 

MLC Effective-pathlength (mm) LR (mM) 

5 cm 4 µm MLC 1.205 0.01–0.08 

5 cm 4 µm MLC (AuNPs) 1.893 0.01–0.06 

12 cm 8 µm MLC 0.0755 0.01–0.48 

12 cm 8 µm MLC (AuNPs) 0.229 0.01–0.48 

 

3.3.7 Analysis of axial dispersion of 10 mM NaCl in MLC  

The dispersion study was performed to analyse peak broadening in both the 4-µm ID MLC and 

8-µm ID MLC. Understanding of the band broadening allows better control of the separation 

and a better ability to design improved systems for flow analysis applications.  In this work, a 

10 mM NaCl solution was injected into the MLC followed by continuous water using a 4-nL 

nano-injector, and detection of the injected peak recorded at multiple positions along the 

length of the MLC. The sC4D response in the MLC was measured twice, first with the capillary 

filled with mobile/buffer phase to provide a baseline for measurements, and a second time 

measuring the presence of ions from the NaCl solution in the detection zone. The presence 

of ions in the MLC increased the C4D response as demonstrated in Fig.3.10. The change in 

height and width of the peak for both the 4 µm and 8 µm capillaries as the sC4D detector 

passed from the beginning to the end of the capillary can be seen in Fig.3.10.  
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Fig.3.10. Comparison of the end of capillary and start of capillary (a) dispersion of 10 mM NaCl in the 
8 µm MLC. (b) dispersion of 10 mM NaCl in the 4 µm MLC. 
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Fig.3.11. (a) sC4D plot of the 8 µm ID channel MLC showing the dispersion at every millimetre of the 
capillary. FWHM = Full-Width Half Maximum. (b) sC4D plot of the 4 µm ID channel MLC showing the 
dispersion at every millimetre of the capillary. 
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Fig.3.11. (a) and (b) Illustrate the change in the peak height and width along the length of the 

MLCs. The two graphs show a similar trend, with the height of the peak decreasing along the 

capillary and the width increasing.  

The difference in peak height (in mm) between the 8 µm and the 4 µm MLC was notable, in 

the 8 µm MLC the detector response was almost double that of the 4 µm MLC even though 

the concentration of NaCl was similar in both capillaries. The reason behind the increase in 

peak height was a greater volume of liquid in the 8 µm MLC. The comparison of height, width 

and slope against the capillary length is shown in Table 3.2.  Greater peak broadening was 

seen in the 4-µm ID MLC and therefore less dispersion occurred in the 8-µm ID MLC. The level 

of dispersion in both columns was suitable for chromatographic applications. 

 

Table 3.6: Comparison of peak area, height, and width at the beginning and end of the MLCs and 

slopes of the 4 µm and 8 µm MLCs. 

 4-µm ID MLC 8-µm ID MLC 

Area of peak (beginning) 11.0 15.8 

Area of peak (end) 10.8 15.5 

Slope 4.8 3.2 

Height of peak (beginning) 366 mm 733 mm 

Height of peak (end) 208 mm 610 mm 

Width of peak (beginning) 0.014 mm 0.013 mm 

Width of peak (end) 0.020 mm 0.017 mm 
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3.4 Conclusions 

A novel fiber-optic evanescent wave absorption sensor with a small volume was developed 

and evaluated. MLCs with 126 channels of either 4 µm or 8 µm ID were compared and 

solutions delivered easily using a syringe pump. The sensitivity and linear absorbance range 

was higher in the 8-µm MLC, while the effective pathlength was higher in 4-µm MLC. 

Immobilisation of AuNPs on the wall of the MLC did not greatly change the pathlength, 

sensitivity or linear absorbance range of the MLC. A dispersion study was also performed in 

both MLCs using an sC4D detector to check the band broadening at each millimetre along the 

MLC. The 8-µm MLC showed less peak broadening than the 4-µm MLC; however, the 

dispersion in both columns was low and suitable for chromatographic applications. 
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Chapter 4. 

Organic polymer monolith modification of multi-lumen capillaries 
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Abstract 

Herein the modification of the internal channel wall of a multi-lumen capillary (MLC) with a 

polymer layer was investigated. Lauryl methacrylate ethylene dimethacrylate (LMA-co-

EDMA)-based monolithic porous layer open tubular (monoPLOT) MLC columns were 

prepared, using a UV polymerisation approach. The study aimed to rapidly produce a uniform 

monolith layer within each channel of the MLC using UV light (a 254 nm lamp or a 255 nm 

LED). The difference in monolithic growth within the MLCs, with and without the acrylate 

external capillary coating, was noticeable due to the initiating UV light either travelling 

through the core of the MLC as an evanescent wave or, in the case of the uncoated MLC, 

directly through the wall. The uniform wall coverage of the monolith was monitored using a 

scanning capacitively coupled contactless conductivity detector (sC4D) and scanning electron 

microscopy (SEM), with the greatest monolith growth (up to 1000 nm) occurring in the 

uncoated MLC where the light was able to enter through the wall. Photo-initiation using the 

UV LED gave the least homogeneous coverage; some channels of the MLC were blocked and 

some did not show any polymerisation. The application of monolithic MLCs for the retention 

of series of test proteins was also briefly explored. Under optimised gradient conditions, 

retention of proteins was demonstrated on the uncoated MLC column with the greatest 

amount of immobilised monolith present. 
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4.1 Introduction 

Macroporous polymer monoliths have gained significant attention since the 1990s because 

of their unique properties, and have been widely applied within numerous analytical 

applications, including being used as adsorbents, supports for catalysts, chromatographic 

separation media, solid phase reagents and within detectors [1-3]. These materials generally 

fall under two categories: first, silica monoliths, which are fabricated by sol-gel technology, 

and second, organic polymer monoliths (OPMs) produced from a homogenous mixture of 

monomers, solvents and an initiator. OPMs have been widely applied due to their excellent 

chemical stability across wide pH ranges, good mass-transfer characteristics and ease of 

fabrication [4,5]. In the synthesis of an OPM, a free radical initiator forms a nucleus which 

subsequently grows into a homogenous array of particles or microglobules as the 

polymerisation proceeds. In most cases polymerisation is initiated using UV irradiation [6]. 

Several studies have applied polymer monoliths in capillaries or monolithic porous layer open 

tubular (monoPLOT) columns to the analysis of biological samples and the separation of 

proteins as well as low molecular weight molecules. Walsh et al. was the first to use a three-

component photoinitiator mixture with LEDs as the light source to shorten the polymerisation 

time (compared to thermal polymerisation) [8]. As another example, Nesterenko et al. 

fabricated lauryl methacrylate ethylene dimethacrylate (LMA-co-EDMA)-based monoPLOT 

columns for the low-pressure liquid chromatographic (LC) separation of up to eight proteins 

[7]. Although all authors reported successful polymerisation, such narrow bore silica channel 

capillaries have very low sample loading capacities and low flow rates due to the small surface 

area of the single channel capillaries used [7,8]. 
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To overcome these issues, fused silica based multi-lumen capillaries (MLCs), also known as 

photonic crystal fibres (PCFs) can be potentially used. As described earlier MLCs consist of a 

bundle of narrow capillaries, each capillary with a diameter on the order of a few 

micrometres. For this project we investigated the monolithic polymer layers within 126-

channel MLCs, each channel was 4 µm as shown in Fig.4.1. 

 

Fig.4.1. Multi-lumen capillary 126 x 4µm channels. 

 

A discussed in Chapter 2, MLCs have been developed primarily for use in the guidance of light 

in optical communications [9]. They are selectively fabricated to give a refractive index that 

varies periodically across the material, and have a higher surface-to-area ratio in comparison 

with single channel capillaries [10,11]. 

Light emitting diodes (LEDs) are stable visible-region light sources with properties of low heat 

production, low price, small size, portability, robustness and long lifetimes [12]. LEDs were 
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introduced in the 1960s and the available wavelengths now extend from the original red, 

down the wavelength scale to the UV region. The emission intensity has increased and the 

price has reduced, making LEDs a very useful light source [13]. The photoinitiated 

polymerisations described here have been carried out using deep-UV LED as the light source 

[8]. Abele et al. successfully obtained a methacrylic porous layer open tubular (PLOT) column 

with an evanescent wave (EW) initiated photopolymerisation using a deep-UV LED and used 

the column for the on-line digestion of proteins [14]. The same group created short sections 

of monolithic columns in capillaries and in microfluidic chips and immobilised the monoliths 

using UV-LEDs [15]. Other methods of immobilising monoliths are time consuming and 

require many steps to complete the process. Photopolymerisation can potentially achieve a 

uniform layer of monolith in just a couple of minutes [16–18]. 

Monoliths in microfluidic multi-channel chips and multi-channel capillaries can be 

immobilised homogeneously because of the EW phenomenon. MLCs act as light waveguides 

and the EW travels through the core of the capillary as discussed in Chapter 3 [19-23]. 

In this work, the fabrication of an MLC-based OPM utilising the UV immobilisation approach 

has been reported for the first time. The monolith layer was immobilised within each channel 

of the MLC, homogeneously and rapidly using a UV-lamp oven at 254 nm and a deep-UV LED 

at 255 nm. Different techniques were used to form and immobilise the monolith and the 

coverage of the monolith coating was investigated using SEM. The modified MLC was profiled 

using scanning capacitively coupled contactless conductivity detection (sC4D) to map the 

homogeneity of monolith throughout the entire length of the column. The column was briefly 

tested for the chromatographic retention of the proteins lysozyme and myoglobin. 
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4.2 Materials and Methods 

4.2.1 Instrumentation 

Monolithic columns were washed using a Knauer Smartline HPLC pump (Knauer, Berlin, 

Germany) using acetonitrile. A Harvard Apparatus PhD 2000 syringe pump was used for 

washing and functionalisation of the OPM columns. Monolithic columns were characterised 

using a Tracedec capacitively coupled contactless conductivity detector (C4D) (Innovative 

Sensor Technologies, Austria) with settings of 0 dB, 50% gain and 0 offset. A Hitachi SU-70 

field emission scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) was used to 

characterise the morphology of the prepared monoliths and capillaries under high 

magnification. A 255 nm deep-UV LED obtained from Crystal IS (Green Island, NY, USA) and a 

UV lamp containing UV tubes in a oven (at 254 nm) (Spectrolinker™ UV crosslinkers), (inner 

chamber dimensions W:13.5”x H:7.0”x D: 7.5”), (Westbury, NY, USA) were used to initiate the 

growth of the organic polymer in the MLCs. For chromatographic studies, a Dionex Ultimate 

3000 capillary LC system was used, with a split flow rate of 1:101, delivering a flow rate of 2 

μL/min. Monolith immobilised MLC (126 x 4 µm) column was used for separation with highest 

monolith particle size (ranging 500-1000 nm layer thickness). Protein standards lysozyme, and 

myoglobin were prepared at 50 μg/mL. The proteins were injected onto the column via a 120 

nL loop. For separation, a hold up time of 5 min was applied, followed by a 10 min gradient 

from 100% A (5% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA)) to 100% B (95% ACN, 

0.1% TFA) and proteins were detected using UV detection at a wavelength of 214 nm. 
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4.2.2 Materials 

Acetone, sodium hydroxide (NaOH), hydrochloric acid (HCl), 3-(methacryloyloxy)propyl 

trimethoxysilane (γ-MAPS), ethanol (EtOH), glycidyl methacrylate (GMA), lauryl methacrylate 

(LMA), ethylene dimethacrylate (EDMA), acetonitrile (ACN), trifluoroacetic acid (TFA), I,4-

butanediol, 1-propanol, and 4,4’-bis(N,N-dimethylamino)benzophenone (also called 

Michler’s ketone, MK) were all purchased from Sigma-Aldrich (Sydney, Australia). 1-decanol, 

styrene, divinyl benzene, lysozyme (chicken egg), myoglobin (equine heart), sodium 

phosphate monobasic, sodium phosphate dibasic, 1,4-dithiothreitol (DTT), and 

iodoacetamide were also purchased from Sigma-Aldrich (Sydney, Australia). Styrene and 

divinylbenzene were purified before use. PCFs or MLCs were purchased from NKT Photonics 

(Birkerød, Denmark), with an array of 126 4-μm ID channels within a 230 μm fused silica 

capillary (120 μm polyacrylate coating). Deionised water was sourced by a Merck Millipore 

purification system (MA, USA). Mobile phases were filtered through 0.4 μm nylon filters and 

sonicated before use. 

4.2.3 Preparation of Capillaries (MLC) 

Monoliths were immobilised into MLC capillary columns using two methods: either a UV lamp 

oven or a UV LED. 

4.2.3.1 Photopolymerisation using a UV lamp oven at a wavelength of 254 nm 

A 15 cm of a 4-µm ID 126-channel MLC, was pre-treated by consecutively flushing with 1 M 

NaOH, deionised water, 0.1 M HCl, deionised water and acetone to activate the surface silanol 

groups. Subsequently, the capillary was silanised using 50% γ-MAPS in toluene at 60°C for 
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20 h. The LMA-co-EDMA modified MLC column was formed using a monomer mixture 

consisting of LMA 0.2 mL, EDMA 0.16 mL, 1,4-butanediol 0.145 mL, and 1-propanol 0.45 mL 

and 4 mg of ethyl-4-dimethylaminobenzoate [15]. The silanised MLC was completely filled 

with the polymerisation mixture using a syringe pump and exposed to the UV lamp oven at 

254 nm for 100 seconds, with power of 100 µJ/cm2; a photograph of the UV oven used is 

shown in Fig.4.2. The MLC is known for its excellent evanescent wave properties, and to 

explore this in the polymerisation of the OPM within the MLC, the placement of the capillary 

in the UV lamp oven was different each time. First, a filled capillary was placed horizontally in 

the UV lamp oven, another filled MLC was placed in the UV lamp oven standing vertically, and 

a third was placed horizontally after removing the acrylate coating from the MLC. The purpose 

of this experiment was to analyse the growth of the monolith and the evanescent wave effect 

along the internal boundaries during capillary illumination. 

 

 

Fig.4.2. Photograph of the spectrolinker UV oven. 
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4.2.3.2 Evanescent wave-initiated photopolymerisation using deep-UV LED (at 255 nm) 

The MLC (15 cm, 126 channel, 4 µm ID) was filled with polymerisation mixture using a syringe 

pump. The polymerisation mixture consisted of LMA 0.2 mL, EDMA 0.16 mL, 1,4-butanediol 

0.145 mL, and 1-propanol 0.45 mL and 4 mg of ethyl-4-dimethylamino benzoate. As depicted 

in Fig.4.3 the MLC was placed horizontally, and a 255 nm deep-UV LED was simply placed in 

front of the MLC. The photopolymerisation was initiated by the LED light travelling through 

the MLC for two minutes. After polymerisation the MLC was flushed with methanol at 1 µL 

min-1 and the column was dried using nitrogen gas. 

 

 

 

Fig.4.3. Photograph of the deep-UV LED (255 nm) aligned with the MLC. 

4.2.4 Scanning Capacitively Coupled Contactless Conductivity (SC4D) 

Scanning capacitively coupled contactless conductivity (sC4D) was performed as described in 

Chapter 3. Each MLC was monitored using sC4D at all stages of fabrication. The MLC was 

flushed with deionised (DI) water for the duration of the experiment, at a flow rate of 

1 μL min−1, using a Thermo Fisher Scientific (Dionex) Ultimate 3000 nano LC pump. The 

detector was moved along the capillary length at increments of 1 mm for data collection. The 

detector response was recorded, and a graph of detector response versus distance along the 
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capillary was constructed, to provide a visualisation of the homogeneity of the modification 

reactions upon the capillary inner walls. 

4.2.5 FE-SEM Characterisation 

The homogeneous coverage of the monolith was confirmed using SEM through cross-

sectional imaging of each parallel channel. Samples of 5 mm taken from the beginning and 

end of the MLC were used for SEM characterisation.  

4.3 Results and Discussion 

4.3.1 Characterisation of OPM-Modified Capillaries 

Rapid formation of monoliths in MLCs was performed using a 254 nm UV-lamp oven and a 

255 nm deep-UV LED. For characterisation, two different techniques were used: first, sC4D to 

check the monolith formation in the entire column length and second, SEM detection for the 

morphology of the monolithic layer and distribution of monolith in all channels.  

Each step of the OPM fabrication was monitored by sC4D. The parameters for the response 

of C4D are the internal volume of the mobile phase and the concentration of charged groups 

present in the capillary [24]. The presence of charged groups in the MLC increases the C4D 

response allowing monitoring of the change in the inner coating of the MLC.  

4.3.1.1 sC4D profile of OPM from the coated MLC placed horizontally in the UV oven 

First, the empty MLC was scanned using the sC4D while being flushed with water, then the 

second scan was taken after the immobilisation of γ-MAPS. Subsequently, the polymerisation 
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mixture was flushed through the MLC using a syringe pump. The MLC was placed horizontally 

in the UV-lamp oven at 254 nm wavelength (Fig.4.4 (a)) after which, another sC4D scan of the 

monolithic MLC was taken. The acrylate coating from the MLC was not removed in order to 

investigate whether the evanescent wave effect in the MLC would be strong enough to 

produce effective monolithic growth. 

The complete C4D scan of OPM growth at every stage is shown in Fig.4.4 (b). The scan showed 

monolith uniformity throughout the column. A gain in conductivity can be seen after the γ-

MAPS coating in the capillary, due to the presence of ionic groups. However, when comparing 

the scan of the OPM to the γ-MAPS scan, the trend is similar and there is very little variation 

in conductivity. This means that very little OPM growth occurred as there is no capping of 

ionic groups from the polymer. 
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Fig.4.4. (a). Schematic diagram of the MLC placed horizontally in the UV-lamp oven. (b). sC4D plot of 
the horizontally placed MLC at all stages of fabrication. 
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4.3.1.2 sC4D profile of OPM from the uncoated MLC placed horizontally in the UV oven 

In the second approach, the acrylate coating was removed from the MLC by treating the 

capillary with acetone for 10 minutes. The silica capillary was then placed into the oven after 

flushing with polymerisation mixture as shown in Fig.4.5. (a). The C4D plot shows that 

monolith formation in the MLC has increased dramatically as shown in Fig.4.5. (b). The 

reduction in the reading (Figure 4.5 (b)) is due to presence of fewer ionic charges after the 

immobilisation of the monolith, which confirms growth of the monolith in the MLC. The 

monolith C4D scan shows uniform monolith growth through the entire capillary. 
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Fig.4.5. (a) Schematic diagram of the MLC placed horizontally in the UV-lamp oven; the acrylate 
coating was removed from the MLC. (b) sC4D plot of the MLC at all stages of fabrication. 
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4.3.1.3 sC4D profile of OPM from the coated MLC placed vertically in the UV oven 

In the third approach, the capillary was filled with the monolith immobilisation mixture and 

placed vertically in the UV oven as shown in Fig.4.6. (a). The coating was not removed from 

the capillary. Black paper was used to cover and support the capillary so that the light was not 

entering the capillary from the side but was only travelling in the capillary through the silica 

core of the MLC.  

In Fig.4.6. (b) the C4D scan values for the vertically placed MLC are shown. It can be seen that 

monolith growth is similar by C4D to that of the MLC without the acrylate coating. MLCs have 

EW properties and the scan shows that the light travelled through the whole length of the 

capillary and immobilised the monolith uniformly. 
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Fig.4.6. (a) Schematic diagram of the MLC placed vertically in the UV-lamp oven. (b) sC4D plot of the 
MLC at all stage of fabrication. 
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response was 18 mV and 14.5 mV, for the vertical and uncoated horizontal MLC respectively. 

The coated MLC placed horizontally in the oven showed a conductivity similar to the reading 

from the γ-MAPS, showing that very little monolith was immobilised on the column.  

4.3.2 FE-SEM Analysis of OPM 

Fig.4.7 shows the SEM images of the monolith immobilised in the acrylate-coated MLC in the 

UV-lamp oven. The immobilised monolith could be seen covering the walls of all the channels 

of MLC. The thickness of the monolith ranges from 300 – 500 nm. The acrylate coating 

surrounding the silica capillary prevented the light from penetrating the channels and 

polymerising the monolith. Any polymerisation that occurred was due to a small amount of 

light entering the channels and being guided throughout as an evanescent wave. 

 

 

Fig.4.7. FESEM images of the OPM immobilised MLC, using a UV-lamp oven at 254 nm wavelength. 
The MLC was placed in the oven horizontally without the removal of acrylate coating. 

 

Fig.4.8 shows the monolith formed after removing the acrylate coating and placing the MLC 

horizontally in the UV oven. The monolith size is much greater, ranging between 500 nm and 

1000 nm. As the coating was removed, the light could shine into the whole of the MLC 

initiating much greater polymer growth.  
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Fig.4.8. FESEM images of the OPM immobilised in the uncoated MLC.  

 

Fig.4.9 shows SEM images from the OPM formed in the MLC placed vertically in the UV-lamp 

oven. Once again, monolith has formed throughout the length of the MLC. The size of the 

monolith is 280 – 800 nm, which is better than that in the coated MLC placed horizontally. 

The growth shows a similar trend to the OPM in the uncoated MLC. UV light has entered the 

end of the capillary and travelled throughout as an evanescent wave, allowing uniform 

monolith growth and coverage throughout the capillary. 

 

 

 

Fig.4.9. FESEM images of the OPM in the coated MLC, placed vertically in the UV-lamp oven. 
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Fig.4.10 shows the SEM of the OPM growth in the MLC placed in front of the 255 nm deep-

UV LED. Nonuniform growth of monolith was observed, some channels are covered by a thick 

layer of monolith and some are either completely empty or blocked. The monolith surface 

coverage is different in each channel of the MLC and the mobile phase did not flow efficiently 

as compared to the other MLCs. 

 

 

Fig.4.10. FE-SEM images of the OPM immobilised in the MLC using a deep-UV LED at 255 nm 
wavelength. 

 

As shown in Fig.4.11, at the front of the MLC closest to the UV-LED most of the channels of 

the MLC are blocked. On the other hand, at the end of the MLC furthest from the LED (Fig.4.11 

(b)) some channels are completely blocked with monolith and others are empty or show much 

less monolith growth. In the UV-oven the MLC and the UV light had almost 25 – 30 cm distance 

between them. However, in the case of the UV-LED, the light was held very close to the end 

of the MLC. This could mean that more polymerisation occurred due to the heat of LED so 

that the channels became blocked. Alternatively, photopolymerisation may have been too 

fast in the parts of the MLC closest to the LED, also blocking the channels. Analysis of this MLC 

by sC4D was unable to be performed due to the channels being blocked. 
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Fig.4.11. FE-SEM images of the OPM immobilised in the MLC using a deep-UV LED at 255 nm 
wavelength. (a) Front of MLC, (b) end of MLC. 

 

Overall, the SEM images completely accord with the C4D data, as the acrylate coated MLC that 

was placed horizontally in the UV-oven shows the highest conductivity and lowest monolith 

growth. On the other hand, the capillary without acrylate coating showed the lowest 

conductivity by C4D and the highest monolith growth by SEM (500 – 1000 nm). The capillary 

placed vertically in UV-oven showed slightly higher conductivity and medium size monolith 

growth (280 – 800 nm). Therefore, the placement of the MLC in the UV-oven affected the 

monolith growth. Photoinitiation using a UV-LED was unable to produce uniform monolith 

coverage in the MLC. 

4.3.3 Chromatographic Applications 

The MLC with the highest amount of immobilised monolith was evaluated for the retention 

of proteins. The advantages of using an MLC over a single-channel capillary for protein 

separation are a higher volume-to-surface-area ratio and a lower back pressure. The 

monolithic MLC column was used in this way as preliminary experiment to check the column 

(a) (b) 
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capability for ‘trap and release’ of proteins and to investigate its suitability as part of an 

analytical system. The monolithic MLC column could also be useful for further immobilisation 

of enzymes, lectins and AuNPs for chromatographic applications.  

Two different proteins: lysozyme and myoglobin, were injected (each 20 µg mL–1), followed 

by a mobile phase gradient over 10 minutes (100% mobile phase A – ACN 5% with 0.1% TFA 

to 100% mobile phase B – ACN 95% with 0.1% TFA). The proteins were detected using UV 

detection at a wavelength of 214 nm. Both protein peaks were eluted indicating that the 

reversed-phase LMA-co-EDMA column had potential chromatographic performance. 

 

 

  

Fig.4.12. A series of reversed-phase chromatograms 126 x 4 µm monoPLOT MLC column (uncoated 
horizontally placed in UV-oven MLC). Mobile phase A; 5% ACN, 0.1% TFA, mobile phase B; 95% ACN 
0.1% TFA. Flow rate 1 µl min-1: (i) Pre-analysis and ACN gradient (95%). (ii) retention peak of 
myoglobin, (iii) retention of lysozyme. 
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4.4 Conclusions 

In this work, a novel monoPLOT MLC column reversed-phase is presented, with 

immobilisation performed using a UV-lamp oven and a deep-UV LED. A novel use of a simple, 

inexpensive, and commercially available sC4D has been presented as a means of rapidly 

profiling monolith binding to MLC columns. The sC4D response decreased after monolith 

immobilisation, indicating proper coverage of the monolith within the MLC. 

Using FE-SEM imaging, the coverage of the monolith was seen to be maximised in the 

uncoated MLC, showing that the light travelled through in the silica to evenly grow monolith 

throughout. The MLC held vertically in the oven also showed reasonable monolith growth due 

to its evanescent wave properties. The use of a UV-LED for photopolymerisation was not 

successful in growing an even polymer throughout the MLC. 

The columns were also tested for retention of proteins and all peaks were evident showing 

that this monolithic MLC could be used as part of an analytical system. 
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Open-tubular MLC column modified with lectin attached by gold 

nanoparticles for protein separation 
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Abstract 

In this Chapter, the simultaneous homogenous modification of all channels within a multi-

lumen capillary (MLC) was investigated. Capillaries were first functionalised with 3-

aminopropyltriethoxysilane (APTES), followed by the attachment of gold nanoparticles 

(AuNPs). A gold layer thickness of 15 nm was observed, which corresponds well with the 

15 nm AuNP particle size and confirmed a mono-layer structure. These attached AuNPs were 

then used as seeds for a surface reduction reaction, in which a mixture of a reducing agent 

(hydroxylamine) and chloroauric acid (HAuCl4) was slowly passed through the MLC.  During 

the process, the deposited gold particles agglomerated within the capillary when they 

reached a certain size (100 nm) eventually forming a complete uniform gold layer within each 

channel. Scanning capacitively coupled contactless conductivity detection (sC4D) 

measurements were applied to determine uniformity of coverage along the length of the 

capillaries. Under optimal conditions, an AuNP-modified 126 x 4 μm inner diameter (ID) MLC 

gave an average C4D response RSD of 0.8% along the 15 cm length, indicating a uniform axial 

gold coverage. FE-SEM images of the capillary cross-sections also indicated uniform radial 

gold coverage in all 126 channels of each MLC. The obtained gold layer was then 

functionalised with Erythrina cristagalli lectin (ECL) via a bio-linker to demonstrate one 

potential in-capillary extraction application of the modified MLC. The ECL-modified MLC was 

applied to the selective extraction and isolation of galactosylated proteins. 

 

 



113 
 

5.1 Introduction 

Progress in nanomaterial science has simplified numerous devices with various size and 

shapes in the nanometres [1–4]. There is a growing interest in the use of gold nanoparticles 

(AuNPs) as nanomaterials for many kinds of research due to the possibility of control over 

AuNP size and shape allowed by the different synthetic methods. AuNPs have long-term 

stability in a wide range of solvents and pH conditions [5–8], and changing the size and shape 

of the particles affects various properties such as electrical conductivity and 

photoluminescence. One of the most popular synthetic methods for the production of AuNPs 

is an aqueous reduction of chloroauric acid (HAuCl4) by sodium citrate, which allows the multi-

functionalisation of the resulting particles with various types of molecules such as proteins 

and DNA [9, 10]. 

Changing the size of immobilised Au in capillaries to achieve a uniform layer and the desired 

size range has been a challenge. Varying the solution pH, reducing agents and solvents can 

produce AuNPs from 10 nm to 300 nm in diameter [11]. Subsequently, seeded-growth 

methods improve the size by adding an additional layer of Au [12]. For seeded growth, small 

AuNPs are first prepared, and they act as seeds on which the AuNPs agglomerate. In 2015 Tan 

et al. published a paper on step-by-step particle enlargement gold seeding, producing a size 

range of AuNPs from 7 to 30 nm [13]. In another study, Ng et al. produced 200-nm AuNPs by 

decreasing the temperature of the solution, slowing the reaction and preventing the 

nucleation of Au [12]. Varying the pH also allows control of the gold growth [14]. AuNPs have 

excellent binding properties which allow the further immobilisation of proteins and molecules 

such as lectins and enzymes.  
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Lectins are a class of carbohydrate-binding protein that are distributed widely in nature [15], 

[16]. These proteins, which occur both as soluble and membrane-associated biomolecules, 

have been successfully isolated from plants, yeast, mammals, birds, invertebrates, and 

bacteria. Lectins are of crucial importance within biological systems, controlling and 

regulating a large variety of functions, depending upon the original host organism. For 

example, within animals, lectins are known to be involved in the processes of extracellular 

and intracellular glycoprotein binding, glycoprotein synthesis, the regulation of cell adhesion 

and the control of blood protein levels [17–19]. In terms of analytical utility within the fields 

of clinical science and technology, interest in the utilisation of lectins for the separation and 

extraction of lectin-specific proteins has experienced exponential growth in recent years, with 

several hundred characterised (mostly plant originated) lectins now available for various uses 

[20–22]. ECL lectin binds specifically with desialylated transferrin, and ECL also has binding 

capacity with AuNPs [23], which opens the way for open tubular capillary columns for the 

separation and extraction of proteins based on affinity chromatography. 

Fused silica-based MLCs, also known as micro-structured capillaries, are commercially 

available with a wide variety in the number of channels and different geometries [24-26]. 

MLCs are mainly used in optics and communications; however, a wide range of 

chromatographic applications also exist as has been covered in a recent review [27, 28].  MLCs 

provide higher surface-area-to-volume ratios compared to single-channel capillaries, and 

have the potential for surface modifications, such as the immobilisation of nanoparticles  and 

monoliths within the channels. Due to such properties, MLCs show potential for numerous 

applications across various analytical fields [29–32]. The immobilisation of AuNPs onto the 

MLC wall provides an ideal substrate for biomolecule immobilisation for separation of 

proteins and molecules. AuNPs bond with thiol and amino groups in a catalytic reaction [27]. 
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Bifunctional linkers such as N-hydroxysuccinimide, or 3,3′-dithiodipropionic acid di(N-

hydroxysuccinimide ester) (DTSP) have been investigated to link biomolecules to AuNPs for 

sensing applications [33]. DTSP has been demonstrated to facilitate the linking of highly 

specific proteins to AuNP surfaces for LC lectin-affinity extraction with no loss in specificity 

[28]. 

In this work, open-tubular MLC-based affinity chromatography where biomolecules are 

attached to the MLC wall using an AuNP immobilisation approach is reported for the first 

time. Flow-through reactions at room temperature were used to fabricate an open-tubular 

affinity-chromatography MLC, using AuNPs to increase the surface area and to provide 

suitable support for the immobilisation of ECL. The coverage of the AuNP coating and gold 

growth within the MLC was investigated using optical microscopy and field emission scanning 

electron microscopy (FE-SEM). The modified MLC was profiled using scanning capacitively 

coupled contactless conductivity detection (sC4D,) at all stages of fabrication; with sC4D also 

used to map the homogeneity of the immobilised ECL. The ECL-modified MLC was applied to 

the selective extraction and isolation of galactosylated proteins. 

5.2 Materials and Methods 

5.2.1 Instrumentation 

A Harvard Apparatus PhD 2000 syringe pump was used for the washing and functionalisation 

of the AuNP columns, as well as for the trap and release of the protein mixture. AuNP columns 

were washed using a Knauer Smartline HPLC pump (Knauer, Berlin, Germany) using deionised 

(DI) water and HEPES buffer. The coverage of AuNPs and further gold growth in the columns 

was characterised using a Tracedec C4D (Innovative Sensor Technologies, Austria). A Hitachi 
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SU-70 field emission SEM (Hitachi, Tokyo, Japan) was used to characterise the morphology of 

AuNP-modified capillaries and to visualise the coverage of gold growth (as described later) 

onto AuNPs within the capillaries. An Ultimate 3000 HPLC system was used for 

chromatography (ThermoFisher Scientific, Sunnyvale, CA, USA) at a flow rate of 2 µL min–1. 

The injection volume was 1 µL, with detection by UV at 214 nm. Mobile phase A was 0.1% TFA 

in water, and mobile phase B was 0.1% TFA in 90% acetonitrile. The monolith column 100 µm 

x 15 cm LMA-co-EDMA was used in LC.  For the separation of ribonuclease B and desialylated 

transferrin, a 10-min gradient of 5% B to 100% B was applied at 25°C. All other separations 

involved a 9-min gradient (5% B to 100% B) at 40°C. 

5.2.2 Materials and reagents  

Transferrin (human), ribonuclease B, manganese (II) chloride tetrahydrate, calcium chloride 

hexahydrate, D-(+)-galactose (Gal), Trizma hydrochloride, sodium citrate, 4-(2-hydroxyethyl) 

piperazine-1-ethanesulfonic acid (HEPES, 99.0%), dimethylsulfoxide (DMSO), chloroauric acid, 

hydroxylamine, and trifluoroacetic acid (TFA, 99%) were all purchased from Sigma-Aldrich 

(Sydney, Australia). Trizma base (99.0%), sodium chloride and bovine serum albumin were 

from Fluka (Buchs, Switzerland). Unconjugated ECL was provided by Vector Laboratories 

(Peterborough, UK). Neuraminidase from Clostridium perfringens was purchased from New 

England BioLabs (Hitchin, UK). Acetone, sodium hydroxide (NaOH), hydrochloric acid (HCl), (3-

aminopropyl) triethoxysilane (APTES), acetonitrile (ACN), ethanol (EtOH), citrate-stabilised 20 

nm gold nanoparticle (AuNP) suspension, 3,3′-dithiodipropionic acid di(N-hydroxysuccinimide 

ester) (DTSP), tris(hydroxymethyl)-aminomethane (TRIS·HCl), sodium phosphate monobasic, 

sodium phosphate dibasic, 1,4-dithiothreitol (DTT), and iodoacetamide were all purchased 

from Sigma-Aldrich (Sydney, Australia). Photonic crystal fibres (PCFs) or MLCs were purchased 
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from NKT Photonics (Birkerød, Denmark), with an array of 126 × 4 μm ID channels within a 

230-μm fused-silica capillary with a 120-μm polyacrylate coating. DI water was provided by a 

Merck Millipore purification system (MA, USA). Mobile phases were filtered through 0.4-μm 

nylon filters and sonicated before use. 

5.2.3 Preparation of modified MLC 

5.2.3.1 Immobilisation of 15-nm AuNPs in MLCs. 

The MLC was first flushed with acetone, then washed with water. NaOH (0.2 M) was 

flushed for 30 min, followed with water until the pH was neutral. HCl (0.2 M) was 

flushed for 1 h, followed by washing with water until the rinse was neutral. The 

capillaries and MLCs were treated with a 10% solution of APTES in ethanol, which was 

flushed through the channels for a period of 2 h, followed by EtOH and finally DI water. 

A suspension of gold nanoparticles (AuNPs) (20-nm diameter, citrate-stabilised,) was 

flushed through the aminated capillaries for 2 h (flow rate 0.5 µL/min), in both 

directions to provide a homogeneous nanoparticle coverage along the entire length of 

the MLC [34]. 
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5.2.3.2 Covalent attachment of ECL to immobilised AuNPs 

 

 

 

Fig.5.1. Reaction scheme showing the adsorption of N-succinimidyl-3-thiopropionate (NSTP) via 
the dissociation of the DTSP disulfide bond, followed by the subsequent immobilisation of ECL [23]. 

 

As illustrated in Fig.5.1, the AuNP-modified MLC was flushed with 50 µL of DMSO and then 

conditioned with 25 mM DTSP in DMSO for 4 h. To remove any unreacted coupling agent from 

the AuNPs, DMSO was flushed through the capillary for 30 min, followed by deionised water 

for 30 min. After this, the column was flushed for 30 min with 10 nM HEPES buffer (pH 8.2) 

holding 1 mM Ca2+ and 1 mM Mn2+. Finally, the AuNP column was flushed with a 1 mg mL–1 

solution of ECL (prepared in the same buffer) for 4 h at room temperature. In order to block 

any unreacted succinimide groups, the resulting ELC modified AuNP was flushed with a 

primary amine (1 M Tris buffer, pH 7.4). The ELC modified AuNP column, when not in use, was 

kept in a 10 mM Tris buffer (pH 7.4) containing 150 mM NaCl, 1 mM Ca2+ and 1 mM Mn2+ at 

4°C. Before use, 100 µL deionised water was flushed through the column [23]. 
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5.2.4 Characterisation of the modified MLC using sC4D 

The MLC was monitored using sC4D at all stages of fabrication. The MLC was flushed with DI 

water for the duration of the experiment, at a flow rate of 1 μL min−1, using a Thermo Fisher 

Scientific (Dionex) Ultimate 3000 nano-LC pump. The detector was moved along the capillary 

length, at increments of 1 mm for data collection, unless otherwise stated. The detector 

response was recorded, and a plot of detector response versus distance along capillary was 

constructed, ultimately to provide a visualisation of the homogeneity of the modification 

reactions upon the MLC inner walls. The detector was set to 2 × high, 0 dB, 200% gain, 0 offset. 

Following the immobilisation of ECL, detector sensitivity was reduced, due to the very high 

signal generated by the immobilised lectin. 

5.2.5 Desialylation of transferrin 

Neuraminidase from Clostridium perfringens was used to desialylate the transferrin so that it 

could specifically bind with the immobilised ECL. Concisely, 100 µg of the transferrin was 

prepared in 50 mM sodium citrate at pH 6.0, mixed with 50 U neuraminidase and left to react 

at 37°C overnight [23]. 

5.2.6 Binding and elution studies 

Non-specific proteins or proteins with no binding were eliminated from the column (or 

blocked from binding to the column) due to specific lectin-glycoprotein interactions. The 

lectin-affinity AuNP column was tested using the syringe pump at a flow rate of 0.5 µL h–1. 

The column was first flushed with loading buffer (10 mM Tris pH 7.4, containing 150 mM NaCl, 

1 mM Ca2+ and 1 mM Mn2+). A test mix of selected proteins (20 µL) was prepared in loading 
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buffer, flushed through the column and collected in a clean 1.5 mL tube, then the column was 

washed with buffer (20 µL), which was collected in the same tube. Two glycoproteins: 

desialylated transferrin and ribonuclease B (20 µg mL–1 each) were used as the standard mix. 

To elute any retained glycoprotein, 40 µL of 0.8 M galactose was injected in the column and 

the eluent was collected in a tube for analysis by LC. All affinity AuNP columns in this study 

could be re-used numerous times after a rinse with loading buffer [23]. 

5.3 Results and Discussion   

5.3.1 Gold seeding approach within the MLC 

The preparation of the AuNP MLC consists of two stages: the seeding process and the growth 

process [13]. The seeding process is essential because it determines the final quality of the 

grown AuNPs [35]. The two characterisations performed to analyse the growth of the AuNPs 

were sC4D and FE-SEM. During the experiments, physical observations were conducted on 

the MLC, and after each process the MLC changed colour as shown in Fig.5.2 [36], [37]. After 

the immobilisation of AuNPs, the colourless MLC turned pinkish (the standard colour for 

AuNPs), and the MLC turned to violet after the growth process was complete, indicating nano-

spherical gold growth [37]. This colour change shows that gold nanoparticles were 

successfully grown on the MLC surface [38–40]. 
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Fig.5.2. (a) Microscopic image of image of (i) 15 nm AuNPs and (ii) 80 nm Au after 45 min of the gold 
seeding process. (b) SEM image of (i) 15 nm AuNPs and (ii) 80 nm Au after 45 min of the gold seeding 
process. 

 

This method of enlargement of the AuNPs within the capillary is called seeding. The 

hydroxylamine is capable of reducing Au3+ to bulk metal and this reaction is catalysed by AuNP 

surfaces. As a result, no new nucleation is possible in the capillary, and all the Au3+ produces 

large particles, as shown in Fig.5.3. The seeding approach forms a uniformly covered surface 

in the capillary, overcoming the gaps between the original AuNPs, and allows further uniform 

lectin immobilisation within the MLC. 

 

 

(a) 

(b) 

(i) 
(ii) 
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Fig.5.3. Schematic diagram of the AuNP seeding process. Where, d symbolise AuNP, d’ - AuNP covered 
gold layer and x - formed gold using hydroxylamine and chloroauric acid. 

 

5.3.2 Setup for Au growth 

The setup used for Au growth within the MLC is shown in Fig.5.4. An MLC that already had 

15-nm AuNPs immobilised on the wall was used. Chloroauric acid (1 mM) and hydroxylamine 

(1 mM) were flushed through the MLC using a dual syringe pump at flow rate 0.5 µL min–1. 

The hydroxylamine and chloroauric acid mixed at the centre of a three-port connector before 

the mixture flowed through the MLC. Inside the MLC, the hydroxylamine and chloroauric acid 

interacted with and formed another gold layer on the AuNPs. The experiment run time was 

45 min. After each seeding cycle completed, a 2-mm MLC section was removed for analysis 

by SEM and the seeding continued for 315 min for comparison of Au growth. 
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Fig.5.4. Setup used for Au layer growth. 

 

5.3.3 FE-SEM Characterisation of the gold-seeded MLC 

FE-SEM was used to observe the morphology of the gold nanoparticles in the MLC, and the 

images displayed in Fig.5.5 (i)–(viii) show the growth of the AuNPs over seven 45 min intervals 

(45 min, 90 min, 135 min, 180 min, 225 min, 270 min, and 315 min). It can be seen that the 

growth of AuNPs in the MLC increases with the seeding time. Fig.5.5 (ii) shows the beginning 

of the gold growth process. 
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Fig.5.5. FE-SEM images of Au growth in the 126 x 4 µm MLC with the variation of seeding time from 
45 min to 315 min. Time interval: (i) 15 nm AuNPs (ii) 45 min (iii) 90 min, (iv) 135 min, (v) 180 min, (vi) 
225 min, (vii) 270 min, (viii) 315 min.  
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The size of the AuNPs was determined using the software Image J. Fig.5.5 (i) represents the 

AuNPs immobilised on the MLC wall; the size of the original AuNPs was 15 nm. After the first 

45 min of seeding, the gain in the Au size from 20 nm to 80 nm is evident, as shown in Fig.5.5 

(ii). After the first time interval, it was observed that the sizes of particles were larger and 

covered the empty space in the MLC with Au. As the time of seeding was increased the 

particles transformed into a thick solid layer of Au, as seen in Fig.5.5 (ii) to (viii). The size of 

the AuNP coverage increased with the increasing number of coatings. By comparing the 

distribution of AuNPs in Fig.5.5 (ii) and (viii), it can be seen that 80 nm of AuNPs in Fig. 5.5 (ii) 

contains more particles than the 100 nm AuNP thick film produced after six coatings (Fig.5.5 

(viii)). The 80 nm AuNPs are finer than the 100 nm AuNPs. Hence, the volume and time used 

during the seeding method deposited a higher quality larger layer of Au on the MLC wall. 

Table 5.1 summarises the size rage of AuNPs in each time interval. 

Table 5.1: Comparison of AuNP particle size using different Au seeding time intervals. 

Gold seeding time in MLC 

(min) 

Size achieved minimum 

(nm) 

Size achieved maximum 

(nm) 

0 15 15 

45 20 80 

90 20 85 

135 25 85 

180 30 90 

225 35 90 

270 40 90 

315 45 100 
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5.3.4 Profiling of modified MLCs with sC4D 

The immobilisation of different layers throughout the column was profiled using the sC4D 

technique. The presence of different molecules in the MLC raises the C4D response, which 

confirms the immobilisation of molecules. At each step of the fabrication, every millimetre of 

the MLC was monitored to validate the coating uniformity throughout the column. As shown 

in Fig.5.6 (a) APTES shows higher detector response, due to free amino groups. After 

immobilisation of AuNPs the C4D response confirms reduction of the free amino groups. As 

shown in Fig.5.6 (b) the detector signal was further decreased by gold growth due to the thick 

layer of Au formed, covering the whole internal wall of the MLC. Following the immobilisation 

of lectin, the detector signal increased dramatically, due to the high concentration of charged 

groups within the MLC (Fig.5.6. (c)), which also authenticates the immobilisation. However, 

all the sC4D signals show uniform immobilisation at every stage of fabrication throughout the 

column with 0.8% RSD. 
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 Fig.5.6. sC4D plot of the MLC at all stages of fabrication; (a) MLC immobilised with AuNPs, (b) MLC 
immobilised with gold growth, and (c) MLC immobilised with ECL (logarithmic). 
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5.3.5 Chromatographic application 

ECL is known for specific binding with glycoproteins that have terminal galactose residues. 

For this experiment, two lectin affinity chromatography tests were performed. The first 

experiment used ribonuclease B and transferrin (without desialylation), the second used 

desialylated transferrin and ribonuclease B.  

It is possible for proteins to bind to non-specific groups in the Au-modified MLCs. Hydrophobic 

interactions could lead to binding with the AuNPs, and exposed unreacted succinimidyl 

groups could irreversibly covalently attach to the proteins. To avoid nonspecific binding with 

proteins, tris(hydroxymethyl)aminomethane was flushed across the MLC column after the 

immobilisation of ECL to block both the AuNPs and the succinimidyl group sites. The columns 

were stored at 4°C and could be re-used at room temperature. The storage conditions were 

buffer comprising 10 mM Tris pH 7.4, 150 mM NaCl, 1 mM Mn2+ and 1 mM Ca2+. 

A mixture of 20 µg mL–1 of both ribonuclease B and transferrin was injected into the MLC for 

analysis to determine the selectivity towards ECL-binding protein. After protein sample 

injection in the MLC column, the eluent collected from the modified MLC and analysed using 

capillary HPLC with monolithic column. The capillary was washed with galactose to remove 

the protein that had bound with the ECL. As shown in Fig.5.7, an individual standard sample 

and a mixture of ribonuclease B and transferrin were injected to test the relative peak areas.  
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Fig.5.7. Chromatograms obtained from monolithic column of protein samples. Flow rates of 1 µL min–

1; (a) injection of ribonuclease B (20 µg mL–1), (b) injection of transferrin (20 µg mL–1) and, (c) injection 
of protein mix (ribonuclease B and transferrin). Mobile phase A: 0.1% TFA in water, and mobile phase 
B: 0.1% TFA 90% acetonitrile. For separation of the protein mixture, a gradient from 5% B to 100% B 
was applied over 10 min at 25°C.  
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The standard protein mixture was flushed through the MLC column and collected in a vial for 

HPLC analysis. As illustrated in Fig.5.8, the transferrin peak was slightly reduced in comparison 

with the standard transferrin peak, which shows some binding on the column. As the 

transferrin was not desialylated, hydrophobic binding in the column could be the reason for 

the reduced peak. In addition, MLCs have multiple channels and some channels might not 

have been properly treated with tris(hydroxymethyl)aminomethane, allowing binding to the 

succinimidyl groups. Another possibility is that that some transferrin was desialylated during 

the process and therefore bound to the ECL. 

 

Fig.5.8. Chromatograms of ribonuclease B and transferrin separation. Chromatographic conditions: 
Flow rates of 1 µL min–1, column: 100 µm x 15 cm LMA-co-EDMA monolith. Mobile phase A: 0.1% TFA 
in water, and mobile phase B: 0.1% TFA 90% acetonitrile. For the separation of the protein mixture a 
gradient of 5% B to 100% B was applied over 10 min at 25°C. 
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During desialylation, transferrin glycan is terminated by neuraminic acid residues, which helps 

to reveal the underlying galactose, and therefore maximises transferrin extraction. As shown 

in Fig.5.9 the desialylated transferrin peak was smaller after passing through the ECL-MLC 

column as compared to the standard peak. The ribonuclease B peak, however, was 

unchanged.  

 

Fig.5.9. Chromatograms of ribonuclease B and desialylated transferrin. Flow rates of 1 µL min–1. 
Mobile phase A: 0.1% TFA in water, and mobile phase B: 0.1% TFA 90% acetonitrile. For the separation 
of the protein mixture a gradient of 5% B to 100% B was applied over 10 min at 25°C. 

5.4 Conclusion  

A novel affinity extraction has been described which incorporates a gold layer within an MLC, 

providing a significant increase in the capillary surface area. Using the bifunctional coupling 

agent DTSP, a selective ECL lectin was successfully immobilised onto the gold surface. The use 

of a seeded gold growth method on the MLC allowed the synthesis of a significant stationary 

phase, which then allowed binding with enzymes and proteins for separation and extraction.  
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Abstract 

In this work we evaluated a novel microreactor prepared using a surface modified, high 

surface-to-volume-ratio multi-lumen fused silica capillary (MLC). The MLC investigated 

contained 126 parallel channels, each of 4 μm internal diameter. The MLC, along with 

conventional fused silica capillaries of 25 μm and 50 μm internal diameter, were treated by 

(3-aminopropyl)triethoxysilane (APTES) and then modified with gold nanoparticles, of ∼20 

nm in diameter, to ultimately provide immobilisation sites for the proteolytic enzyme, trypsin. 

The modified capillaries and MLCs were characterised and profiled using non-invasive 

scanning capacitively coupled contactless conductivity detection (sC4D). The sC4D profiles 

confirmed a significantly higher amount of enzyme was immobilised to the MLC when 

compared to the fused silica capillaries, attributable to the increased surface to volume ratio. 

The MLC was used for dynamic protein digestion, where peptide fragments were collected 

and subjected to off-line chromatographic evaluation. The digestion was achieved with the 

MLC reactor, using a residence time of just 1.26 min, following which the HPLC peak 

associated with the intact protein decreased by >70%. The MLC reactors behaved similarly to 

the classical in vitro or in-solution approach, but provided a reduction in digestion time, and 

fewer peaks associated with trypsin auto-digestion, which is common using in-solution 

digestion. The digestion of cytochrome C using both the MLC-IMER and the in-solution 

approach, resulted in a sequence coverage of ∼80%. The preparation of the MLC microreactor 

was reproducible with <2.5% RSD between reactors (n = 3) as determined by sC4D. 
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6.1 Introduction 

Proteolytic enzymes are used to digest protein samples for identification in proteomics. 

Traditional approaches use a free enzyme with a protein within a buffer solution, in-solution, 

where not only digestion of the target protein occurs, but also issues such as protein autolysis 

arise from protease autodigestion [1]. An alternative to the in-solution approach is the use of 

an immobilised enzyme reactor (IMER). IMERs have been investigated over the past 30 years 

on a number of different substrates, including open fused silica capillaries, [2–6] support 

beads, [1,7] membranes, [8,9] hydrogel containing capillaries, [10] monolithic materials, [11-

18] ion exchange fibres, [19] CIM disks, [20] magnetic nanoparticles with immobilised trypsin, 

[21–23] (including graphene oxide polymer modified microspheres [24]), and open 

microfluidic chips [25–27]. Microfluidic chips with nine parallel channels (1 mm × 10 mm × 

0.035 mm) packed with trypsin immobilised silica particles (100 Å, 5 μm), have also been 

developed for CZE based analysis of digested proteins [28]. 

The main advantages of an IMER include the enhanced stability of the proteolytic enzyme, 

especially under extreme conditions such as pH, and temperature [29]. The miniaturisation 

of enzymatic digestion also can result in enhanced reaction kinetics, due to the low sample 

volumes, and has also provided the potential for high sample throughput [8]. In IMERs the 

reaction time can be reduced from hours to seconds [8,30,31]. 

Fused silica capillaries (FSCs) of 10 μm I.D. with direct wall modification with trypsin, have 

demonstrated 90% sequence coverage of digested cytochrome C [6]. In this example 

electrophoretic flow was used to introduce protein to the IMER, which overcame issues of 

flow resistance and back-pressure on such narrow bore capillaries [6]. However, such narrow 
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bore single channel capillary based IMERs have very low sample capacity due to the small 

surface area. 

To overcome such issues, glass beads have been investigated to host immobilised enzymes, 

[1,7] providing increased reactor surface area, and providing enhanced stability/robustness 

at higher operating pressures [1,30]. However, Wang et al. noted that the mass transport rate 

of a protein in a stirred reservoir containing such IMER beads, was insufficient for rapid 

digestion of complex proteins [7]. Micro- and nanoparticles have been applied in the 

preparation of trypsin containing substrates [22–24,28]. However, a recent review suggests 

that such materials are more suited to chip based applications, [29,30] as packing of particles 

providing a homogenous, and stable bed can be challenging [29]. 

Thus to circumvent issues with purely diffusion based approaches, IMERs have been 

developed using hydrogel coated capillaries, [10] and monolithic columns [11,12,21]. These 

approaches provide additional advantages such as higher surface area or surface-to-volume 

ratio (SVR), and improved mass transport when compared to packed particles [32]. However, 

in incorporating IMERs into polymeric monolithic media, Krenkova and co-workers noted non-

specific binding of the incoming proteins or peptides to the IMER materials, and so the 

addition of methanol into the digestion buffer was necessary [13]. Approaches to reduce non-

specific binding also included the hydrophilisation of the IMER surface by grafting of 

hydrophilic groups, [14] introducing further complicated steps to the fabrication of the 

resulting IMER. Porous layer polymer supports, or porous-layer open tubular (PLOT) based 

IMERs have also been investigated, using reactive functional groups to facilitate 

immobilisation of the enzyme [5,6,33]. 
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Fused silica based multi-lumen capillaries (MLCs), also known as photonic crystal fibres (PCFs), 

are available commercially in a wide variety of formats, having applications mainly in the field 

of optics and communications [34]. In microfluidic terms, they can be described as an array 

of micrometre sized channels within the dimensions of conventional FSCs, with similar outer 

diameters at ≤350 μm. As a result of the design, a single length of MLC would have enhanced 

SVR [35] relative to single channel capillaries (see Fig. B.1). Until recently, very few reports 

existed in the literature, describing MLCs for fluidic applications [5,35–37]. However, the 

application for MLCs in the separation sciences has been covered in a recent review [38]. 

Although MLCs provide high SVR compared to single channel capillaries, their surface area 

compared to a particle based substrate remains low. However, MLCs have the potential for 

simple surface modification, i.e. through the immobilisation of nanoparticles, either directly 

upon the surface or via a polymer support [39–48]. With such properties, and technical ease 

of fabrication, the MLC materials show great potential for applications in the analytical 

sciences. The immobilisation of gold nanoparticles (AuNPs) upon the capillary wall serves both 

to provide an increased surface area, as well as an ideal (and reuseable) substrate for 

biomolecule immobilisation. The AuNP surface can be used directly for immobilisation of 

biomolecules having thiol- [40,49] or amino-groups [47,50,51]. Materials modified with 

AuNPs have been used as catalytic reactors, [43,47] to specifically bind or trap 

proteins/enzymes, [46,48,52–55] using specific tags or using bifunctional linkers such as N-

hydroxysuccinimide, [48] or 3,3′-dithiodipropionic acid di(Nhydroxysuccinimide ester) (DTSP) 

[50,56]. The bifunctional linker DTSP has been investigated in sensing applications to link a 

biomolecule to AuNP, [56] with the use of the succinimide monomer being common in 

polymer modifications [57–60]. For bio-conjugated AuNPs in solution, factors such as the size 

of the AuNP, the hydrophilicity and length of the spacer arm, affect the activity of the bound 
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enzyme, where the use of a spacer arm can promote an increase in digestion efficacy by a 

factor of six [53]. In the case of immobilising a biomolecule to AuNPs for LC lectin-affinity 

extraction, DTSP has been demonstrated to facilitate the linking of highly specific proteins to 

the AuNP surfaces with no loss in specificity [50]. 

In this work, the fabrication of an OT MLC based IMER using an AuNP immobilisation approach 

is reported for the first time. Flow through reactions at room temperature were used to 

fabricate an OT IMER within both MLCs and standard FSCs, using AuNPs to increase surface 

area, and to provide a suitable support for the immobilisation of trypsin. The coverage of the 

AuNP coating was investigated using optical microscopy and scanning electron microscopy. 

The modified MLC was profiled using scanning capacitively coupled contactless conductivity 

detection (sC4D,) at all stages of fabrication; with sC4D also used to map the homogeneity of 

the immobilised trypsin. The enzyme functionalised MLC was evaluated by off-line proteolysis 

of the model proteins, oxidised insulin chain B and cytochrome C. The IMER behaviour was 

also compared to the performance of the traditional approach of insolution based digestion. 

The tryptic digestion products resulting from the MLC-IMER, and the in-solution digestion 

were evaluated by capillary LC (capLC), followed by identification using nanoLC-MS. 

6.2 Material and methods 

6.2.1 Instrumentation 

For the preparation of polymeric monolithic columns for reversed-phase capLC, 

polymerisation was obtained within a Julabo TW20 water bath (Julabo GmbH, Seelbach, 

Germany) at 70 °C. Monolithic columns were washed using a Knauer Smartline HPLC pump 

(Knauer, Berlin, Germany) using acetonitrile. An Ultimate 3000 HPLC system was used for 
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capLC separations (ThermoFisher Scientific, Sunnyvale, CA, USA). The capillary flow was 

delivered via a split flow delivery system prepared in-house, calibrated using a micro-syringe 

and a timer. The UV detector contained a 45 nL detection cell. Monolithic columns and IMERs 

(in both MLC and FSC) were characterised using a Tracedec capacitively coupled contactless 

conductivity detector (C4D) (Innovative Sensor Technologies, Austria). A Hitachi SU-70 field 

emission scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) was used to characterise 

the morphology of the prepared monoliths and capillaries under high magnification. For LC-

MS identification of trypsin digestion products, from both the IMER and the in-solution diges- 

tion, separation was performed using an Ultimate 3000 nanoRSLC system coupled to an LTQ-

Orbitrap mass spectrometer (ThermoFisher Scientific). 

6.2.2 Materials 

Acetone, sodium hydroxide (NaOH), hydrochloric acid (HCl), 3-(methacryloyloxy)propyl 

trimethoxysilane (γ-MAPS), (3-aminopropyl) triethoxysilane (APTES), acetonitrile (ACN), 

ethanol (EtOH), 1-decanol, styrene, divinyl benzene, trifluoroacetic acid (TFA), 

tetrahydrofuran (THF), citrate stabilised 20 nm gold nanoparticle (AuNP) suspension, 

thiourea, urea, uracil, trypsin (bovine pancreas), uracil, lysozyme (chicken egg), myoglobin 

(equine heart), cytochrome C, insulin chain B (oxidised), 3,3′-dithiodipropionic acid di(N-

hydroxysuccinimide ester) (DTSP), tris(hydroxymethyl)-aminomethane (TRIS·HCl), sodium 

phosphate monobasic, sodium phosphate dibasic, 1,4-dithiothreitol (DTT), and 

iodoacetamide were all purchased from Sigma-Aldrich (Sydney, Australia). Styrene and divinyl 

benzene were purified before use. The initiator α,α′-azobisisobutyronitrile (AIBN) was 

purchased from MP Biomedicals (Seven Hills, NSW, Australia) and was purified before use. 
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Polyimide coated fused silica capillaries of 25 μm, 50 μm, and 150 μm I.D. were purchased 

from PolyMicro Technologies (Phoenix, AZ, USA). Photonic crystal fibres (PCFs) or multilumen 

capillaries (MLCs) were purchased from NKT Photonics (Birkerød, Denmark), with an array of 

126 × 4 μm I.D. channels within 230 μm fused silica capillary (120 μm polyacrylate coating). 

Deionised water was provided by a Merck Millipore purification system (MA, USA). Mobile 

phases were filtered through 0.4 μm nylon filters, and sonicated before use. 

6.2.3 Preparation of capillaries 

For the MLCs, a small section of the soft polyacrylate coating was removed by dipping the 

MLC ends in acetone for approximately 1 min. This allowed a leak free coupling of the MLC to 

fluidic connectors using appropriate capillary sleeves. The MLC channels were etched using a 

sequential washing of acetone, DI water, 0.2 M NaOH (30 min), DI water (until neutral), 0.2 

M HCl (5 min), DI water (until neutral), and finally EtOH. 

AuNPs were used to immobilise the biomolecule trypsin, using DTSP as a linker. Due to the 

enhanced surface coverage of AuNPs on aminated surfaces rather than thiolated surfaces 

[41]. The capillaries and MLCs were treated with a 10% solution of APTES in ethanol, which 

was flushed through the channels for a period of 2 h, followed by EtOH and finally DI water. 

A suspension of gold nanoparticles (AuNP) (20 nm diameter, citrate stabilised,) was flushed 

through the aminated capillaries for 2 h (flow rate 0.5 μL min−1), in both directions to provide 

a homogeneous nanoparticle coverage along the entire length of the capillary or MLC. 

The biomolecule was immobilised to the AuNP surface as described previously [50]. Briefly, a 

25 mM solution of DTSP was prepared in DMSO, and was flushed through the AuNP modified 
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capillaries for 2 h in both directions, resulting in a monolayer of surface bound N-succinimidyl-

3-thiopropionate (NTSP) [50]. The capillary was then washed with DMSO, then DI water 

overnight. Trypsin (0.2 mg mL−1) in 50 mM phosphate buffer (pH 7.1) was flushed across the 

NTSP modified capillary for attachment, after which the capillary was washed with phosphate 

buffer (1 h) followed by DI water for 1 h. Any unreacted sites were blocked using a 1 M 

solution of TRIS, and the capillary was then again washed with DI water. Finally, the capillary 

was stored in a buffer containing 50 mM TRIS·HCl, 25 mM CaCl2 (pH 8.0), henceforth called 

the digestion buffer. Calcium is often included in commercial protocols, [20] as it has been 

shown to enhance structural stabilisation of trypsin, and so was included in the digestion 

buffer [61,62]. 

6.2.4 Preparation of poly(styrene-co-divinyl benzene) monolithic column for capillary LC 

separations 

Using a length of 150 μm I.D. FSC, the capillary was treated to express vinyl anchor groups 

[37]. The capillary was flushed and prepared as described above. After the final solvent wash, 

a solution of 50% γ-MAPS in acetone was flushed across the capillary. The capillary was sealed 

and placed in a water bath at 60 °C for 20 h. Following the reaction, the capillary was washed 

with acetone and dried using a flow of nitrogen. A solution of 20% styrene, 20% 

divinylbenzene, 56% decanol, and 8% THF (all wt/vol%), and 10 mg AIBN, was prepared and 

deoxygenated using nitrogen sparging for 10 min. The solution was passed into the 150 μm 

I.D. capillary, was sealed, and subjected to polymerisation at 70 °C for 20 h. The column was 

then washed with ACN prior to use. 
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6.2.5 Characterisation of the IMER by sC4D 

The capillary was monitored using sC4D at all stages of fabrication. The capillary or MLC was 

flushed with DI water for the duration of the experiment, at a flow rate of 1 μL min−1, using 

a Thermo Fisher Scientific (Dionex) Ultimate 3000 nano LC pump. The detector was moved 

along the capillary length, at increments of 5 mm for data collection, unless otherwise stated. 

The detector response was recorded, and a plot of detector response versus distance along 

capillary was constructed, ultimately to provide a visualisation of the homogeneity of the 

modification reactions upon the capillary/MLC inner walls. The detector was set to 2× high, 0 

dB, 200% gain, 0 offset. Following the immobilisation of trypsin, detector sensitivity was 

reduced, due to the very high signal generated by the immobilised enzyme. 

6.2.6 Tryptic digestion in-solution 

A tryptic digest of insulin chain B (oxidised) was achieved in-solution, as per standard 

conditions, for comparison to the IMER digestion. A 0.1 mg mL−1 solution of trypsin was 

prepared in 1 mM HCl, of which 20 μL was placed in a vial containing 100 μL of a 1 mg mL−1 

protein solution, and 880 μL of digestion buffer was added. Two digestions were performed 

in-solution; the first was incubated for 5 min, the second digestion was incubated for 18 h, 

both at 37 °C. Cytochrome C was digested using co-precipitation with trypsin as previously 

published [63]. Briefly, the protein was denatured in a buffer containing 7 M urea and 2 M 

thiourea, reduced using 10 mM DTT (from a 100 mM stock, prepared freshly) at 4 °C 

overnight, followed by 2 hours with 50 mM iodoacetamide (from a 500 mM stock, prepared 

freshly). The protein was then co-precipitated with trypsin at a ratio of 1: 50 and digested in 

100 mM ammonium bicarbonate for 6 hours at 37 °C. 
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6.2.7 Tryptic digestion using capillary housed micro-reactor  

Two different approaches to IMER digestion were investigated; namely dynamic and stop 

flow/static digestion. In both cases, the IMER was conditioned with the digestion buffer, at 

37 °C for 30 min. To directly compare the ability of the MLC based reactor with the traditional 

in-solution approach, the same sample protein concentration was used throughout 

experiments. For the dynamic approach of IMER digestion, a 0.1 mg mL−1 solution of insulin 

chain B (oxidised) was flushed across the MLC IMER using a variation in residence times. This 

was achieved by keeping the collection volume constant at 15 μL, while varying the delivered 

flow rate from 0.1 μL min−1 to 1 μL min−1. The resulting sample was ready for HPLC analysis. 

6.2.8 Capillary LC separations of proteins and peptide fragments 

A poly(styrene-co-divinyl benzene) (PS-DVB) monolith (200 mm × 0.15 mm) was prepared (as 

described above) and used for all separations, excluding those in LC-MS experiments. To 

validate the column, a test mixture of uracil and proteins, namely myoglobin, cytochrome C, 

and lysozyme (0.1 mg mL−1 standard concentrations) was injected onto the column. For these 

separations a gradient was used; mobile phase A was H2O (with 0.1% TFA), whilst mobile 

phase B was ACN (with 0.1% TFA). The gradient conditions were as follows: 0–2 min 5% B, 2–

22 min 5–70% B, 22.01–30 min 5% B. Photometric detection was achieved at a wavelength of 

214 nm, and a flow rate of 10 μL min−1 was used. A sample loop of 1 μL was used. 

6.2.9 NanoLC-MS analysis of peptide fragments 

Samples of digested insulin oxidised chain B were desalted using Millipore C18 ZipTips 

according to manufacturer’s guidelines. Eluted peptides were dried using vacuum 
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concentration, re-suspended in HPLC loading buffer (2% ACN and 0.05% TFA in water) and 

separated using an Ultimate 3000 RSLC system coupled to an LTQ-Orbitrap mass 

spectrometer (Thermo Fisher Scientific). Protein digest products were loaded onto a 20 mm 

× 75 μm sample trapping column (Acclaim PepMap 3 μm C18) then separated over a 45 min 

gradient from 2% ACN to 50% ACN on a 250 mm × 75 μm RSLC analytical column (Acclaim 

PepMap 2 μm C18). The LTQ-Orbitrap was controlled using Xcalibur 2.1 software and base 

peak chromatograms showing FTMS signal intensity were annotated using Qual Browser 

software. The Mascot search engine was used to search the MS/MS data using Mascot generic 

files (*.mgf) generated from Thermo RAW files using MS Convert software, based on a peak 

peaking threshold of the 100 most intense MS1 peaks. The parameters used for Mascot on-

line MS/MS Ions Searches were based on the SwissProt database (Taxonomy limited to 

Mammalia), digestion with trypsin, allowing for up to 2 missed cleavages and oxidised 

methionine permitted as a variable modification. A peptide tolerance of 10 ppm and MS/MS 

ion tolerance of 0.6 Da were used. 

6.3 Results and discussion 

6.3.1 Characterisation of trypsin modified capillaries 

6.3.1.1 Microscopy of AuNP modified MLC 

Immobilisation approaches for AuNP include pre-activated AuNPs, flushing across a thiolated 

surface, or a stepwise approach (wall modification, AuNP attachment, activation of AuNP 

surface, immobilisation of enzyme) [48]. While thiolated surfaces have been used for AuNP 

immobilisation, [40,42,48] aminated approaches have been proven to produce a higher AuNP 

coverage [41]. The optimal immobilisation of AuNPs to a surface is suggested to be through 
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the use of amine functionalities, rather than thiol groups [41] However, this is a reversible 

reaction, [40] and may result in gradual loss of the biomolecule, hence it has been 

recommended that a linker is used for the bioconjugation of AuNPs [53]. 

Using the bi-functional linker DTSP, trypsin could be immobilised to the AuNP coated walls via 

pendant lysine residues [50]. The AuNP modified MLC was imaged using SEM and 

conventional optical microscopy. Under an optical microscope (seen in Fig.6.1(A)), the AuNP 

modification was seen across the MLC, however viewing all channels (MLC structure shown 

in Fig.6.1(B)) simultaneously was obviously not possible in this method. Thus the 

homogeneous coverage of AuNPs was confirmed using SEM via cross-sectional imaging of 

each parallel channel (Fig.B.2, ESI). 

To evaluate the surface coverage of AuNPs, a region of 400 × 400 nm (160 000 nm2) was 

analysed, using a magnification of 25k, providing a coverage of ∼105 AuNP within this area 

(sample seen in Fig.6.1(C)). The white features on the inner wall of the fused silica channel 

are the immobilised AuNPs, as also shown in Fig.6.1(D). 
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Fig.6.1. Optical micrograph of an unmodified (blank) MLC housing (i), and a MLC with immobilised 
AuNP (ii) (A), SEM micrograph of MLC used; 126 × 4 μm channels (B), SEM micrograph of a single 
channel with AuNPs immobilised (C), SEM micrograph of a channel wall with side view of AuNP 
coating, highlighted with arrows (D). 

6.3.1.2 Profiling of modified MLC with scanning C4D 

In this work, each step of the fabrication was monitored by sC4D. As outlined previously, the 

response provided by C4D can be ascribed to two parameters; [64] (a) the internal volume 

occupied by the buffer/mobile phase,[65] and (b) the presence of ionisable groups within the 

detection zone [37,65–68]. The presence of biomolecules in the capillaries, has resulted in 

the increase of the C4D response, relative to the on-capillary location of the protein, as 

demonstrated in previous work [37]. With a capillary of increased SVR, and with a surface 

immobilised molecule, an increase in the C4D response should be observed, due to the 

increased local concentration of immobilised moieties [65,67,69]. 

Characterisation of capillary columns containing a porous polymer monolith with immobilised 

bovine serum albumin (BSA) using sC4D, demonstrated an increase in detector response 

following the attachment of the protein [37]. However, a relative decrease in detector 
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response has been previously observed following the addition of AuNPs to the capillary wall 

previously modified with APTES [43,49]. This was again the case here, as shown in Fig.6.2(A). 

This is presumably due to the coordination of the free amino groups with the AuNPs and 

reduction in surface charge. Following the immobilisation of the enzyme, the detector signal 

was increased dramatically, due to high concentration of wall localised charged groups within 

immobilised enzyme (Fig.6.2(A and B)). This was particularly evident for the MLC IMER 

(Fig.6.2(B)), where a massive increase in response was observed, which pointed to a very high 

enzyme loading, reflecting the much greater SVR of the MLC (Fig.B.1). This significant 

response was seen repeatedly, in three separate IMER preparations. 

The relative profiles for IMERs fabricated in 25 μm I.D., 50 μm I.D. capillaries, and the MLC are 

shown in Fig.6.2(C). For this plot, a semi-log scale was used as the signal generated by the 

MLC was significantly higher than that of the single channel capillaries. The MLC-IMERs, as 

shown in Fig.6.2, demonstrated a significant increase in the detector response following the 

fibre’s treatment with the enzyme; i.e. signal maximum of 2543 mV. Although likely non-linear 

in respect to loading, when compared to single channel IMERs, i.e. a maximum of 21.9 mV for 

the 25 μm I.D. IMER, and a maximum of 55 mV for the 50 μm I.D. IMER, this high response 

suggested a significantly increased level of immobilised enzyme per unit area of capillary. 

This is the first use of sC4D to profile the homogeneity of trypsin immobilisation, along the 

length of an IMER. In most cases, the modified capillaries demonstrated homogeneous 

profiles with little variation, indicating an even distribution along the inner walls of the 

capillary. However, at the MLC inlet, a higher signal was observed, as shown in Fig.6.2(B), 

corresponding to the loading direction of the enzyme, [69] resulting in a higher local 

concentration (and thus C4D signal) at the MLC inlet. To avoid this gradient in modification, a 

bidirectional dynamic coating, or static coating of trypsin may be required. However, as the 
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MLC has been profiled by sC4D, any regions of increased or decreased trypsin content can be 

removed, to provide an IMER of homogeneously distributed enzyme if required. 

 

Fig.6.2. sC4D plots of capillaries at all stages of fabrication; 25 μm I.D. (A), MLC (B), and a comparison 
of the three AuNP-trypsin IMERs (C). Capillaries were scanned in deionised water, using 2× high, 0 dB, 
0 offset, 200% gain. For trypsin modified MLCs, the gain was reduced to 50%, and the offset was 
altered to 125. 

6.3.2 Digestion of proteins using MLC-IMER 

The MLC IMERs were evaluated for protein digestion. Chromatography was used to assess 

the activity of the capillary bound IMER compared to the traditional in-solution approach [2]. 

As the aim was to evaluate the behaviour of the MLC IMER with respect to the in-solution 

approach, a protein concentration of 0.1 mg mL−1 was used in both instances. Factors known 
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to affect the digestion include the residence time of the protein in the reactor, the pH, the 

temperature, the concentration of immobilised enzyme, and the length of the reactor [8]. 

One notable and straightforward method to improve digestion efficiency is by increasing 

residence time, which is inversely proportional to the flow rate. Studies in single channel 

capillaries have showed that increased residence times can improve digestion efficacy, 

particularly in IMERs based upon diffusion [1–3,7,26]. 

6.3.3 Effect of residence time on digestion 

The residence time of the protein in the IMER may influence the extent and success of 

digestion. Reported digestion times vary depending on the type of substrate, and 

modification approach used. Some particulate based supports report 20 s to 240 s, [29] while 

monolithic supports can provide digestion in 1.5 min (90 s) [20]. An excellent overview of 

IMERs, support types, and digestion times can be found here [31]. The fastest and more 

successful digestions have been seen with porous polymer monoliths, where residence times 

of <2 min can be achieved, and with trypsin modified nanoparticles in suspension [31]. For 

IMERs in other formats, the time required for protein cleavage depends on the support and 

flow mechanism. For example, for a trypsin membrane, a residence time of 10 min was 

required,8 whilst for open tubular (OT) IMERs, a longer residence time of up to 25 min may 

be required [2]. Due to diffusion based mass transfer, lower flow rates [1] or static digestion 

(i.e. digestion with no flow) [5] have been used for OT-IMERs. Herein, with the MLC-IMERs, 

the residence time was increased by reducing the flow rate, whilst maintaining the sample 

volume. A sample volume of 15 μL was used for experiments and flow rates of 1 μL min−1 to 

0.1 μL min−1 investigated. As expected, the lowest flow rate of 0.1 μL min−1 provided the 
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highest overall protein digestion, within the flow rates range tested, as determined by 

capillary LC. 

Tryptic cleavage occurs at two sites on the protein, at an arginyl and a lysine bond, with 

differing rates [70,71]. Complete digestion of the test protein, insulin oxidised chain B, should 

ultimately yield two products; a fragment of G [23] FFYTPK, (858.4 Da), with a larger fragment 

FVNQHLCoxGSHLVEALYLVCoxGER, (2583.0 Da) [72,73]. Herein, four peaks can be observed 

(Fig.6.3). Peak (1) and (2) are attributed to the smaller fragment, peak (3) corresponds to the 

larger fragment, and peak (4) is ascribed to the (undigested) intact protein. Overall, with an 

increase in residence time, each of the three product peaks increased in peak area, with a 

corresponding decrease in the peak area for the intact protein (Fig.6.3(B)). In the case of the 

lowest flow rate (0.1 μL min−1) the peak area of the intact protein was reduced by as much as 

70.4%. The presence of undigested protein even at the lowest flow-rates may potentially be 

due to overloading, which may be removed by using more dilute protein samples, or by 

increasing the length of the IMER. Repetitive cycles of protein introduction may also improve 

digestion efficacy, but this approach may be unsuitable to online digestion approaches [74]. 

The IMER digestion was compared to an analogous digestion performed in-solution. The in-

solution approach would be expected to provide a larger number of peaks due to the 

presence of trypsin within the reaction solution, as well as peaks due to the autolysis of 

trypsin [1]. This was observed, as many small peaks were evident in the baseline of the in-

solution digested samples (Fig. B.3), which were absent in the samples generated from the 

MLC-IMER. The intact protein was not observed in the chromatogram for any of the in-

solution digested samples. Chromatograms comparing the in-solution digests to the IMER 

digest obtained at 0.1 μL min−1, are shown in the ESI (Fig.B.3). The chromatograms shown in 
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Fig.B.3 demonstrate additional peaks between 15 and 20 min, due to the presence of trypsin. 

Smaller peaks were observed before peak (2), and between peaks (2) and (3), possibly due to 

trypsin autolysis products, as fewer peaks were observed in the IMER digest sample. 

The digested protein samples were generated within the MLC-IMER, with a residence time of 

1.26 min, and an internal volume of 0.126 μL (0.001 μL × 126), a lower volume when 

compared to high SVR supports, such as that reported by Peterson et al. [11] (126 nL vs. 470 

nL). When compared to a trypsin containing spin column, with a residence time of 1 min, a 

similar chromatogram resulted, indicating partial digestion of the smaller insulin fragment 

(G23FFYTPKA30) [73]. 
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Fig.6.3. Chromatograms of the protein insulin oxidised chain B (i), and tryptic digests obtained on the 
MLC IMER using flow rates of 1 μL min−1 (ii), 0.5 μL min−1 (iii) and 0.1 μL min−1 (iv). Separation 
conditions; separation was achieved on a 150 μm I.D. PSDVB monolith. Mobile phase A; H2O, 0.1% 
TFA, mobile phase B; ACN 0.1% TFA. Gradient solvent delivery as follows; 0–2 min 5% B, 2–22 min 5–
95% B, 22.1 min 5% B. Flow rate 10 μL min−1, detection by UV at a wavelength of 214 nm. Peak (1–3) 
result from digestion, while peak (4) is associated with the intact (undigested) protein (A). Plots of 
peak areas for peaks (3) and (4) from (A), versus flow rate for digestion (B). The plot demonstrates the 
effect of residence time on the product peak (3) as well as the intact protein, peak (4), showing the 
generation of peptide product with increased residence time. 

 

6.3.4 Identification of digested peptide fragments by nanoLC/MS 

The digests of insulin oxidised chain B were also analysed by nanoLC/MS. In addition, the 

digestion of denatured cytochrome C was used to evaluate the efficacy of the IMER compared 

to in-solution digestion for a denatured protein. 

The MLC-IMER digestion protocol for insulin oxidised chain B resulted in a base peak 

chromatogram (Fig.6.4) of five peaks; four of which were identified as per Fig.6.3. From the 
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base peak chromatogram, the two digests demonstrated peaks at retention times of ∼23 min 

(m/z 859.4341) and ∼32 min (m/z 861.7391), respectively, corresponding to the expected 

tryptic digested products (G23FFYTPK, 858.4 Da and FVNQHLCoxGSHLVEALYLVCoxGER, 2583.0 

Da), as well as three more peaks. A peak corresponding to the intact insulin (3495.9 Da) was 

identified with an m/z of 874.4210 (retention time of ∼33 min, see Fig.6.4 and Fig.B.4). The 

peak eluting at ∼24 min peak (m/z 930.4719) corresponds to G23FFYTPKA30, associated with 

a missed lysine–alanine bond cleavage [70,73] (corresponding to peak 2 in Fig.6.3). The 

presence of this peak was also observed in the study of denaturants on the rapid tryptic 

digestion of insulin oxidised chain B using trypsin spin cartridges [73]. The tryptic digestion of 

the insulin oxidised chain B protein using the MLC-IMER resulted in a sequence coverage of 

70%.

 

Fig.6.4. Base peak chromatogram for insulin oxidised chain B digest produced from MLC-IMER (i), and 
for the in-solution sample (ii). Expected tryptic digestion products noted with *. The peak 
corresponding to the uncleaved alanine site indicated with △. The peak associated with the intact 
protein is shown with ○. The unidentified peak with m/z of 939.4490 is indicated with □. 
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To further investigate the performance of the MLC-IMER, a second model protein, 

cytochrome C (Fig.6.5) was digested, here using a lower concentration (0.05 mg mL−1) and a 

flow of 0.1 μL min−1. In addition, the protein was first denatured according to standard 

protocols. Again, the MLC-IMER digestion was compared to the products of an in-solution 

digest. The resulting base peak chromatograms are shown in Fig.6.5. In this case each digest 

produced a very similar base peak chromatogram, with sequence coverage being 81% for the 

MLC-IMER and 80% for the in-solution digest. Small differences in observed peaks were again 

seen due to trypsin products from the in-solution approach. In general, depending on the 

protein input, substrate and approach used, IMERs can provide sequence coverage across a 

range of values. For example, monolithic IMERs with BSA have reported coverage of 12–80%, 

[14,75,76] open tubular supported IMERs ≤90%, [6] and particle based IMERs with >75% [48] 

coverage. In one case of an OT-IMER, due to their poor sample recovery, no information on 

sequence coverage could be provided [2]. In one example, CIM disk based IMERs provided 

≤60% sequence coverage of cytochrome C, [20] this being 15% lower than the in-solution 

control. In another example, a support with high SVR, such as a silica monolith supported 

IMER, a sequence coverage of 47% was obtained for cytochrome C using a residence time of 

30 s, versus 51% sequence coverage using a 12 h in-solution digestion [77]. This demonstrates 

that in the case of the MLC-IMER, similar digest efficacy to in-solution digestion can be 

obtained for denatured proteins such as cytochrome C, under these conditions. 
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Fig.6.5. Base peak chromatogram for cytochrome c digest produced from MLC-IMER (i), and for the 
in-solution sample (ii). 

 

When the MLC-IMER is compared to other technologies which operate under diffusion-based 

fluidics, the MLC has some advantages worth noting, including the high SVR, faster diffusion, 

and control over residence time, which is inversely proportional to flow rate. The flow in the 

MLC-IMER is unidirectional and laminar. Diffusion can be expected to occur towards the 

wall/liquid interface with increasing IMER length, but also with decreasing flow rate [21,78]. 

As the MLC channel diameters are quite small, the diffusional path length is lowered relative 

to open reservoirs (e.g. 2 μm from flow centroid to wall interface), resulting in faster diffusion 

induced reactions when compared to larger volume systems such as stirred reactors [29]. By 
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using increased IMER lengths, [77] or incorporating porous supports, [20] diffusion limitations 

can be overcome, giving the MLC an advantage over stirred reactors. 

6.3.5 Reproducibility of the MLC housed microreactor 

Three separate MLC-IMERs were prepared, with the resulting sC4D profiles shown in Fig.6.6. 

The method of fabrication was reproducible with a maximum of 6% RSD between replicate 

MLC-IMERs based upon sC4D profiles obtained under similar conditions. 

 

Fig.6.6. sC4D profiles generated for the three replicate MLC trypsin microreactors. 

 

6.4 Conclusions 

The application of a trypsin based IMER, with enzyme immobilisation via AuNPs, within a MLC 

has been reported for the first time and evaluated with regard to its performance in protein 

digestion, with respect to traditional in-solution approach. 
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Digestion of proteins was investigated, resulting 70% sequence coverage for insulin oxidised 

chain B, and ca. 80% for cytochrome C (80% for the in-solution, 81% for the MLC-IMER), higher 

than the sequence coverage reported for cytochrome C, in single enzyme IMERs for LC based 

applications. To the authors’ knowledge the results herein represent the most rapid method 

for proteolytic cleavage reported for an open channel IMER device, with dynamic sample 

digestion (i.e. continuous sample introduction and flow). While the efficacy may not exceed 

that of micro- or nano-particulate IMERs with digestion times of seconds, the technical ease 

of preparation and coupling into an LC system for online digestion is another potential 

advantage. The immobilisation of trypsin via AuNPs did not seem to adversely affect the 

activity of the enzyme, as determined by comparing IMER digestion and in-solution digestion 

of cytochrome C, following similar reports of other proteins in bio-affinity applications [50]. 
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7.1 Final conclusions and future work 

This thesis presented a systematic study of the development of chemically modified solid core 

multi-lumen capillaries (MLCs) for application in bio-analytical chemistry, followed by a 

detailed characterisation of there properties and potential suitability as a column for 

trapping, digestion or separation of molecules and proteins. The first involved studying the 

advantages of MLC over single channel capillary, and its evanescent wave property and 

sensing towards detector linearity.  

The analytical applications reported in this thesis demonstrated that multi-lumen capillary 

could be used in versatile sensors and techniques for a broad range of analytical chemistry 

and separation science. Several significant advantages of MLC over conventional systems 

were discussed:  

(1) Different types of MLC can be used for various specific applications.  

(2) MLC used in capillary electrophoresis for separation of molecules and also showed better 

results for temperature-sensitive chemicals.  

(3) MLC showed results with the microchip or without microchip for Raman spectroscopy, 

liquid chromatography and used in mass spectroscopy.  

(4) MLC used in evanescent wave absorption and gas sensing study for better separations of 

ions. 

(5) MLC has multi-channels, which can be silanised and modified with different coatings, for 

example gold nanoparticles, and porous polymer monolith [21].  

In this thesis, as described three goals in Chapter one were achieved as follows: 
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(1) MLC axial effective path-length was calculated using evanescent field-based optical 

detection. 

(2) Monolith polymerisation and immobilisation was achieved using evanescent wave field in 

MLC. 

(3) Anchored various functional layers (multi-step synthesis), such as ECL via a bio-linker on 

AuNPs, AuNPs growth within MLC for separation of proteins and bio-molecules. 

(4) SEM, C4D used for non-invasive tool for characterisation of MLC. 

The example described in this thesis represents only a small sample from a huge number of 

applications. The photochemical reactions can be useful for excited-state drugs in MLC to 

control the decomposition. Separation of molecules also possible by using different coating 

in multi-channel as a stationary phase, this makes more fast and reliable process of detection 

and separation.  

On the technical side, the development of easy to use MLC have many types and can improve 

the properties according to a need of use. MLC used in Lab on chip devices revolutionise with 

the separation field. These devices easily coupled with other analytical techniques such as 

nuclear magnetic resonance spectroscopy, SERS, CE, MS, LE. These methods could be helpful 

for the detection and quantification, and it also raises mechanistic and kinetic understanding.  

Apart from chemistry, other areas such as medicine, breath analyser could also befit from 

MLC. Radiological properties of MLC can be used in x-ray. The microfluidic channels of MLC 

could deliver the drugs to the specific site of action.  
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Fig. A1. UV-Vis absorption spectrum of different concentrations of 0.06, 0.08 and 0.12 mM of brilliant 
blue dye in MLC 126*8 µm. 

 

 

 

 

Fig. A2. UV-Vis absorption spectrum of different concentration of 0.16 mM of brilliant blue dye in MLC 
126*8 µm. 
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Fig. A3. UV-Vis absorption spectrum of different concentration of 0.96 mM of brilliant blue dye in MLC 
126*8 µm. 

 

 

Fig. A4. UV-Vis absorption spectrum of different concentration of 2.56 mM of brilliant blue dye in MLC 
126*8 µm. 
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Fig.B.1. Comparison of surface area between the MLC (PCF) and FSCs of increasing inner diameters, 
from 25 µm ID to 250 µm ID, for a hypothetical capillary length of 100 mm. Insert; SEM micrograph of 
MLC cross sectional area, showing the 126 x 4 µm I.D. channels.  

 

SEM characterisation of AuNP coated MLC: 

SEM microscopy was used to characterise the coverage of gold nanoparticles (AuNPs) in each 

channel, axially across the MLC. In order to achieve this, a number of AuNP modified MLCs 

were cut into sections and analysed. MLC channels with no AuNP modification are shown to 

possess smooth channel walls. The AuNPs appear as white spheres upon the surface, which 

at the angle of observation look to be a roughened surface along the inner wall of the MLC 

channel. Individual channels were mapped, and the presence of gold was noted. The layer of 

20nm particles is visible along the inner wall of the MLC channel. From a selection of the SEMs 

in Figure B.1, the distribution of AuNPs was homogenous across the sections of MLC tested. 
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If the angle of observation is changed, the inner wall of the capillary can be profiled, as shown 

in Figure 6.1.  

 

Fig.B.2: SEM characterisation of AuNP coating upon the inner walls of APTES modified MLC channels. 
AuNPs on the inner surface are highlighted in (A), and can be seen as a bright, rough lining on the MLC 
channel wall. SEM micrographs recorded at 45 k magnification and an accelerating voltage of 1.5 kV. 
Samples were sputter coated with platinum prior to analysis.  

 

Table B.1: Compilation of separation conditions for various polypeptides and proteins used in 

previous reports using IMERs of different media, and the effects therein, of flow rate.  

Monolith 

Flow rate 

range 

(µL/min) 

Substrate Temperature 

Effect of flow 

rate on 

digestion 

Reference 

0.4-0.5  37 °C Not studied [1] 
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0.5   No [2] 

0.05-0.30   Yes [3] 

100-1000 Polynucleotides  22 and 35 °C No [4] 

100-500 
N-α-benzoyl-L-arginine, 

myoglobin 

21, 30, and 

37 °C 
Yes [5] 

0.10 – 0.30   Yes/no * [6] 

Membrane 

0.1 – 0.3   Yes [7] 

0.10 – 0.01 
Cytochrome C, 

ovalbumin 
37 °C No [8] 

Particulate 

0.167 – 

0.667 
  Yes [9] 

0.15 – 0.25 
Insulin chain B 

(oxidised), β casein 
37 °C Yes [10] 

0.5 - 60 
Melittin, cytochrome C, 

bovine serum albumin 
N/A Yes [11] 

Open channel 

0.04 β casein N/A Yes [12] 

1 – 5 
Cytochrome C, 

myoglobin 
37 °C Yes [13] 

* Also limited by the size of the protein used, the larger the protein, the greater the effect of flow rate 
upon digestion efficiency.  

 



185 
 

 

 

Fig.B.3: Chromatogram of insulin oxidised chain B (i), in vitro digest after 5 min incubation (ii), after 
18 h incubation (iii), and a digest obtained using the MLC-IMER at a flow rate of 0.1 µL/min (iv). Traces 
(ii)-(iv) are enlarged to demonstrate the presence of additional peaks due to trypsin, with broad peaks 
seen between 15 and 20 min, due to the presence of the enzyme.  
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Fig.B.4: Total base chromatograms of the insulin standard with peaks show with * (i). Total base 
chromatogram for the insulin oxidised chain B digestion prepared by sequential static digestion and 
collection (ii). Peptides were loaded onto a 20 mm x 75 µm sample trapping column (Acclaim 
PepMap 3 µm C18) then separated over a 45 minute gradient from 2% acetonitrile to 50% 
acetonitrile on a 250 mm x 75 µm RSLC analytical column (Acclaim PepMap 2 µm C18).  The 
LTQ-Orbitrap was controlled using Xcalibur 2.1 software and base peak chromatograms 
showing FTMS signal intensity were annotated using Qual Browser software.  

 

The inherent peaks in the insulin chain B standard were analysed. The resulting peaks at 24.15 

and 27.71 demonstrate some inherent degradation of the protein. This could also be seen in 

the nanoLC traces shown in Figure 3 of the main text. The degradation of the protein may 

have contributed to the issues observed with the lysing of the alanine site, responsible for the 

fragment of 930.4719 m/z. The use of static digestion shown in Fig. B.4 (ii) demonstrated the 

improved ratio of the two fragments when the flow rate is switched off.  



187 
 

 

Fig.B.5: Total base chromatogram for insulin oxidised chain B using an IMER of 150 mm long, using a 
protein standard concentration of 0.05 mg/mL, and a flow rate of 0.1 µL/min (i) as well as the 
corresponding mass spectrum (ii).  

 

The use of a longer IMER with a reduced standard concentration also resulted in a partial 

digestion, with a sequence coverage of only 70 %.  
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