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Abstract 

      Thread-based microfluidic analytical devices (µTADs) have attracted growing interest in 

medical, biological, and environmental analysis, due to their low-cost, biocompatibility, ease 

of assembly, and low-reagent consumption applications. The hydrophilic properties, 

mechanical strength, and soft and flexible nature of threads enable the fabrication of µTADs 

without hydrophobic wax barriers as required in paper-based microfluidics and are compatible 

with modification or functionalisation under wet conditions. Additionally, preparation of 

µTADs with simple configurations is possible by using threads with different surface 

chemistries via cutting, knotting, or sewing.  

      Ambient ionization mass spectrometry (AIMS) provides direct ionization of analytes on 

the surface and subsurface of samples under ambient conditions, with minimal sample 

manipulation. Over the past few years, a series of ambient ionization techniques have been 

developed to enhance the capability of AIMS and expand its applications. These techniques 

have been widely applied in forensics, drug development, and medical diagnostics. However, 

the lack of simple and rapid sample clean-up and separation procedures typically limits the 

application of AIMS for the analysis of trace levels of analytes in complex samples like 

biological fluids, containing high levels of interfering species. This thesis has focused on the 

combination of µTADs, for the pretreatment of complex biological samples, and desorption 

electrospray ionization mass spectrometry (DESI-MS), for the rapid analysis of complex 

biological samples. The combination of µTADs with AIMS can address the limitations of 

singly applying AIMS to the analysis of complex samples. Additionally, µTADs-AIMS has 

significant future potential in developing on-site analytical devices by utilising miniature mass 

spectrometers.  

      Chapter 1 reviews the recent advances and applications of µTAD in analytical sciences. It 

gives an overall introduction of the fabrication techniques and detection methods of µTAD 

systems, followed by the classification of the applications. The pros and cons of µTADs and 

future trends in this area are also discussed.  

      Chapter 2 discusses the advances of AIMS with specific focus on the new generation of 

ionization techniques (like DESI, direct analysis in real time, DART, extractive electrospray 

ionization, EESI, paper spray ionization, PSI, etc.), developed to enhance the capabilities of 

AIMS and to expand its applications. A major focus of this Chapter is on the use and role of 

nanomaterials in AIMS techniques to further improve their performance and application. 
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      In Chapter 3, the research aimed to explore and develop a simple and inexpensive thread-

based sample preparation and concentration method and its coupling with DESI-MS for rapid 

‘on-thread’ electrofluidic analysis. However, the detection of water-containing samples is a 

challenge for DESI-MS. Therefore, herein a platform for thread-based isoelectric focusing 

(TB-IEF) was 3D-printed, optimised, and applied for the separation and focusing of three 

model proteins from aqueous media. After the TB-IEF separation and concentration process, 

the thread with focused analytes was dried through an applied voltage and directly subjected 

to the DESI-MS source. This combination delivered a novel and low-cost approach for the 

sample pretreatment and focusing of amphoteric solutes in complex aqueous samples, with 

direct ‘on-thread’ ambient MS detection.  This setup was applied for the separation and 

focusing of bovine serum albumin, R-phycoerythrin, myoglobin (MB), and cytochrome c. 

Successful separation and focusing was achieved within 30 min. A 10-fold increase in the 

DESI-MS response was achieved following the TB-IEF preconcentration, whilst 

simultaneously isolating the target solutes from their sample matrix. 

      The TB-IEF-DESI-MS technique is mainly for the analysis of proteins and peptides, 

therefore, the development of a similar method for small molecules is an area of interest. Hence, 

in Chapter 4, the focus of the research was to integrate a thread-based isotachophoresis (TB-

ITP) sample treatment approach with DESI-MS for the analysis of small target molecules in 

complex biological samples. However, to couple the TB-ITP technique with DESI-MS, it was 

necessary to focus the analytes at a predetermined position, without band diffusion and post-

focussing. To achieve this, an on-thread trap was proposed, a simple trapping knot (from a 

different thread material) tied to the separation thread at a predetermined position. The 

proposed TB-ITP-DESI-MS setup and methodology was applied for the clean-up, 

preconcentration, and determination of alkaloids (coptisine, berberine and palmatine) in 

biological fluids. This system enabled the focusing and rapid analysis of the analytes of interest 

in complex matrices that were otherwise challenging for direct ambient MS. A single string of 

Nylon 6 thread was used as the electrophoresis substrate and a cotton knot, tied to the nylon 

thread, was used as the trapping zone of the ITP focused model analytes. Compared to the 

direct DESI-MS detection, the signal-to-noise ratio (S/N) for coptisine, berberine and 

palmatine obtained using the proposed method was increased 11.6-, 5.5- and 5.7-fold, 

respectively, due to the reduced matrix interference and focusing. 

      Although the TB-ITP was successfully coupled with DESI-MS with the aid of a trapping 

knot, the applicability of this method was limited by the trapping capability of available thread 

javascript:;
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materials. Accordingly, a sorptive nanomaterial was used to functionalize the trapping knot to 

improve the efficiency and selectivity.  For this purpose, in Chapter 5, a nanomaterial-assisted 

TB-ITP-DESI-MS setup was developed for the clean-up, focusing, and trapping of target 

compounds in biological samples. Nylon thread was coated with graphene oxide (GO) by using 

bovine serum albumin (BSA) as the linker. The GO coated thread was then tied on the 

electrophoresis substrate (nylon thread) to trap the TB-ITP focused solutes in a predetermined 

position, followed by exposing the trapped solutes (on the dried knot) to the DESI source. The 

performance of this setup and strategy was verified by the analysis of model alkaloids in urine 

samples. Compared with the traditional direct DESI-MS analysis, the sensitivity of this method 

for coptisine, berberine and palmatine was enhanced 7.8-, 9.2-, 9.0-fold, respectively. 

Compared to the method developed in Chapter 4, this method delivered higher signal intensities 

and better selectivity. Most importantly, this research has opened up a new perspective to use 

a wide range of nanomaterials with different features, to achieve higher selectivity for the TB-

ITP separation and trapping of targeted molecules.   

      Finally, Chapter 6 summarises the results and findings of this project and discusses the 

future trends in thread-based electrofluidic systems. This project investigated different 

strategies for sample pretreatment using electrofluidic thread-based systems followed by DESI-

MS detection for rapid and sensitive detection. The performance and applicability of the 

proposed systems were demonstrated by analysing biological samples.    

Keywords: Ambient ionization mass spectrometry, desorption electrospray ionization mass 

spectrometry, thread-based microfluidic analytical devices, isoelectric focusing, 

isotachophoresis.  
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Preface 

1 

Preface 

1. Background

Diagnostic laboratories are limited in the developing world due to financial reasons. In

order to effectively control diseases in underdeveloped areas, cheap, portable, user-friendly and 

sensitive analytical devices are necessary to be developed based on low-cost materials for 

providing rapid diagnosis of human diseases. As inexpensive and ubiquitous materials, threads 

and fabrics have been investigated for the fabrication of disposable microfluidic devices.  The 

voids within these inexpensive and commercially available materials can transport aqueous and 

non-aqueous fluids via capillary action without the requirement of external pumping. In 

addition, most threads are soft so they can be easily cut, knotted, or sewn onto various support 

materials to achieve suitable hydrophilic-hydrophobic balance, allowing the transport of 

aqueous samples with specific properties.  

      The principle of thread-based microfluidics is similar to that of paper-based microfluidic 

technique, in which the sample transport is driven by wicking action through the inner 

hydrophilic channels, coupled with conventional lateral flow test for the detection of many 

infections agents and chemical contaminants. In comparison with paper-based microfluidics, 

the use of thread as a substrate shows many advantages such as (1) better strength and 

flexibility, (2) no requirement of hydrophobic barriers, (3) the efficient and effective transport 

of aqueous fluids along one dimension, (4) the choice of threads from different materials, (5) 

simplicity of embedding threads into wearable materials, allowing in situ sample collection [1].  

Due to the portability, simplicity, economic affordability and superior physical and chemical 

properties, thread has been applied in in a variety of applications such as medical diagnostics 

[2-4], food safety [5], environmental monitoring [6, 7].  

      The natural flow pattern that occurs in threads shows great differences depending upon the 

lengths of threads, inter-fibre bonding and the types of gaps and voids in the structures of 

threads, yarns, and fabrics [1]. In addition, this non-selective force would cause problems such 

as band broadening, and sample dilution, which are the main factors behind low separation 

efficiency and low sensitivity.  To control this inherent action in threads, electrofluidic-based 

analytical devices could be a good option, in which the bulk movement of a conductive solution 

past a stationary surface occurs as a result of an externally applied electric field [8]. Separation 

methods including zone electrophoresis, electrochromatography, isoelectric focusing, and 

https://en.wikipedia.org/wiki/Lateral_flow_test
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isotachophoresis can be used to separate target analytes from complicated matrix samples to 

reduce the interferences. Some materials with specific functionality can also be coated on the 

surface of threads to selectively trap and preconcentrate interested molecules due to specific 

interaction [6, 9-12].  

      Colorimetric and electrochemical sensing are two of the most used detection techniques for 

semi-quantitation in thread-based microfluidics. Colorimetric detection has been the most 

widely employed technique due to the advantages of visual readout, simple operation and being 

user-friendly; Electrochemical detection has the advantages of low cost, high sensitivity and 

relatively simple instrumentation. However, the lateral-flow and flow through assays in 

colorimetric sensing can lead to the inhomogeneity of the colour distribution, making the 

judgment of the final colour with the naked eye challenging. In addition, colorimetric sensors 

can be influenced by the background colour of the substrate or the sample [13]. In contrast to 

colorimetric sensing, electrochemical sensing has fast sensor responses, higher sensitivities and 

is less prone to interference from the colour of substrate but sensitive to the surrounding 

environment [14]. Besides, the above, some sensors are subject to interference from other 

compounds in sample, causing interference with the sensor and potential false readings.  

      The lack of molecular weight and structure information using colorimetric and 

electrochemical detection limits the application of thread-based microfluidics in 

qualitative analysis of samples. Mass spectrometry has long been a powerful analytical 

technique for qualitative and quantitative analysis due to its ability to provide ultra-low limits 

of detection, highly selectivity and abundant structure information. However, traditional mass 

spectrometry should be operated in a high vacuum environment. Therefore, it makes the 

combination of thread-based microfluidic platforms with mass spectrometry difficult. The 

introduction of ambient mass spectrometry raises the intriguing possibility of using mass 

spectrometry for thread-based microfluidics detection. The first ambient ionization mass 

spectrometry technique was developed by Cooks and co-workers in 2004 named desorption 

electrospray ionization (DESI) [15]. DESI is a technique that creates ions  in open air 

environment, with the character of allowing direct, rapid and real-time analysis of samples in-

situ without or with simple sample pre-treatment [16]. The mechanism of DESI is directly 

spraying fast moving charged droplet onto the sample surface, and the analytes on the surfaces 

are extracted and ionized by the offspring droplets through the electrospray ionization 

mechanism. In contrast to traditional mass spectrometry which usually requires coupling with 

chromatographic techniques to minimize the interference of complex matrices and allow highly 

javascript:;
javascript:;
javascript:;
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accurate and sensitive quantification of analytes, ambient mass spectrometry allows direct 

analysis with minimum or no sample pre-treatment thus making it extremely suitable for the 

fast and high throughput analysis. The invention of DESI has simulated the development of 

new ambient ionization techniques such as direct analysis in real time (DART) [17], easy 

ambient sonic-spray ionization (EASI) [18], extractive electrospray ionization (EESI) [19], 

laser ablation electrospray ionization (LAESI) [20], probe electrospray ionization (PESI) [21], 

paper spray ionization (PSI) [22], etc. Ambient spectrometry has been used in various sample 

analysis such as pharmaceutical drugs [23, 24], pesticides [25], food fraud [26], plant [27, 28], 

explosives [24, 29], tissues [30], biological samples [31-33].   

      However, the lack of chromatographic separation makes the detection of low abundance 

analytes from complicated matrices difficult. Therefore, it is meaningful for the combination 

of low-cost electrofluidic thread-based analytical devices for the preconcentration and 

separation of analytes from complex samples with ambient ionization mass spectrometry for 

rapid qualitative and quantitative detection. Furthermore, the development of thread-based 

microfluidic diagnostic devices is still in its early stages; It requires the accumulation of a larger 

body of innovation, knowledge and skills in fabrication techniques and detection methods in 

the future to enable this platform to reach maturity. 

 

2. Project aims 

      This project aimed to explore and develop a ground-breaking new approach and technology 

for the direct and rapid characterisation of chemical and biochemical species, separated from 

complex mixtures and matrices. The project focused on the development of thread-based 

electrofluidics coupled with ‘on-thread’ ambient ionization mass spectrometry. The project 

explored new thread materials for their electrophoretic performance and material compatibility 

with DESI, and demonstrate the advantages of simplicity, flexibility, speed and selectivity for 

the targeted separation and characterisation of complex biological samples (including blood, 

plasma, and urine). The project was significant as it explored a totally new approach for the 

separation and detection of complex systems, which utilised low-cost disposable thread 

substrates as the separation platform. This project has outcomes and potential in fields of 

bioanalysis, pharmaceutical and medical science, and environmental analysis. 

 

https://en.wikipedia.org/wiki/Extractive_electrospray_ionization
https://en.wikipedia.org/wiki/Laser_ablation_electrospray_ionization
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3. Methodology 

3.1 Desorption electrospray ionization (DESI) 

      DESI is famous for its capability of in situ detection of analytes with simple or without 

sample preparation in ambient operation environment.  DESI can analyse solid samples present 

on a surface by spraying fast-moving charged solvent droplets onto sample surfaces. The 

sample constituents presented on the surface are extracted and carried by the offspring droplets 

into the atmospheric pressure interface of the mass spectrometer where ions are produced 

through electrospray ionization mechanism. This method promises rapid, high-throughput 

analysis combined with the sensitivity and specificity of the mass spectrometer. The schematic 

of DESI-MS is shown in Fig. 1.  



Preface 

5 
 

 

Figure 1. Schematic of desorption electrospray ionization. Reproduced with permission from American 

Association for the Advancement of Science [15].  
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3.2 Electrofluidic thread-based separation techniques 

3.2.1 Isoelectric focusing (IEF) 

      IEF is an electrophoretic technique for the separation of charged molecules, mainly 

peptides and proteins based on their isoelectric points (pI). In thread IEF, a pH gradient is 

formed within the thread using commercially available ampholytes. Ampholytes consist of 

both acidic and basic moieties that can have pI values spanning the desired pH range of the IEF 

experiment.  

      After saturating the thread with a mixture of solute and ampholytes, the pH gradient is 

formed along the thread. Proteins presented in a pH region below or above their pIs could be 

positively or negatively charged and migrate through the medium until they reach a region 

where they become uncharged upon the application of electrical field. At this point, proteins 

have no net charge and would be focused into a narrow band, as a protein which enters a zone 

of different pH will become charged and migrates back. As a result, proteins will position at 

different points according to their pIs and thus separating proteins from complicated matrices. 

A schematic of the IEF process is shown in Fig. 2. 

      After the separation of target compounds, continuous voltage is applied to dry the thread. 

After the voltage decreases to 0, thread with separated analytes can be (1) moved under the 

DESI-MS source for detection or (2) cut and centrifuged, the solution obtained was then 

deposited onto sample slide for DESI-MS analysis.   

javascript:;
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Figure 2. Schematic of isoelectric focusing process (Symbols    ,    , and    represent solute 

molecules, such as proteins or peptides).  
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3.2.2 Isotachophoresis (ITP) 

      ITP is an electrophoretic technique for the separation of charged ions. Two buffer solutions 

are required to create a state where the solutes all move as connected, separate bands and at the 

same velocity. The target analytes zones remain sandwiched between the leading electrolyte 

(LE) and terminating electrolyte (TE).  

      For anionic analytes analysis, buffer with higher effective electrophoretic mobility than the 

analytes is chosen as the leading electrolyte and buffer has a lower mobility than that of the 

solutes is chosen as the terminating electrolyte. Once an electric field is applied after the 

fabrication of interface between TE and LE, the leading ions move fastest, and terminating ions 

move slowest with analyte ions between them. All the ions move in jointed zones with the same 

velocity. 

      One feature of ITP is the steady-state velocity as the electric field varies in each zone. 

The field in each zone can be self-adjusted to keep the constant velocity. That is, the zone 

with highest mobility has the lowest field.  When an ion migrates into a zone with lower or 

higher mobility, its velocity changes and it will return to its own zone immediately. As a 

result, analytes can be focused and purified sharply from the non-focused compounds in 

samples. A schematic of the ITP process is shown in Fig. 3.    
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Figure 3. Illustration of isotachophoresis process (     ,     , and     represent solute molecules). 
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3.3 Functionalisation of natural thread material 

      Natural thread materials have been widely applied as solid phase extraction (SPE) 

absorbent for sample preparation due to its high adsorption capability toward hydrophobic 

compounds [34, 35]. For example, Chen et al. used cotton fibre as a SPE sorbent to extract 

seven kinds of polycyclic aromatic hydrocarbons (PAHs) in environmental water samples [36]. 

On the other hand, the abundant hydroxyl groups on the surface of cotton provide good 

hydrophilic property.  Selmen et al. developed a hydrophilic interaction liquid chromatography 

(HILIC) microtip applying cotton wool as adsorbent for purification and enrichment of glycans 

and glycopeptides [37]. 

      The functional groups on these materials can be modified to meet the requirements for 

various research aims. Sulfhydryl cotton fibre prepared by esterification of cotton fibre, has 

abundant thiol group on the surface, which provides the potential for modification. For 

instance, Feng and co-workers developed phenylboronic acid grafted sulfhydryl cotton fibre 

(SCF-PBA) for selectively capture of ribonucleotides and glycopeptides. The same group also 

prepared zirconium phosphonate-modified sulfhydryl cotton fibres (SCF-pVPA-Zr4+) [38] and 

carboxyl cotton chelator-titanium(IV) (CCC-Ti4+) fibres [39] for the enrichment of 

phosphorpeptides. The schematic diagram for the preparation of SCF-pVPA-Zr4+ and CCC-

Ti4+ threads are shown in Fig. 4a and Fig. 4b, respectively. Luo et al. developed reactive 

fluorescent dye functionalised cotton fabric for selective sensing and reversible separation of 

Cd2+ in water [6]. Ulum et al. designed EDTA-treated cotton-thread microfluidic device used 

for one-step whole blood plasma separation and assay [10]. Due to these successful 

applications of functionalisation of natural threads, it is promising to develop modified thread-

based electrofluidic analytical devices for the selectively purification, enrichment and 

separation of complex samples. 
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Figure 4. Functionalisation of threads. (a) Preparation of SCF-pVPA-Zr4+ threads. Reproduced with permission from American Chemical Society 

[38]. (b) Preparation of CCC-Ti4+ threads. Reproduced with permission from American Chemical Society [39]. 
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Chapter 1 

Applications of thread-based microfluidics: 

Approaches and options for detection 

1.1   Introduction  

      With the growing demand for disease diagnostics, control and prevention towards global 

public health, especially in resource-limited countries, the development of diagnostic tools that 

can meet the WHO's “ASSURED (affordable, sensitive, specific, user-friendly, rapid, 

equipment-free, and deliverable to users)” criteria [1] has received considerable attention. In 

response to the requirements for diagnostic systems, paper-based microfluidic analytical 

devices (μPADs) were developed by Whitesides’ group in 2007 [2].  To date, hundreds of 

paper-based microfluidic techniques have been developed and applied for a variety of 

applications, such as point-of-care (POC) diagnostics [3], environmental monitoring [4], food 

and drug safety analysis [5, 6]. However, the limitations, including low mechanical strength 

and the lack of hydrophobic barriers [7] for the control of fluid flow, in relation to the material 

properties of paper, make the robust fabrication of μPADs relatively complicated. The most 

common fabrication methods for μPADs, like wax printing [8], inkjet printing [9], 

photolithography [10], wet etching [11], etc.,  typically involve the use of toxic substances or 

require the use of specific equipment.  

      Although great progress has been made in the development of μPADs in the past few 

decades, the exploration of more feasible, affordable, reliable, sensitive, and selective 

microfluidic-based techniques remains necessary. To achieve this, microfluidics thread-based 

analytical devices (μTADs), as an alternative approach, were introduced by Shen’s and 

Whitesides’ groups in 2010 [12, 13]. Apart from the unique feature of low-cost, simplicity, 

portability, and strong capillary action for both μPADs and μTADs, thread is superior to paper 

in the following few aspects: (1) greater mechanical strength, (2) better flexibility for the 

creation of three-dimensional (3D) microfluidic systems, (3) no need to form extra hydrophobic 

barriers, (4) simpler for the fabrication of hybrid materials devices and (5) superior 

practicability to be modified under wet conditions [12-14]. These characteristics make thread 

an excellent material for the fabrication of microfluidic devices through simple sewing, knitting, 

weaving and knotting. As the surface chemistries of threads can be easily modified to achieve 
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appropriate wettability and wicking properties through plasma treatment [12] and 

functionalisation [15], both hydrophilic and hydrophobic threads have been reported for the 

development of μTADs [14]. Similar to μPADs, the detection methods for thread-based 

microfluidics are mainly based on colorimetry [16, 17], electrochemistry [18, 19], 

immunoassay [20, 21], fluorescence [22-24] and surface-enhanced Raman scattering (SERS) 

[25]. In recent years, thread-based microfluidics have been extensively investigated and have 

been used for many applications ranging from rapid sample preparation [22] to medical 

diagnostics [26, 27].  

      To get a better understanding of the advances and applications of μTADs, herein, the 

detection methods and applications of μTADs have been reviewed. The advantages and 

disadvantages of the detection techniques are discussed. In addition, the prospect of 

improvements for μTADs is also given.  

 

1.2   Detection techniques and applications 

1.2.1    Colorimetric detection and applications 

      Colorimetry has been recognised as one of the simplest detection techniques for μTADs 

due to its rapid and visual readout, inexpensive, ease of fabrication and simple operation. The 

results can be easily analysed by monitoring the colour changes by the naked eye, scanners, 

digital cameras and smartphones. The fabrication of μTADs coupled with colorimetric 

detection device usually involves three steps: (a) immobilization of specific probes (e.g., 

antigen-antibody reaction, coloured indicators) onto the test zone of a thread, (b) passive 

movement (via capillary action, gravity, surface acoustic wave, etc.) of target analytes from 

sampling zone to test zone where the analytes react with the probes, and (c) determination 

through the measurement of colour changes, colour band length or the colour intensities. 

Colorimetric detection-based μTADs have been applied across many applications, such as the 

analysis of glucose [26, 28, 29], urinary creatinine [30], nitrite [31], metal ions [32, 33], 

infectious diseases [34], biomarkers [35, 36] and blood grouping [37]. 

     1.2.1.1   Immunoassay 

      Ballerini et al. developed polyester thread-based methods for the rapid grouping of blood 

by utilizing the flow difference between large particles (agglutinated red blood cells, RBCs) 

and serum phase in narrow capillary channels [37]. RBC agglutination occurs when antibodies 
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specifically bond to the antigens of adjacent RBCs, resulted in the formation of large particles. 

The large particles move slower than the serum under capillary action, thereby a person’s ABO 

and Rh blood type can be identified through the separation effect on an antibody impregnated 

thread. Zhou et al. reported an immunochromatographic assay on thread for the quantification 

of C-reactive protein (CRP) and demonstrated the possibility of multiplexed detection of CRP, 

leptin, and osteopontin (Fig. 1.1) [21]. In this method, the thread consisted of three zones 

including “background”, “capture zone”, and “control zone”. The capture zone was coated with 

recognition antibody against specific analyte, while the control zone was coated with antibody 

that is irrespective of the target antigen. Detection was based on a sandwich like assay that the 

target analytes were captured between the capture antibodies and the beads or gold 

nanoparticles (AuNPs) conjugatively labelled detection antibodies. Compared to conventional 

lateral-flow immunochromatographic assays which typically give yes/no results, this proposed 

method is quantitative by visualizing the intensity of the colour band in the capture zone using 

a flatbed scanner. Mao’s group developed a cotton-based immunochromatographic assay 

method for the colorimetric detection of carcinoembryonic antigen (CEA) [38] and squamous 

cell carcinoma antigen (SCCA) [35]. This device consisted of a sample pad, a cotton thread 

and an absorbent pad. The cotton thread was immobilised with CEA (or SCCA) to act as the 

test zone. Detection antibody (dAb) coated carbon nanotube/gold nanoparticles (CNT/GNPs) 

was used as reporter probe. The reporter probe was incubated with target CEA or SCCA 

(unknow concentration) to form sample solution. The principle of this 

immunochromatographic assay was based on the competitive binding between the target 

antigen in sample solution (unknow concentration) and the given concentration of target 

antigen (immobilised onto the thread surface at the test zone) to the reporter probe. The 

concentration of the target antigen in sample was inversely proportional to the colour intensity 

at the test zone, as a higher analyte concentration resulted in less accumulation amount of 

reporter probe. This approach showed good stability and increased sensitivity when compared 

with traditional methods using CNTs or GNPs as the reporter probe. The same group reported 

a similar cotton thread-based immunochromatographic assay for the detection of human ferritin 

antigen [36]. The reporter probe was prepared by coating the CNTs with monoclonal detection 

antibody against human ferritin. Whereafter, the reporter probe was dispersed in a human 

ferritin antigen and running buffer containing mixture to form the sample solution. After 

applying the sample to the sample pad, it would migrate toward the absorption pad under 

capillary action. When it reached at the test zone where was pre-coated with capture antibody 

(cAb) at a given concentration, a blank sandwich immune-complex was formed. Subsequently, 
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the concentration of the human ferritin antigen in samples was determined by measuring the 

colour intensity at the test zone using a scanner and “Image J” software. The sensitivity of this 

method was enhanced 500-fold comparing to point-of-care diagnostic device using CNTs as a 

reporter probe [39]. Choi et al. described a polysiloxanes modified cotton thread-based 

microfluidic device for immunoassay applications [15]. The hydrophilic/hydrophobic 

properties of cotton thread were manipulated by modification with polysiloxanes for the fluidic 

flow control. It was found 12-fold diluted polysiloxanes resulted in a desirable fluidic delay, 

thereby enabling the capture of more (~10-fold increase in signal intensity compared to the 

unmodified device) antigen-dAb-AuNP complexes by cAb at the test zone.  
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Figure 1.1 Illustration of ICAT and photograph of one ICAT cartridge. (a) ICAT device assembly and assay protocol. (b) Photograph of one ICAT 

cartridge with six cotton threads in parallel, one nylon fiber bundle knotted across, and an absorbent pad placed at the end. Reproduced with 

permission from American Chemical Society [21].
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     1.2.1.2   Chromogenic reaction 

      Nilghaz et al. introduced a simple and semiquantitative approach for the diagnostics of 

protein, nitrite, and biomarkers in biological samples, as well as the rapid analysis of Ni2+ in 

environmental samples by monitoring the length of the colour changes on indicators treated 

cotton and polyester threads using a paper printed ruler [40]. The diagnostic device was easily 

fabricated by tying a knot in the middle of a thread, followed by positioning the knot in the 

middle of printed scale, and finally affixing the knotted thread and the scale to a polymer film 

support. The mechanism is based on the generation of coloured ions, complexes, or compounds 

when applying samples with target analytes to an indicator reagent deposited thread. 

Singhaphan et al. proposed a similar thread-based platform for nitrite detection [31]. As is 

shown in Fig. 1.2A, a cotton yarn was modified with p-aminobenzoyl and impregnated with 

chromotropic acid to act as a coupling reagent. Once the nitrite containing sample loaded onto 

the modified yarn, a coloured band was produced. Therefore, the nitrite concentration can be 

determined through the measurement of the length of colour band. Based on the similar 

mechanism, Cai et al. developed a cotton thread-based analytical device for the detection of 

iron ion (Fe) by using 1,10-phenanthroline as the indicator reagent [33]. The concentration of 

Fe was positively correlated to the length of coloured band. Similarity, Ulum et al. developed 

an ethylenediaminetetraacetic acid (EDTA)-treated cotton-thread microfluidic device for blood 

plasma separation [41]. As EDTA can inhibit blood clotting in blood specimens, the EDTA 

treated cotton thread enabled the blood wicking a long distance along the thread, while 

untreated cotton thread stopped the blood from wicking (Fig. 1.2B). An albumin assay was 

carried out to demonstrate the capacity of the proposed method for blood separation. The semi-

quantitative measurement of albumin was performed by observation the colour changes in the 

bromocresol green (colorimetric albumin indicator) deposited detection zone on the EDTA-

treated μTAD. Erenas et al. presented a simple surface modified μTAD for the determination 

of potassium based on inclusion of ionophore extraction recognition [42]. The cotton thread 

was used for the transport of the aqueous sample to the detection area where it was exposed to 

recognition chemistry for selective potassium analysis. Based on the ionophore-

chromoionophore chemistry, this group developed another μTAD for urinary creatinine 

analysis [30]. Li et al. proposed a cotton thread-based method for the preconcentration and 

colorimetric detection of copper in tap and lake water [32]. Plasma- and Na2CO3-treated cotton 

thread, with a knot in the middle, was applied as a sorbent for the enrichment of copper ions 

(Cu2+) from sample solutions and also used as a substrate for on-thread detection. After pre-
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concentration, drying and washing, a series of solutions including ascorbic acid, horseradish 

peroxidase (HRP), and tetramethylbenzidine (TMB) were added to the knot sequentially. After 

the addition of these reagents in the knot of a thread, the colour changed from colourless to 

blue due to the HRP-catalysed TMB oxidation. While the presence of Cu2+ inhibits HRP 

enzymatic function, therefore, the greater amount of Cu2+ adsorbed on the thread, the lighter 

bule colour developed in the test zone (Fig. 1.2C). Jarujamrus et al. applied µTAD for 

complexometric and argentometric titrations [43] and acid-base titrations [44]. The device was 

fabricated by modification of cotton thread with indicator reagents, followed by immobilizing 

the thread onto a support (polypropylene sheet, box platform or wooden frame). After loading 

samples to the functionalised thread, the interaction between the analytes and the deposited 

reagents resulted in a colour change along the thread. The concentration of the analytes was 

determined by measuring the length of coloured or discoloured thread zones by the naked eye 

or smartphones. Jing et al. developed a method utilizing liquid phase microextraction (LPE) 

coupled with µTAD for the detection of carbaryl in food samples [45]. 1-naphthol, the 

hydrolysate of carbaryl under alkaline conditions, was extracted from sample solution using 

effervescence-assisted liquid phase microextraction based on solidification of switchable 

hydrophilicity solvent (EA-LPME-SSHS). The detection was carried out by adding the 

extracted solution to a 4-methoxybenzenediazonlum tetrafluoroborate (MBDF) treated cotton 

thread. A tangerine dye was produced due to the reaction between 1-naphthol and MBDF. The 

content of carbaryl in samples was determined by measuring the colour intensity using a 

smartphone. 



Chapter 1 

23 
 

 

Figure 1.2 (A) Illustration of functional groups and chromotropic acid modified on the thread 

surface and the dye product after the reaction with nitrite under acidic condition. Reproduced 

with permission from Elsevier [31] (B) An illustration of the proposed blood plasma separation 

mechanism process using the EDTA-treated μTAD. Reproduced with permission from the 

Royal Society of Chemistry [41]. (C) Analytical performance of pre-concentration and on-

thread colorimetric detection of copper. Reproduced with permission from Elsevier [32].
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     1.2.1.3   Hybrid thread/paper-based microfluidic platforms 

      Gonzalez et al. developed a thread/paper-based microfluidic analytical device (µTPAD) 

for the glucose analysis [46]. Nylon bundle was used as sampling and fluid transport substrate 

with its end trifurcated into three channels and connected to circular analysis zones that were 

composed of chromatography paper (Fig. 1.3A). A solution consisted of glucose oxidase (GOx), 

horseradish peroxidase (HRP), and potassium iodide (KI) was applied to the nylon thread, 

when it migrated through capillary action to the analysis sites where were preloaded with 

glucose containing samples, yellow-brown colour occurred due to the oxidation of iodide to 

iodine. A similar setup was described by the same group for acetylcholinesterase (AChE) 

analysis [47]. In this device, two inlet channels were applied for the sampling of AChE and 

acetylthiocholine iodide (ATC) (or cysteine, Cys), respectively (Fig. 1.3B). The AChE and 

ATC (or Cys) mixed in the junction and transported to three analysis sites which were pre-

spotted with 5,5’-dithiobis-(2-nitrobenzoicacid) (DTNB). A yellow colour (the production of 

yellow anion TNB2−) appeared due to the reaction of thiol with DTNB when the mixed solution 

moved to the analysis zone. They also developed a more complicated µTPAD for glucose 

analysis utilizing artificial neural networks (ANN) [29]. As is depicted in Fig. 1.3C, in this 

platform, three pieces of nylon thread were connected to a hole-punched chromatography paper 

circle located in the centre, while the other side of each nylon thread was 

symmetrically trifurcated into three channels with each channel terminated at a hole-punched 

paper circle. The application of ANN in this device greatly improved the development of low-

cost, portable, and high throughput diagnostic platforms. Furthermore, this group described a 

3D multilayered µTPAD for the colorimetric determination of glucose and BSA in artificial 

urine samples (Fig. 3D) [48]. This strategy expanded the diversity of µTPAD for simple and 

inexpensive colorimetric bioassays. Seth et al. developed a thread‑based 

immunochromatographic platform for the diagnosis of infectious diseases [34]. In this device, 

a plain paper disc was used as sample pad, a polyester sewing thread was applied for fluid 

delivery with its ends linked to the sample pad and a nitrocellulose membrane, respectively, 

the nitrocellulose membrane immobilised with cAb was employed for signal development, and 

an absorbent pad was designed to facilitate the capillary action and for excess reagents and 

buffer collection. 
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Figure 1.3 Schematic and pictures of various μTPAD. (A) Pictures of μTPAD for glucose analysis. Reproduced with permission from John Wiley 

and Sons [46]. (B) Pictures of μTPAD for acetylcholinesterase (AChE) analysis. Reproduced with permission from John Wiley and Sons [47]. (C) 

Pictures of μTPAD multiplex. Reproduced with permission from John Wiley and Sons [29]. (D) Schematic of 3D-μPAD. Reproduced with 

permission from John Wiley and Sons [48].
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     1.2.1.3   Wearable devices  

      Xiao et al. invented a wearable µTPAD coupled with smartphone for in situ sweat glucose 

sensing [28]. The designed µTPAD consisted of three parts: an absorbent patch mounted on 

the inner side of the cloth to contact to the human skin directly for sweat collection and storage, 

a cotton thread for sweat delivery and a chitosan, GOx, HRP and TMB functionalised filter 

paper adhered on the outer side of the cloth as a glucose colorimetric sensor. This wearable 

µTPAD provided a simple and non-invasive approach for the in situ monitoring of glucose in 

human sweat. Promphet et al. developed a cotton thread-based wearable sensor for the 

detection of glucose and urea excreted from human sweat [26]. Cotton thread was modified 

using cellulose nanofiber/chitosan-graphene oxide (CNF/chitosan-GO) for better enzymatic 

immobilization efficiency and greater sensitivity due to the increased interactions between the 

modified thread surface and the enzyme via π-π stacking, hydrogen bond, and Van der Waals 

forces [49]. The treated cotton thread was then coated with wax at its ends to create the 

hydrophobic barriers. A sample inlet was in the middle of the thread for sample loading, while 

the glucose and urea detection zones were located next to the sample inlet but at opposite sides. 

The glucose detection zone was deposited with GOx, HRP and TMB, and urea detection zone 

was immobilised with urease and phenol red. This method allows the simultaneous analysis of 

glucose and urea. As the thread is soft and flexible, this device can be sewn or mounted onto 

wearable fabrics (e.g., cloth, accessory) for real time monitoring of the physical conditions 

from the wearer’s sweat. Zhao et al. described a wearable microfluidic thread/fabric-based 

analytical device (μTFAD) for the sensing and monitoring of sweat [50]. As is shown in Fig. 

1.4, the μTFAD was comprised of a detection zone, a modal thread and two PDMS covers. The 

detection zone included three pattern groups for the detection of chloride concentration, pH 

and glucose concentration and a colour block array for the determination of the local sweat loss. 

Each pattern group had two central dots acting as working sites and six surrounding dots used 

as reference sites for colorimetric analysis. The colour block array was composed of ten colour 

blocks with a yarn to connect adjacent blocks. A PDMS coated fabric was used for 

embroidering of detection patterns due to its hydrophobicity. The front and back sides of the 

detection zone were covered with two PDMS films to seal the sensing area. The modal thread 

was perforated through the back PDMS film for sampling and sweat delivery. This device 

demonstrates the capability and availability for the development of wearable non-invasive 

biosensors for multiple biomarkers in sweat.
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Figure 1.4 (A) Schematic illustration of the detection area in the band as a microfluidic device. (B) and (C) Digital images of the thread-

embroidered patterns as the detection sites in the band. (D) and (E) Front side and back side of the detection area. (F) and (G) The band can be 

mounted at multiple locations on the wrist and elbow. (H) The band can be mounted at the forehead. Reproduced with permission from the Royal 

Society of Chemistry [50]. 
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1.2.2    Electrochemical detection and applications 

      Electrochemical detection is a widely used technique in microfluidic devices, due to its 

low-cost, high sensitivity, selectivity, and simplicity [51-53]. Additionally, the minimal 

instrumentation requirements of electrochemical detection make it a promising technique to 

integrate with high mechanical strength thread-based microfluidics for the development of low-

cost and portable μTADs. Electrochemical detection systems can be easily miniaturized and 

fabricated using various strategies such as electrodeposition [54], screen printing [55], 3D-

printing [56], etc. The electrochemical detection methods for μTADs are primary based on 

amperometry [18], conductivity [57], voltammetry [58], and potentiometry [59].  

      

1.2.2.1   Capillary action driven devices 

      Jiang et al. developed a microfluidic thread-based electrochemical aptasensor for the 

detection of foodborne bacteria based on label-free  aptamer  immunosensing technology [19]. 

Nylon thread was painted with conductive inks to act as working electrode (WE) and counter 

electrode (CE), while reference electrode was painted with Ag/AgCl ink. Poly(L-lysine) (PLL) 

was used to link molybdenum disulfide (MoS2) nanosheets and aptamer (Apt) for the 

generation of MoS2-PLL-Apt bioconjugates. The MoS2-PLL-Apt bioconjugates were then 

coated to WE followed by blocking the active sites using BSA to produce the aptasensor for 

selective Vibrio parahaemolyticus sensing. Xia et al. presented flexible and minimal invasive 

thread-based electrochemical sensors for oxygen monitoring [60]. Two types of sensors, ‘wire’ 

sensor and ‘tip’ sensor were developed for different aims. Wire-type sensors was applied for 

the determination of the averaged oxygen concentration over a large area and a tip-type sensor 

was employed for the detection of local oxygen concentration at the region of interest (ROI). 

For the fabrication of a wire sensor, two identical silver-coated threads were functionalised 

with dielectric ink on the middle portion with the ends uncoated, served as anode and cathode, 

respectively. For the making of tip sensor, after coating with dielectric ink, one thread was cut 

in the middle and twisted the dielectric ink coated end to the uncoated portion of another thread 

to create the sensing zone. The other end of the cut thread was acted as cathode, while the 

untwisted end of another thread was used as anode. Due to the inherent flexibility, high 

sensitivity and biocompatibility, this method demonstrates the possibilities for wound oxygen 

monitoring and organ-on-a-chip study.  
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     1.2.2.2   Electrophoretic force driven devices 

      Quero et al. developed a polyester thread-based electrophoresis coupled with contactless 

conductivity detection (C4D) system [57]. In comparison to other conductivity measurement, 

C4D has lower requirements for electrodes as the absence of chemical reactions between the 

electrodes and the sample solution, thereby enable the fabrication of electrodes using low-cost 

materials. Additionally, the electrodes of C4D are physically isolated from the test solution, so 

it is decoupled from the electric field applied for electrophoretic separation. These advantages 

make C4D ideally suited to thread-based electrophoresis. The applicability of was verified by 

the determination of sodium and potassium ions in diet soft drinks. It delivered good separation 

performance and high sensitivity for potassium, sodium, and lithium ions with their limits of 

detection (LODs) close to 1 μmol L−1. Similarly, Yang et al. reported a thread-based 

electrophoresis system coupled with electrochemical detection for the detection of blood urea 

nitrogen (BUN) in whole blood [61]. This device, composed of a poly methyl methacrylate 

(PMMA) substrate and concave 3D electrodes, was prepared via a hot embossing and metal 

plating process. The reference electrode was sputtered with Cr/Pt layers and covered with 

electrostatic tape. The decoupler, working, and counter and contact electrodes were sputtered 

with Cr/Au layers. Compared with other μTADs driven by capillary action, this polyester 

thread-based electrofluidic device delivered good separation performance. In addition, the 

signal intensity of this 3D electrodes system was 9-fold higher than that using chip-based 2D 

sensing electrodes. This is due to the higher contact surface area and the reduced contact 

resistance and parallel resistance between the adjacent electrodes. The same group also 

developed a multiple enzyme-doped thread-based electrophoresis system coupled with 

electrochemical detection for the analysis of BUN and glucose in human whole blood [62]. The 

fabrication of this device was the same as the above method but with some improvements in 

the functionalisation of thread with enzymes. Various enzymes including urease glucose 

oxidase, and catechol were immobilised onto the polyester thread by simply dropping the 

enzyme solutions on different positions of the thread. whereafter, a polyvinylchloride (PVC) 

membrane was coated on the enzyme-doped thread to reduce the buffer evaporation and to 

minimise the Joule heating effect. When the samples migrated through the immobilised 

enzymes zones, the target analytes were digested, and their enzymatic reaction products were 

separated via electrophoresis and then electrochemically detected downstream. 

 

     1.2.2.3   Gravitational force driven devices 

javascript:;


Chapter 1 

30 
 

      Agustini et al. presented a microfluidic thread-based electroanalytical device (μTED) for 

the simultaneous detection of acetaminophen (ACT) and diclofenac (DCF) using multiple 

pulse amperometry (MPA) [18]. The device was simply fabricated by attaching the cotton 

thread and polymeric reservoirs onto glass plates using double-sided tape without any 

microfabrication equipment requirements or qualified specialists (Fig. 1.5A). To maintain a 

continuous and stable flow, the outlet reservoir was placed to a lower platform than the inlet 

reservoir to trigger the capillary action by gravity. The electrodes were composed of cylindrical 

graphite with 0.5 mm diameter for working and pseudo reference electrodes and 0.7 mm 

diameter for counter electrode. All the materials used for this device are inexpensive ($0.39 

per device), and available in local stores. A further study was performed for the characterization 

and optimization of this μTED for micro flow injection analysis (µFIA) by the same group [63]. 

This technique delivered a good analytical performance and overcome some limitations of the 

passive pump-based µFIA, where the complex and uneconomic fabrication procedure makes 

it difficult to integrate micropumps. They also combined the μTED with amperometric 

biosensor for the microflow injection analysis of tear glucose [64]. Pencil leads were gently 

sanded to remove the resin on the material surface to act as a three-electrode system. The 

biosensor was prepared by immobilization of GOx on the surface of the working electrode 

through the electropolymerization with poly(-toluidine blue O) (PTB). This method greatly 

reduced the cost and simplified the monitoring of the tear glucose. Additionally, this group 

applied microfluidic thread-based electroanalytical system for the green chromatographic 

separation of ascorbic acid (AA) and dopamine (DA) in tears [65]. The separation was based 

on an ion exchange mechanism between the target analytes and the carboxylic groups on the 

cotton surface. Gold electrodes were prepared for the by depositing gold in a specific portion 

of the thread for electrochemical detection. The proposed method is simple, inexpensive, eco-

friendly and without the use of a pumping system. Similarly, Caetano et al. developed a 3D-

printed microfluidic thread-based system where the fluid delivery was driven by capillary 

action and gravity forces for the analysis of phenol in tap water (Fig. 1.5B) [58]. In this system, 

an enzymatic biosensor, prepared by immobilisation of tyrosinase onto multiwalled carbon 

nanotubes and gold nanoparticles (MWCNT/GNPs) nanocomposite, was used as polyphenol 

oxidase to catalyse the oxidation reactions of phenol, followed by electrochemical detection of 

the oxidation product. Oliveira et al. developed a non-enzymatic method for glucose analysis 

utilising carbon nanotubes and nickel ions (SPCE/CNT-Ni) modified screen-printed electrode 

as amperometric sensor [66]. The detection mechanism was based on the catalytic oxidation of 

carbohydrate by nickel oxyhydroxide (NiOOH) in glucose containing samples. This approach 
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minimised the use of reagents and solutions and offered an alternative tool for glucose 

determination. The 3D printed microfluidic thread-based device was also applied for the 

detection of antioxidants in wine samples [67] and nitrite in natural waters [68] using screen-

printed carbon electrodes (SPCEs) and 3D-printed carbon black and polylactic acid (CB/PLA) 

electrodes as the electrochemical detector, respectively. The 3D printing technique facilitates 

the fabrication of the devices and enables a more robust and portable device. 
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Figure 1.5 (A) Photograph of glass plates-based μTED. Reproduced with permission from the Royal Society of Chemistry [18]. (B) Components 

and dimensions of 3D-printed μTED. Reproduced with permission from Elsevier [58]. Orange food dye was used for better visualization of the 

solution path on the device.
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     1.2.2.4   Wearable devices 

      Mostafalu et al. developed a toolkit of miniaturized sensors, electronics and microfluidic 

networks using thread-based diagnostic device (TDD) platform for medical diagnostics (Fig. 

1.6A) [69]. Threads with different physical and chemical functions were used for the 

construction of sensors, microfluidics, and electronics. Hydrophilic threads were sewn onto 

hydrophobic woven fabrics to control the transport of fluids to the sensing zones. Various 

sensors (e.g., strain sensors, temperature sensors, pH sensors, etc.) were fabricated by coating 

the conductive materials, including CNTs, carbon nanopowders and polyaniline (PANI) onto 

threads. The results were obtained by connecting the sensors to readout electronics and 

processed using a smartphone or a computer. The analytical performance of this set-up was 

evaluated and demonstrated by measuring the measure strain, gastric and subcutaneous pH in 

vitro and in vivo. The same group reported a thread-based transistors (TBTs) coupled with 

thread-based electrochemical sensors (TBEs) for multiplexed diagnostics [27].  As is shown in 

Fig. 1.6B, this platform has three different functions including sampling, sensing, and 

electronic switching. The sampling can be performed by wearing the device directly on the 

skin or transdermal suture using a needle. The sample fluids were then transported to TBEs for 

sensing.  TBEs for specific target analytes were obtained using TBTs as an electronic switch 

for selective readout. The same group also presented a thread-based multiplexed sensing patch 

for real-time and on-skin monitoring of important biomarkers, such as electrolytes (sodium and 

ammonium ions), metabolites (lactate) and acidity (pH), present in sweat [59]. Sensing 

electrodes were prepared by coating with conductive inks, followed by the modification with 

various functional reagents. Selective potentiometric sensing of electrolytes and pH were 

achieved by the functionalisation of thread with polymeric ion-selective membrane and 

polyaniline, respectively. Amperometric sensing of metabolites was obtained by 

immobilisation of specific enzyme onto thread. The arrays of thread sensors were integrated 

onto a patch with threads placed on a commercial adhesive bandage and connected to a 

miniaturized circuit module for readout using a wireless smartphone (Fig. 1.6C). This platform 

demonstrated the potential for real-time monitoring of physiological status/fitness and for 

medical diagnostics. Recently, the same group employed a thread-based sensor and machine 

learning algorithm for the monitoring and classification of head motion [70]. As is shown in 

Fig. 1.6D, in this device, two carbon-coated threads were arranged in a cross-over “X” 

configuration and interfaced to an electronic device for data collection. This sensing system 

can be used for a variety of applications, such as physical rehabilitation, driving situation 
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monitoring, and the study of human behavior. Zhao et al. reported a thread-based wearable 

electrochemical biosensor for sweat diagnostics [71]. The biosensor was made from conductive 

threads modified with zinc-oxide nanowires (ZnO-NWs). For lactate detection, ZnO-NWs-

coated electrode was coated with a lactate enzymatic membrane. For sodium ion sensing, ZnO-

NWs-coated electrode was functionalised with a sodium-selective membrane. The biosensor, 

signal transmission and readout circuits were integrated into a wearable headband (Fig. 1.6E). 

Data transmission and processing can be obtained using wireless communication devices like 

smartphone. This low-cost and wearable biosensing device has great practical applications, 

such as for physiological condition monitoring and health management. 
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Figure 1.6 (A) Schematic of thread-based diagnostic device (TDD) platform. Reproduced with 

permission from Springer Nature [69]. (B) Schematic of thread-based transistors coupled with 

thread-based electrochemical sensors for multiplexed diagnostics. (a) Schematic of a thread-

based integrated transistor system for advanced sensing of biologically relevant ions. (b) The 

thread-based integrated transistor system sutured into chicken skin. Reproduced with 

permission from American Chemical Society [27]. (C) Fabrication of thread-based sweat patch 

sensor. (a) Schematic of fabrication steps. (b) Photograph of the patch sensor prototype. 

Reproduced with permission from Springer Nature [59]. (D) Circuit schematics and overall 

system of thread-based sensor. (a) Circuit (b) Thread placement on the back of the neck (c) 

Circuit diagram. Reproduced with permission from Springer Nature [70]. (E) Design of the 

wearable biosensor and its ‘smart’ headband for signal readout. (a) Conceptual scheme of the 

wearable biosensor for on-body sweat sensing during physical activities. (b) A user wearing 

the headband. (c) Photograph of the signal readout headband. (d) Schematic architecture of the 

signal readout circuit. (e) Sectional view of the headband. Reproduced with permission from 

Elsevier [71].  
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1.2.3   Electrochemiluminescence detection and 

applications 

      Electrochemiluminescence (ECL) detection is a combination of electrochemical and 

photoluminescence analysis, where the signals are generated at the surface of the working 

electrodes due to electrochemical reactions. As ECL requires no excitation light source and 

initiates the output signal via the application of potential, the interference of auto-fluorescence 

or a scattered light background can be avoided, thereby leading to low background and 

improved reproducibility and accuracy. ECL also demonstrates many advantages such as easy-

to-use, high sensitivity and broad dynamic range. These excellent characteristics makes ECL 

an ideal detection technique for the development of POC diagnostic devices.  

      Guan et al. described a microfluidic cloth-based analytical devices (μCADs) coupled with 

electrochemiluminescence (ECL) detection [72]. The cloth-based microfluidic system was 

assembled using wax screen-printing and patterned with carbon screen-printed electrodes 

(SPEs) as sensors (Fig. 1.7A). A low-cost, portable charge coupled device (CCD) imaging 

system was used for the determination of ECL intensity (Fig. 1.7D). The quantitative ability of 

this proposed method was evaluated by analysis of two most commonly used ECL systems, 

tris(2,2ʹ-bipyridyl)ruthenium(II)/tri-n-propylamine ([Ru(bpy)3]
2+/TPA) and 3-

aminophthalhydrazide/hydrogen peroxide (luminol/H2O2). It was also applied for the 

determination of glucose in phosphate buffer solution (PBS) and artificial urine samples to 

validate the method practicability. This method offered advantages in many aspects, such as 

simplicity, cost-effectiveness, portability, rapid ECL response and excellent sensitivity and 

selectivity. The same group also developed a μCADs for wireless electrochemiluminescence 

using closed bipolar electrodes (C-WL-ECL) [73]. The design of the C-WL-ECL μCADs is 

depicted in Fig. 1.7B. Different from conventional ECL where the redox reactions occur at the 

working electrode, in this WL-ECL technique, two coupled redox reactions take place at two 

opposite poles of the bipolar electrodes (BPE). The ultra-flexible and bendable feature of this 

device increases the possibility for the development of integrated diagnostic systems. They 

further reported a battery-triggered open wireless electrochemiluminescence (O-WL-ECL) 

method for microfluidic cloth-based bipolar devices (μCBPDs) [74]. Bipolar electrodes (BPEs) 

were prepared by carbon ink-screen-printing and the driving electrodes were patterned on the 

cloth with wax-screen-printed hydrophilic channels to form cost-effective sensors, which were 

connected to a rechargeable battery (Fig. 1.7C). This method combined cloth-based 
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microfluidics, bipolar electrochemistry, and electrochemiluminescent imaging and 

demonstrated its capacity for the quantitative and sensitive detection of target analytes in 

biological samples.   
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Figure 1.7 Schematic diagram of ECL assays on μCADs. (A) Schematic of the μCADs-ECL. 

Reproduced with permission from Elsevier [72]. (B) Schematic illustration of the proposed C-

WL-ECL cloth-based device design and assay principle. Reproduced with permission from the 

Royal Society of Chemistry [73]. (C) Schematic of the O-WL-ECL assays on μCBPDs. 

Reproduced with permission from Elsevier [74]. (D) Schematic representation of the portable 

imaging and analysis system for cloth-based microfluidic ECL. Reproduced with permission 

from Elsevier [72].   
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1.2.4   Fluorescence detection and applications 

      Fluorescence detection is a technique with distinctive characteristics of excellent sensitivity 

and good selectivity. These advantages allow the application of fluorescence detection in a 

number of fields, such as drug delivery [75], cellular imaging [76], and single cell analysis [77]. 

The integration of µTADs with fluorescence detection has also been investigated for the 

analysis of fluorescent molecules or molecules which can be derivatized to produce 

fluorescence. 

      Nilghaz et al. described a thread-based microfluidics for the blood tying based on a 

chromatographic elution mechanism [78]. Cotton and silk threads were used as the substrate 

for the fluid transport and the isolation of agglutinated from free red blood cells (RBCs) in the 

wicking serum phase. A fluorescent confocal microscopy was employed for the study of the 

separation mechanism of blood on thread. Prior to a blood typing test, each fluorescently 

labelled blood typing antibody, including anti-A, anti-B, anti-A, B, and anti-D, was coated on 

one end of a thread, respectively. The whole blood was added to the same position where the 

antibody was coated and allowed the interaction of antibody with the RBCs for 40s, followed 

by dipping the lower end of the thread into elution buffer for chromatographic separation. The 

specific antibody-antigen reactions generated the agglutinated RBCs, while the free RBCs were 

eluted along the thread, thereby resulted in the separation phenomenon for the tying of blood 

group. The deep understanding of the separation mechanism was investigated by the same 

group though the staining of RBCs and labelling of plasma phase with fluorescent compounds, 

allowing the separation process to be visualised under the confocal microscope at high 

magnification [79]. Luo et al. developed a method for the selective determination and 

reversible separation of Cd2+ in water using reactive fluorescent dye modified cotton fabric 

[80]. Due to the advantages of low-cost, strong, durable, and easy to dye, cotton fabric was 

used as a carrier substrate for the fabrication of fluorescent sensors via immobilization of a 

reactive dye (cyanuric chloride) modified fluorescent sensor onto the surface of cotton fiber 

through covalent bonds. The fluorescent sensor exhibited a weak solid-state fluorescence, but 

the fluorescence intensity increased with the concentration of Cd2+ due to the blocking of the 

photo-induced electron transfer (PET) pathway. This fluorescent sensor displayed great 

selectivity for the detection of Cd2+, based on coordinated complexation, in aqueous solutions 

even in the existence of other metal ions like Hg2+, Pb2+, Ag+, Zn2+, Na+, Mg2+, K+, Cr 3+, Co2+, 

Cu2+. Additionally, the bound Cd2+ can be dissociated from the fluorescent sensor in 0.1 mM 

HCl aqueous solution, which can be applied for the treatment of heavy metals in waste waters.  
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      Cabot et al. developed a 3D printed thread-based electrofluidic analytical devices (eTAD) 

integrated with a fluorescence microscope for the controlled delivery, separation, and 

diagnostic of molecules from low-molecular-weight to intact cells [23]. The controlled delivery 

was achieved via the introduction of different electrodes in different channels applied with 

different voltages. The separation of solute ions was obtained using capillary electrophoresis 

(Fig. 1.8A-a). The preconcentration, isolation, and collection of target solutes can also be 

carried out on a hybrid thread-based platform which was fabricated by simply knotting different 

threads with their unique physical and chemical properties. This was demonstrated by the 

separation of fluorescence dyes (rhodamine B, RHB, and fluorescein, FL) on a hybrid 

nylon/silk/cotton thread. As is shown in Fig. 1.8A-b, when the solutes migrated through the 

hybrid thread, RHB was trapped on the nylon-silk knot and FL was stacked on the silk-cotton 

knot owing to the surface interactions between the target ions and the thread materials. This 

method also demonstrated the potential for the diagnostics of urinary tract infection due to its 

capacity of post-electrophoretic incubation of live bacterial cells and ‘on- thread’ 

electrophoretic concentration. Similarly, Barmada et al. described a thread-based capillary 

electrophoresis coupled with fluorescence detection for the determination of primary amine-

containing small molecules in mice tears [81]. Primary amine are non-fluorescent, so they were 

derivatised with 3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde (CBQCA) and potassium 

cyanide for the quantitation of amino acid content in tears. This method offered a way for the 

identification of non-invasive biomarkers for corneal diseases.  

      In the exploration of the ideal materials for electrofluidic applications, Cabot et al. also 

investigated the performance of 8 commercially available threads, nylon bundle (NYL), silk 

(SE), cotton (CO), wool (WO), acrylic (AC), 50% acrylic/50% nylon (AC/NYL), polyester 

(PES), and waxed dental tape (WT), for ‘on thread’ electrophoresis [24]. Amongst of these 

tested threads, nylon bundle was proved to be the optimal for thread-based zone electrophoresis, 

as it provided a high resolution, less band dispersion, higher EOF and minimal joule heating. 

Three-dimensional (3D) textile structures, produced using knitting and braiding techniques, 

were reported by the same research group for capillary zone electrophoresis [82]. They found 

composite braids, made with yarns of differential chemical and physical surface properties, can 

selectively transport and separate different charged ionic species into split channels. As is 

shown in Fig. 1.8B, a six-yarn composite braided structure consisted of three silk yarns and 

three polyester yarns was applied for the analysis of FL and RHB. It was found at buffer 

solution with pH=8, Rh-B (zwitterion) migrated rapidly on the polyester yarn (highly negative 
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ζ-potential), while FL (anion) moved preferentially on the silk surface (less negative surface 

charge), due to the difference in the charge state of solutes and thread materials. Later, this 

group developed a method to controlled delivery of bioactive molecules into soft tissue models 

using 3D printed thread and surgical-based electrofluidic device integrated with gelatin 

methacryloyl (GelMA) hydrogels (Fig. 1.8C) [83]. GelMA based hydrogels was used as tissue 

models and the visualization of the transport and distribution of biomolecules (FL, riboflavin, 

dextran and BSA) was obtained by monitoring and recording using a fluorescence microscope. 

It appeared that the delivery and the release bioactive molecules to a tissue-like 3D hydrogel 

supports can be precisely controlled using this thread-based electrofluidic platform via the 

application of electric field. This approach demonstrated the possibility of application in skin 

inflammatory diseases and wound treatment. Similarly, Rumaner et al. developed a thread-

based platform for the selective delivery fluids onto intact tumor slices for drug testing [84]. 

As is shown in Fig. 1.8D, the platform was fabricated using 3D printing technique with the cost 

for each device less than $0.25 in materials. Threads were simply used for the transport of 

fluids to the underlying tissue slice without any power and extra equipment requirement. Owing 

to the low-cost, biocompatibility, and flexibility of this device, it demonstrates a great value 

for the drug development and for the assessment of potential cancer treatments especially in 

underprivileged areas.  
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Figure 1.8 μTADs coupled with fluorescence detection systems for drug testing. (A) Thread-

based electrofluidic analytical device. (a) Microscopy images of controlled protein delivery. (b) 

Separation and capture of RHB and FL on silk/cotton thread. Reproduced with permission from 
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The Royal Society of Chemistry [23]. (B) Electrofluidic on textile-based braided structure. (a) 

Separation of FL (green) and RHB (orange) on the surface of 100% polyester braided structure. 

(b) Simultaneous separation and differential interaction of FL and RHB on the surface of 

polyester and silk composite braid. Reproduced with permission from American Chemical 

Society [82]. (C) Suture-GelMA hydrogel-based device (a) Schematic of the suture-GelMA 

hydrogel delivery platform. (b) Sequence of images depicting the parts and delivery process of 

fluorescein (a model compound) in GelMA. Reproduced with permission from Springer Nature 

[83]. (D) Microfluidic thread-based device for drug delivery. (a) 3D rendering of the device. 

(b) Cross sectional illustration of the thread-to-tissue fluid transfer concept. (c) Photograph of 

a finished device inside a well of a 6-well culture plate. (d) Photograph of the device delivering 

red and blue dyes to fixed glioblastoma tissue. (e) Close-up photograph of an empty device 

(approximately the area boxed in (d), showing the thread-alignment holes at the bottom of the 

drug wells and the thread-holding slits (yellow arrows) above each well. No special permission 

is required.  
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1.2.5   Spectrometry-based detection methods and 

applications 

      Due to the advantage of providing qualitative information (e.g., molecular structure or 

molecular weight), some spectrometry-based detection methods, such as surface enhanced 

Raman scattering (SERS) and mass spectrometry (MS) have recently been applied in μTADs. 

Ballerini reported a method utilising AuNPs-functionalised thread embedded fabric as a 

substrate for SERS analysis [25]. The porous property and high oxygen-containing functional 

groups of the thread enable the strong adsorption of AuNPs (SERS-active material) onto the 

thread surface. The higher surface area of thread than conventional substrates like glass and 

polymer also allows lower consumption of AuNP solution for the producing of diagnostic 

devices with good SERS performance. This method showed good sensitivity for both chemical 

and biochemical molecules. It should be noted that a strong specific adsorption onto AgNPs is 

a key factor for SERS detection for the generation of enhanced Raman signal. Another 

advantage of this proposed method is its capacity for the analysis of compounds which do not 

contain gold-binding functional groups for the bound to the AuNP surface. A similar research 

using AuNPs modified silk fabrics to prepare flexible SERS active substrates was presented by 

Liu et al [85]. This research indicated the same result that AuNP treated silk fabric offered a 

high SERS activity with the LOD for p-aminothiophenol, 4-mercaptopyridine, and crystal 

violet as low as 10−9 M. Robinson et al. developed a low-cost SERS substrate by incorporating 

metallic threads (zari) into fabrics and coated with silver nanoparticles (AgNPs) [86]. Good 

SERS signal enhancement was achieved on these affordable substrates. However, this method 

is only limited to the detection of molecules which have strong absorption at the plasmonic 

surface. To address this limitation, the same group presented a fabric-based conductive 

plasmonic electrode combined with electrochemical surface-SERS (EC-SERS) for POC 

diagnostics [87]. This fabric plasmonic sensor delivered excellence SERS performance due to 

the tuneable nature of the electrode, facilitating the surface charge manipulation via the 

application of voltage, which can lead to an enhanced interaction between target species and 

the silver metal surface. 

      Owing to the ease of fluid delivery and collection of samples from unusual places, thread 

was used as a substrate for ambient ionization mass spectrometry (AIMS) by Jackson et al. for 

the analysis of capsaicinoids in peppers (Fig. 1.9A) [88].  The proposed thread spray MS 

showed several advantages to other substrate-based ambient ionization techniques. For 

https://www.wordhippo.com/what-is/another-word-for/combined_with.html
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example, it offers longer periods of signal response due to the low solvent evaporation; it can 

analyse both analytes in solutions and solid analytes deposited on the thread surface; it allows 

on-thread collection and storage; it requires no adjustment of the tip geometry as its natural 

sharp tip enables the generation of sensitive and stable ion signal. The thread spray MS has 

also proved its ability for discrimination of whole blood for forensic serology [89]. This was 

achieved by the direct thread spray MS analysis of hemoglobin (both α- and β-chains) to 

identify the source of blood (from human, canine, or horse species) from a variety of fibrous 

materials such as carpets, car seat covers, and clothing. The collection, storage and analysis of 

low abundant analytes remains a challenge, especially in complex matrices. For this purpose, 

this group described a thread-based method for microsampling and stabilising of small amounts 

of dried blood samples at room temperature, followed by direct analysis using thread spray MS 

after the storage for over a month [90]. A cotton thread was treated with the vapor of 

trichloro(3,3,3-trifiuoropropyl) silane to convert the OH groups on the surface of the thread 

into hydrophobic groups. The treated thread showed increased sensitivity for diazepam (model 

chemical) as the hydrophobic surface limited the diffusion of the analytes, whilst in untreated 

hydrophilic thread the sample was spread along the thread and resulted in relatively lower ion 

intensity. Recently, the same group proposed enhanced thread spray mass spectrometry for the 

direct analysis of pesticide in various complex matrices [91]. As is shown in Fig. 1.9B, different 

from the conventional thread spray, in this enhanced thread spray, the thread substrate was 

completely inserted into a glass capillary with a pulled tip. Prior to applying high voltage to 

trigger ionization process, a 60 s delayed extraction procedure was employed so that the target 

analytes can be extracted from the thread substrate. The combination of delayed extraction and 

direct thread spray delivered ultra-sensitive performance compared with some other ambient 

ionization techniques, such as desorption electrospray (DESI), direct analysis in real time 

(DART), and paper spray ionization (PSI), where the extraction and ionization occurred 

simultaneously.
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Figure 1.9 (A) Schematic diagram of the experimental setup of thread spray MS. Reproduced with permission from Elsevier [88]. (B) Schematic 

diagram of the enhanced thread spray MS. Reproduced with permission from the Royal Society of Chemistry [91]. 
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1.2.6   Other detection methods and other applications 

      Apart from the above-mentioned detection methods, μTAD has also been in combination 

with some other detection techniques which are not very common for microfluidic-based 

applications but deserve to be noted. Yan et al. reported a thread-based microfluidic three 

channel device coupled with thermal lens detection for copper and zinc analysis [92]. As is 

shown in Fig. 1.10, this device consisted of two micropipettes (A1 an A2) and two reservoirs 

(B1 and B2) for the loading and storage of sample and analytical reagent solutions, respectively. 

The outlet thread channels of reservoirs B1 and B2 were twisted into “Y” geometrics and linked 

at position F, while the buffer thread channel (E) was connected to buffer solution reservoir 

(D), and the outlet end of the “Y” geometrics channel was immersed into the detection micro-

cell. As the sample and analytical reagents migrated faster than the buffer at a certain 

inclination angle, the Cu-Zincon complex was formed and determined at pH 5.5. Once the 

buffer solution wicked into the “Y” geometrics channel, the Cu-Zincon and Zn-Zincon complex 

were formed and detected at pH 9.0. Therefore, the copper and zinc ions can be detected 

sequentially at different pH conditions. The fluid transport was driven by capillary and gravity 

action and can be controlled by adjusting the inclination angle of thread channels. This method 

was successfully applied for the analysis of Cu (II) and Zn (II) in hair samples and the results 

were closely in accordance with those obtained by atomic absorption spectrophotometry 

(AAS). Chen et al. developed a microfluidic thread-based isotachophoresis (TB-ITP) method 

for the purification and extraction of DNA from biological samples, followed by the 

determination using quantitative polymerase chain reaction (qPCR) [22]. This method was 

perfectly suitable for the detection of DNA with low concentration in complicated matrices 

using a continuous injection approach, as it can allow a large sample volume and can be 

preconcentrated into a narrow band on the thread. Consequently, the focused zone of the thread 

was cut and collected via simple centrifugation and applied for further qPCR analysis. This 

proposed method delivered a focusing ratio of 600 within 5 minutes and excluded the PCR 

inhibitors in the matrices. This approach demonstrated great potential in the development of 

multiplexed platform for biomarker diagnostics.
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Figure 1.10 Photos (A) and schematic (B) of thread-based microfluidic three channels device (A1,2) micropipette, (B1,2) sample and reagent 

reservoirs, (C) overall channel, (D) buffer solution reservoir, (E) buffer solution channel, (F) linked place of “Y”-geometry and buffer solution 

channels. Reproduced with permission from the Royal Society of Chemistry [92].
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1.3   Concluding remarks and future trends 

      This review gives a comprehensive overview of the recent advances and applications of 

µTADs. Herein, the detection techniques reported in the literature have been described and 

compared. The detection methods have been classified based on different detection 

mechanisms including colorimetry, electrochemistry, electrochemiluminescence, fluorescence, 

spectrometry, etc. The advantages and improvements of each method have been discussed and 

the potential applications are presented. However, some shortcomings for these detection 

methods need to be pointed out. For example, sensitivity, accuracy, and reproducibility of 

colorimetric detection are usually low in µTADs; It is difficult to analyse specific and 

individual compounds in complex samples due to the existence of many interfering substances 

and the shelf-life of biological reagents (e.g., antibodies) is very limited. For electrochemical 

detection, it is sensitive to the environmental conditions (e.g., temperature) and can be affected 

by the contaminants in the samples and short life span of the electrodes. For 

electrochemiluminescence and fluorescence detection systems, they are limited to the 

molecules that have or can be made to have electrochemiluminescence or fluorescence 

properties. For spectrometry-based detection methods, the instrumentations are expensive and 

are inapplicable for on-site detection.  

      Although many detection methods and applications of µTADs have been investigated, most 

of these techniques are still in the laboratory research. Therefore, lots of efforts still need to be 

made to complete the real applications of µTADs and to realise its potential commercialization. 

Amongst these, the development of low-cost non-invasive thread-based devices for early 

disease diagnostics has been seen to be popular, which are crucial for timely and effective 

healthcare monitoring and treatment, especially for people in underdeveloped countries. The 

improvement in diversity and elaboration of the POC diagnostic platforms remains highly 

valuable. Additionally, the utilising of µTADs for low-cost and rapid sample pretreatment (e.g., 

sample enrichment & purification [93, 94], cell culture [95]) and coupled with sensitive and 

accurate detection techniques (e.g., portable HPLC [96], portable CE [97], ambient MS 

imaging [98], MALDI [99], etc.) are of great interest for a variety of research objectives, such 

as forensics, environmental monitoring and food safety. In summary, thread-based detection 

systems have achieved great progress, but long-term scientific endeavors are still required to 

achieve the ultimate goal of improving human health and wellbeing. 
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Chapter 2 

Applications of nanomaterials in ambient ionization 

mass spectrometry 

 

Abstract 

      Ambient ionization mass spectrometry (AIMS) provides direct ionization of analytes on 

the surface and subsurface of samples under ambient conditions, with minimal sample 

manipulation. Over the past few years, a series of new ionization techniques have been 

developed to enhance the capability of AIMS and expand its applications. Simultaneously, the 

use of nanomaterials in AIMS has attracted considerable attention to improve performance and 

diversity of applications, through the contribution to selectivity and ionization efficiency, 

delivered by exploiting the unique properties of the selected nanomaterials. Different 

nanomaterials including graphene, graphene oxide, single-walled and multi-walled carbon 

nanotubes, nylon nanofibers, silicon nanowires, and metallic nanoparticles have each been 

applied across a diverse range of AIMS methods. This review summarises and critically 

discusses the past decade of the developments by application of nanomaterials in various modes 

of AIMS, and the consequent advantages and improvements made to this field of mass 

spectrometry.   

 

Keywords:  

Review; Nanomaterials; Ambient ionization mass spectrometry 

 

2.1   Introduction  

      Mass spectrometry (MS) has continuously evolved to become a powerful analytical tool 

applied across numerous scientific fields, providing rapid, sensitive and information rich 

molecular analysis. Basically, in analytical MS, analytes of interest are ionised, separated, and 

measured at the ion source, mass analyser and detector, respectively. As the mass analyser and 
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detector are housed within a high vacuum environment, the ion source, where ions are created, 

maintained, and delivered into the mass analyser, is also typically under vacuum. Electrospray 

ionization was developed in the late 80’s and is today one of the most routinely employed 

ionization modes in MS for solution-based samples. It is a technique where the sample solution 

is transformed into an extremely fine aerosol of charged droplets through application of a high 

voltage via a metal capillary and a nebulising gas, after which, using a variety of physical 

configurations, rapid solvent evaporation is induced under vacuum, and the charged droplets 

efficiently transformed to desolvated ions as they transverse the interface, and are delivered 

into the mass analyser.  

      However, ions can of course also be generated under ambient conditions reasonably 

efficiently, and this possibility has been exploited to deliver a variety of so-called ambient 

ionization mass spectrometry (AIMS) techniques for condensed-phase samples and direct 

analysis of solid materials [1]. The first AIMS technique, called desorption electrospray 

ionization (DESI), was reported by Cooks et al. in 2004 [2]. DESI creates ions within an open 

air (ambient) environment, which allows in-situ, rapid and real-time analysis of samples, 

typically without the need for additional sample pretreatment [3]. The DESI mechanism is 

based on direct spraying of fast-moving charged solvent microdroplets onto the sample surface, 

to extract and ionize analytes via electrospray ionization (ESI). AIMS has attracted 

considerable attention following the development of  different configurations like direct 

analysis in real time (DART) [4], atmospheric pressure solids analysis probe (ASAP) [5], 

desorption atmospheric pressure chemical ionization (DAPCI) [6], desorption atmospheric 

pressure photoionization (DAPPI) [7], dielectric barrier discharge ionization (DBDI) [8], 

desorption corona beam ionization (DCBI) [9], easy ambient sonic-spray ionization (EASI) 

[10], extractive electrospray ionization (EESI) [11], laser ablation electrospray ionization 

(LAESI) [12], probe electrospray ionization (PESI) [13], and paper spray ionization (PSI) [14]. 

These newly emerging techniques have been developed to expand the capability and 

applications of AIMS across a diverse range of samples including pharmaceuticals and drugs 

[15], pesticides [16], foodstuffs [17, 18], plants [19, 20], explosives [21], and different 

biological tissues and samples [22].   

      Traditional modes of MS are often coupled with chromatographic techniques to separate 

the analytes and minimize the interference of complex matrices, while AIMS allows direct 

analysis of sample with minimal sample pretreatment. This means that AIMS can provide very 

fast, high throughput and semi-quantitative analysis. However, MS sensitivity delivered via 

javascript:;
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ambient ionization techniques is often rather low compared to what is typically seen using 

traditional MS interfaces, and so over the years considerable efforts have been made to address 

this limitation. Proposed approaches to improve ionization efficiency and so obtainable 

sensitivity, include integrating lasers for post-ionization [23, 24], performing reactive ambient 

mass spectrometry [25, 26], and applying nanomaterials into the sample matrix [27, 28]. 

Actually, the application of nanomaterials to improve MS performance can be traced back to 

the 1980s. For example, in 1988 Tanaka et al. used cobalt nanoparticles (NPs) in matrix-

assisted laser desorption/ionization (MALDI) to efficiently adsorb laser energy and transfer 

that energy to the sample to improve the desorption and ionization processes [29]. Since that 

time, numerous nanomaterials have been similarly applied in laser desorption ionization mass 

spectrometry (LDI-MS) [30, 31]. The conventional modes of LDI-MS commonly use organic 

acids (e.g. sinapinic acid or 3,5-dimethoxy-4-hydroxycinnamic acid, SA; α-cyano-4-

hydroxycinnamic acid, CHCA; and 2,5-dihydroxybenzoic acid, DHB) as the matrix or matrix 

modifier to restrict excessive fragmentation and improve sensitivity. Nanomaterial-based LDI-

MS techniques deliver higher sensitivity and show lower background interference because the 

nanoparticles absorb laser energy and transfer it to the analytes more efficiently, while prevent 

their direct fragmentation [32]. Such application of nanomaterials has seen LDI-MS gain 

application in the analysis of small molecules, and lead to increased introduction of 

nanomaterials in the development of other modes of AIMS, to obtain higher sensitivity, better 

reproducibility, and minimise matrix interferences [33]. The unique features of the applied 

nanomaterials, including high surface areas, greater hydrophilic/hydrophobic interactions, 

thermal stability, and electrical conductivity, deliver multiple advantages across nanomaterial-

based AIMS techniques. This review critically reviews the merits and limitations of these 

nanomaterial-based AIMS methods, in aspects of both sample pretreatment and 

desorption/ionization processes. Potential applications of modified and functionalized 

nanomaterials for future development in AIMS is also discussed. To support the discussion, 

Table 2.1 presents how the advantages of nanoparticles have been exploited to-date within 

AIMS, with a summary of the nanomaterials investigated and their related applications. 

https://en.wikipedia.org/wiki/Sinapinic_acid
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Table 2.1 Application of nanomaterials in ambient ionization mass spectrometry for enhanced performance.   

Class 
Ionization 

technique  
Nanomaterial  Fabrication method Improvement Analyte and sample Ref.  

Extraction 

iEESI Amylopectin-rGO 

Mixing the nanomaterial 

with samples for 

selective adsorption 

followed by loading into 

an aspirator for iEESI  

High selectivity 

to hemoglobin 

Hemoglobin in blood and 

meat juice 
[34] 

iEESI Graphene 

Placing graphene into 

inner wall of a 

disposable syringe 

Highly selective 

to hemoglobin, 

and low sample 

consumption 

Hemoglobin in human 

whole blood 
[35] 

iEESI Fe3O4@Ppy 

Mixing nanomaterial 

with samples for the 

extraction and loading 

the mixture into a 

syringe for iEESI  

High selectivity 

to 1-

hydroxypyrene 

1-hydroxypyrene in human 

urine 
[36] 

iEESI Fe3O4@TiO2 

Mixing nanomaterial 

with samples for the 

extraction and loading 

Highly selective 

to phospholipids 

Phospholipids in human 

blood plasma and single 

cells 

[37] 
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the mixture into a glass 

capillary tube for iEESI  

iEESI TiO2 nanowires 

Adding sample to the 

TiO2-NWs surface for 

small volume samples; 

dipping TiO2-NWs into 

the sample for large 

volume samples  

High specificity 

to 

phosphopeptides 

and 

phospholipids, 

low sample 

consumption and 

high throughput 

Phosphopeptides and 

phospholipids in biological 

samples 

[38] 

iEESI Fe3O4-ZrO2 

Mixing nanomaterial 

with samples, followed 

by loaded in a syringe 

for iEESI use 

High sensitivity, 

reasonable 

selectivity to 

OPPs, and fast 

analysis 

OPPs in environmental 

water 
[39] 

DART 
SWCNTs/polyme

r monolith 

IT-SPME using a fused-

silica capillary modified 

by SWCNTs/polymer 

monolith 

Sensitivity was 

increased by 2.1- 

4.2-fold  

Triazine herbicides in water 

and orange juice 
[40] 
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DART MIL-101(Cr) 

SPE using MIL-101(Cr) 

sorbent mixed with 

samples, followed by 

elution with 

isopropanol. The eluted 

solution was transferred 

to DART by a dip-it 

sampler 

High selectivity 

to triazine 

herbicides 

Triazine herbicides in water  [41] 

DART 
MIL-100 (Al, Fe, 

Cr) 

MIL-100 (Al, Fe, Cr) 

coated wire was 

immersed in sample 

solution for SPME. 

Then it was introduced 

to the DART source 

Rapid, green, 

simple, and cost-

effective 

Triazine herbicides in 

environmental water 
[42] 

DART 
MIL-101(Cr)-

NH2 

Mixing NPs with 

sample, followed by 

elution with 

methanol/water. The 

resulting solution was 

sampled by quartz tips 

for DART analysis 

Simple, highly 

sensitive, and 

efficient 

Progesterone in lake water 

and synthetic urine 
[43] 
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DART V-g-C3N4 

Mixing the NPs with 

sample, followed by 

elution with methanol 

and subjecting the 

solution to DART 

Simple, rapid, 

and low solvent 

consumption  

Phenoxy carboxylic acids in 

water  
[44] 

DART MGO 

Mixing MGO with 

sample, followed by 

sample collection with 

an iron probe with a 

magnetic tip, and then 

introducing the probe to 

the DART source  

Green, high 

efficient and 

sensitive 

Triazine herbicides in 

environment  
[45] 

DART IL/PAN-NFsM 

Mixing the NPs with 

sample for SPE and then 

put to DART source  

Simple, rapid, 

efficient, and 

high throughput 

Illegally adulterated 

sulfonylureas in antidiabetic 

health-care teas 

[46] 

PALDI MWCNTs 

Polymer monolith 

microextraction 

(PMME) sampler coated 

by MWCNTs 

Sensitivity was 

increased by 3.0-

5.5-fold 

Triazines in soil  [47] 

DCBI CNTF 
Mixing CNTF with 

samples, following by 

Simplicity, high 

throughput, and 

Sudan dyes and Rhodamine 

B in chilli oil 
[48] 
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its attachment to the 

front end of a glass 

capillary 

satisfactory 

sensitivity  

DCBI Fe3O4@Ppy 
Pyrrole coated on Fe3O4 

magnetic NPs 

Shorter analytical 

time and 

reasonable 

sensitivity 

Antidepressants in urine 

and plasma 
[49] 

 

DAPI PANI/MWCNTs 

A stainless-steel SPME 

probe was coated with 

the NPs l and immersed 

into sample solution for 

the extraction 

Rapid and 

capability of on-

site detection 

Chemical contaminants in 

infant drinks 
[50] 

 

CFDI COF 

NPs-coated SPME fiber 

was immersed into 

sample solution for the 

extraction 

Extraction 

efficiency was 

increased 2.1-4.9-

fold; sensitivity 

increased 190 

times 

BPA in river water and sea 

water 
[51] 

 

CFDI COF 
NPs-coated SPME fiber 

was immersed into 

Extraction 

efficiency was 

increased 3.0-

TBBPA derivatives in river 

and sea water 
[52] 
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sample solution for the 

extraction 

14.9-fold; 

sensitivity 

increased 168-

192 times 

Spray 

PSI CNTs 
CNTs dispersed on filter 

paper 

Direct detection 

of intact proteins  

In-gel proteins of 

cytochrome c, lysozyme, 

and myoglobin 

[53] 

PSI Co3O4 
Co3O4 NPs coated on 

paper 

Sensitivity was 

increased 3 times 

Regulated organic chemical 

compounds in toys 
[54] 

PSI PLLA nanofibers Co-axial electrospinning 
LOD improved 3-

7.5-fold 

Methamphetamine, 

norephedrine, ephedrine, 

caffeine, and ketamine in 

tablets 

[55] 

PSI CNTs 

CNTs dispersed on a 

microporous membrane 

to make a film  

Ability to the 

analysis of 

nonpolar analytes 

2-Methoxyacetophenone, 4- 

methylacetophenone, 

benzothiazole, quinolone, 

and cycloheptanone in 

nonpolar solvent 

[56] 

PSI CNT/PMMA 

Dispersing CNT and 

PMMA in acetyl acetate 

and casting it into a 

Sensitivities 

increased 8.7-72-

fold 

Hydrophilic drugs, 

saccharides, peptides, 

and proteins in biofluids 

[57] 
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mold followed by 

dryness of the solvent 

PSI 
MIL-53(Al), ZIF-

8 and UiO-66(Zr) 

MIL-53(Al), ZIF-8 and 

UiO-66(Zr) coated on 

paper  

LOQ were 

improved 8.5-

46.6-fold 

Anti-psychotic drugs 

(clozapine, amisulpride, 

quetiapine, risperidone, and 

aripiprazole) in human 

blood  

[58] 

PSI 

Zr-FUM, UiO-

66(Zr), UiO-

66(Zr)-NH2, and 

UiO-66(Zr)-

2COOH 

MOFs coated on filter 

paper  

Sensitivities were 

improved 

approximately 

2.0-6.5-fold 

Amitriptyline, amisulpride, 

quetiapine, risperidone, 

verapamil, and myoglobin 

in pure solvent and in blood  

[59] 

PSI 
UiO-66 and 

HKUST-1 

Adhesion of MOFs on 

glass fiber filter  

Prolonged the 

detectability time 

for highly volatile 

analytes 

Chemical warfare agents [60] 

PSI CDs and CNTs 

CDs and CNTs 

covalently bonded to 

paper 

Sensitivity 

increased 3-4-

fold; good 

selectivity  

METH in blood and saliva [61] 
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PSI GO/nylon 
Self-deposition of GO 

on nylon membrane 

Sensitivity was 

increased 5-fold; 

good selectivity 

to MG and LMG 

MG and LMG in 

aquaculture water and fish 

meat 

[62] 

PSI CNTs 
CNTs impregnated on 

paper surface 

Ionization at low 

voltage 

Pesticides in fruit and drugs 

in tablets 
[63] 

PSI Te-NWs 
Te-NWs coated on 

paper 

High S/N ratio at 

low voltage 

Amino acids, pesticides, 

and drugs, in pure form and 

in complex mixtures 

[64] 

PSI CNTs 
Drop-casting a CNT 

suspension over paper 

High sensitivity 

for unstable 

transition metal 

complex ions  

Chromium complexes [65] 

PSI GO 
GO coated on paper 

surface 

In-situ detection 

of alcohol 

oxidation 

intermediates 

Benzyl alcohol 1-hexanol, 

2-phenyl ethanol, and 1-

pyrene butanol 

[66] 

PSI 
Pd-, Ag-, and Au-

NPs 

NPs immobilized on 

paper  

In-situ study of 

nanocatalysis 

reactions 

Study of Pd-NP-catalysed 

Suzuki reaction of phenyl-

boronic acid, Pd-NP-

catalysed reduction of 4-

[67] 
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nitrophenol, and oxidation 

of d-glucose 

PSI CNTs 
CNTs coated on paper 

surface 

Combining 

electrochemistry 

with low voltage 

PSI-MS detection 

Study the conversion of 

thiols to disulfides, S-S and 

C-C bond formations, etc. 

[68] 

PSI Pt NP-NTs 

Filter paper coated with 

Pt NP-NTs 

heterogeneous catalyst 

to convert nitro groups 

to easily ionizable amine 

groups in-situ 

Enhanced 

ionization 

efficiency for less 

ionizable 

molecules 

2,4,6-trinitrotoluene [69] 

eCSI GNPs 

GNPs were conjugated 

to aptamers and mass 

tags 

High sensitivity 

and excellent 

distinguish ability 

CA125 in serum/plasma, 

CA125, CEA and EpCAM 

on ca. 20 cells 

[70] 

PSI GNPs 

Immobilization of 

aptamer and mass tags 

to GNPs 

High sensitivity 

and excellent 

selectivity to PSA 

PSA in clinical samples [71] 

DESI 
Nanoporous 

silicon 

Nanoporous silicon 

made into a chip 

High sensitivity 

and better 

Acetylcholine, testosterone, 

dobutamine, verapamil, 
[72] 
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analysis 

efficiency  

diazepam and midazolam in 

synthetic biofluids 

DESI 
Nanoporous 

alumina 

Made into alumina thin 

films 

Greater 

sensitivity and 

faster analysis  

Reserpine and BSA tryptic 

digest 
[73] 

DESI SiNWs 
Sample plate surfaces 

coated with SiNWs 

Greater 

sensitivity and 

longer signal 

duration 

Cyclosporine, beauverolide, 

surfactin, and nystatin in 

methanol/water solution 

[74] 

DESI Nanoprous silicon 

Made into thin films and 

modified with functional 

groups 

Improved 

stability 

Propranolol, angiotensin, 

acetylcholine, testosterone, 

verapamil, roxithomycin, 

ibuprofen, 

chloramphenicol, diazepam, 

cocaine, and oxycodone 

[75] 

DESI Nylon nanofibers Electrospinning 
Better stability 

and compatibility 

Methyl orange in plant 

extracts 
[76] 

Two-step 

ionization 

method  
PALDI Graphene Mixing with samples 

Enhanced 

sensitivity and 

desorption 

efficiency 

Chinese tea key 

components 
[33] 
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ELDI Fe3O4 NPs Coated on a metal target  

Sensitivity 

improved 5 times 

for peptides; 

lower laser 

fluence for 

desorption 

Peptides and proteins 

standards 
[77] 

LAESI TiO2 NPs 

Coated on glass slides or 

suspended in sample 

solution 

High throughput 

photocatalyzed 

oxidation study 

for drug 

discovery 

Verapamil, buspirone, 

testosterone, andarine, and 

ostarine. 

[78] 

AP-nanoPALDI AuNRs 
Sample slice was 

incubated with AuNRs 

Lower laser 

energy 

requirement and 

sharp and clear 

desorption pattern 

Live hippocampal tissue  [79] 

AP-nanoPALDI 
AuNPs, GO, and 

rGO 

Incubation of tissues 

with AuNPs, GO, or 

rGO solution 

More desirable 

AIMS imaging 

approach  

Live hippocampal tissue  [80] 
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AP-nanoPALDI 
Citrate-modified 

AuNPs 

Sample was submerged 

in citrate-modified 

AuNPs containing 

solution 

Expanded AIMS 

imaging 

technique 

Zebra fish caudal fins [81] 

AP-PALDI Graphene 
Coated on glass 

substrate 

Simpler, faster, 

and reliable  
Live hippocampal tissue  [82] 

TDAMS AuNPs 
AuNPs coated on a glass 

slide 

Selectivity for 

smaller and 

nonpolar 

molecules  

Alkylamines, alkylacids, 

ethyl esters, small organic 

acids, amino acids, and 

insecticides  

[83] 

 

LAPSI AuNPs or AgNPs 
Coated on paper 

substrate 

In-situ 

monitoring of 

photo-assisted 

reactions 

Decarboxylation of 

mercaptobenzoic acid, and  

dehydrogenation reaction of 

2,3-dihydro-1H-isoindole 

[84] 

Miscellane

ous 

techniques  
Nano-CFI MWCNTs 

Attaching MWCNT 

fiber to corona pin  

Good ionization 

efficiency for 

nonpolar 

molecules 

PAHs [85] 

ASAP Carbon fiber 

Carbon fibers tied with 

Cu wire pulled into a 

capillary glass tube 

Direct 

desorption/ionizat

ion of 

Electrochemical oxidation 

of pentabromophenol and 
[86] 
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electrochemically 

generated 

products  

2,4,6-tribromophenol; 

oligomeric products  

CFI-MS Carbon fiber 

Carbon fibers 

immobilized tightly in 

between 2 steel tubes 

Ability to analyse 

nonpolar 

compounds; 

multiple working 

modes for species 

with different 

phase state 

PAHs, long-chain aliphatic 

aldehydes, steroids, 

terpenoids, and 

organometallic compounds 

[87] 

Noncontact nCFI Carbon fiber 
Carbon fiber inserted 

into a glass tip probe 

Great 

compatibility 

with low polar 

compounds and 

solvents  

Fatty alcohols and sterols in 

L-02 and HepG2 cells 
[88] 

TD-CFI-MS Carbon fiber 
Carbon fibers put into 

steel tube 

Time saving, 

low-cost, less 

solvent 

consumption, and 

no auxiliary gas 

requirement 

Capsaicin in foods and 

medicines 
[89] 

javascript:;
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CFI-MS Carbon fiber 
Carbon fibers held by 

wooden tweezers 

Ability to analyse 

analytes with 

different 

polarities without 

additional voltage 

requirement on 

ion source 

Analytes with different 

polarities in vapor, liquid, 

and solid phases  

[90] 

CFI-MS Carbon fiber 

Carbon fibers placed in 

front of the MS after 

SPME extraction 

Simple operation; 

selectivity and no 

electric-contact 

requirement on 

ion source 

BaP in aqueous samples [91] 
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2.2   Nanomaterials in sample pretreatment for AIMS 

analysis 

      Sample pre-treatment is a key step to eliminate matrix interferences, enhance sensitivity 

and accuracy in MS analysis of complex matrix samples. Despite to the advantages of AIMS 

for rapid and direct analysis, the analysis of samples with complicated matrices can often cause 

high background noise and ionization suppression. This can also potentially contaminate the 

MS system and cause downstream complications. As mentioned previously, to address these 

limitations, there has been increasing interest in the use of nanomaterials for selective 

extraction, particularly materials with large specific surface areas, high sorption capacity, and 

cost-effective means of synthesis. Analytes of interest can be selectively extracted from 

complex matrices based upon specific interactions with the functionalized nanomaterials and 

shorter extraction times can be achieved due to the high surface area and this enhanced affinity.  

      An interesting example of the advantageous use of nanomaterials in sample pretreatment 

for the AIMS was reported by Song et al. who developed a nanomaterial-based method to 

selectively separate and preconcentrate hemoglobin in blood and meat juice samples, prior to 

internal extractive electrospray ionization ion trap mass spectrometry (iEESI-IT-MS). Song et 

al. applied their novel method to distinguish types of meat species [34]. In iEESI-MS, a solvent 

biased with high voltage is infused via a syringe or syringe pump through the raw or artificial 

bulk sample.  The target analytes in the sample are extracted by the solvent, which is then used 

directly for the electrospray formation and ionization within the ambient MS source. 

Amylopectin-reduced graphene oxide (AP-rGO) nanoparticles were applied to selectively 

capture hemoglobin in samples through coordination with Fe2+ and aromatic groups within the 

AP-rGO sorbent. The nanoparticles were then trapped within a filter, through which a 

desorption solvent was subsequently delivered. Adsorption selectivity was greatest at pH 6.8 

(equal to pI of hemoglobin), and desorption was achieved through an acidic solvent as the spray 

solution (Fig. 2.1). In the acidic solvent solution hemoglobin and AP-rGO were both positively 

charged and so the former was released. Analytical sensitivity was improved due to the 

selective adsorption of the protein (e.g., over bovine serum albumen), and the matrix effect was 

eliminated without the need of a chromatographic separation, with the collateral benefit of 

reduce the analysis time to only 4 min.  Based on a similar capturing mechanism, Song et al. 

also developed a disposable blood sampler and coupled it with iEESI-IT-MS for the 
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identification of hemoglobin from human whole blood [35]. The sampler consisted of a 

disposable syringe, loaded by the adsorbent for selective adsorption of hemoglobin through π-

π stacking interactions. This strategy delivered rapid analysis, unique sensitivity, and ease of 

operation. It was also more precise in sampling than the previous method [34] and provided a 

low sample volume requirement, as low as 1.0 μL. Similarly, Zhang et al. used polypyrrole-

coated Fe3O4 magnetite nanocomposites (Fe3O4@PPy) for magnetic solid-phase extraction 

(MSPE) of 1-hydroxypyrene in human urine, followed by iEESI-MS detection [36]. Due to the 

highly π-conjugated structure and hydrophobicity of the polypyrrole coatings, the Fe3O4@Py 

nanocomposite showed excellent adsorption selectivity for 1-hydroxypyrene. The group also 

developed a Fe3O4 @TiO2 magnetic nanocomposite sorbent and coupled it with iEESI-MS for 

the selective detection of phospholipids in human blood plasma and single cells [37]. The 

adsorption of phospholipids was reported to be based on Lewis acid-base interactions between 

the empty d-orbitals of the transition metal (in Fe3O4 @TiO2 nanocomposite) and the phosphate 

moiety of phospholipids [92-94]. The same research group later developed another method 

employing TiO2 nanowire arrays coupled with iEESI-MS for the rapid and sensitive 

determination of phosphopeptides and phospholipids in biological matrixes [38]. The 

adsorption mechanism of phospholipids by TiO2 nanowire arrays was similar to that of Fe3O4 

@TiO2 nanocomposites, namely Lewis acid-base interactions between phosphate groups and 

Ti ions. The work was extended further recently when Liu et al. applied a magnetic-zirconia 

nanocomposite (Fe3O4-ZrO2), coupled with iEESI-MS for the selective enrichment and 

analysis of organophosphorus pesticides (OPPs) in environmental waters [39].
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Figure 2.1 Schematic illustration of the concept and protocol of the AP-rGO-iEESI-IT-MS technique for the analysis of blood samples. 

Reproduced with permission of American Chemical Society [34].
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      Liu’s research group reported an in-tube solid phase micro-extraction (IT-SPME) device, 

which incorporated single-walled carbon nanotubes (SWCNTs) within a polymer monolith 

based upon methacrylic acid and ethylene dimethacrylate [40]. The IT-SPME sampling system 

was directly coupled with DART-MS and applied to the analysis of triazine herbicides in 

aqueous samples, as depicted within Fig. 2.2. Low limits of quantification (LOQs) were 

reached due to the elimination of negative matrix effects following the IT-SPME sample 

pretreatment step. This combined procedure delivered improved sensitivity compared to an 

‘off-line’ SPE and DART-MS method, which applied a metal organic framework (MIL-101 

(Cr)) for the selective extraction of triazine herbicides in water samples [41].  Wang et al. 

developed a method using a MIL-100 (Al) coated SPME fiber for the on-site enrichment of 

triazine herbicides in environmental waters, based on the non-covalent interactions between 

herbicides and such metal-organic frameworks (MOFs) [42]. The SPME probe was directly 

subjected to the DART-MS source for analysis. The authors claimed that the method was rapid, 

simple, cost-effective, and green (solvent-free). Similarly, Li et al. applied amino 

functionalized MIL-101(Cr)-NH2 to DART-MS for the analysis of progesterone [43]. An 

increased sensitivity was obtained, with the LOD decreased by approximately 50 times.  

      Chen et al. have developed a method combining dispersive solid phase extraction (DSPE), 

using a velvet-like graphitic carbon nitride (V-g-C3N4) sorbent, and coupled it with DART-MS 

for rapid detection of phenoxy carboxylic acids (PCAs) in water samples [44]. Due to the large 

surface area and good dispersibility of the nanocomposite, the extraction and elution were 

completed in 20 s, respectively. It was once again noted as simple and rapid, and also of low 

solvent consumption. To further improve operation and increase the analysis throughput, this 

group also used a magnetic sorbent for the DSPE procedure and coupled it to DART-MS for 

the trace analysis of triazine herbicides in environment samples [45]. Magnetic GO was used 

as the dispersive sorbent because of its high sorption capacity and good dispersibility in water 

[95]. A noticeable advantage of this method was the simple separation of the sorbent from the 

sample using an iron probe. The probe was directly introduced to the DART system, without 

further tedious and time-consuming steps like centrifugation or filtration. A different composite 

material was introduced by Cao et al. whereby an ionic liquid (IL) functionalized 

polyacrylonitrile nanofibers mat (IL/PAN-NFsM) was prepared as a sorbent for the screening 

of illegally adulterated sulfonylureas in antidiabetic health-care teas [46]. After SPE sampling 

of the target analytes, the IL/PAN-NFsM was fixed at the end of a commercial glass capillary 

and exposed to the DART source for automated analysis. The results demonstrated the potential 
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of the developed system for sensitive and high-throughput screening of target analytes in 

complex matrices.
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Figure 2.2 Experimental protocol and schematic representation of the IT-SPME-DART-MS procedure, including four steps: (A) activation, (B), 

extraction or sampling, (C) rinsing or washing, and (D) desorption. Reproduced with permission from American Chemical Society [40]. 
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      More recently, Wang et al. developed a ‘‘Dip-it’’ sampler coated with MWNTs 

incorporated monolith for the extraction of triazines in soil samples via ion-exchange, 

hydrophobic, and π-π interactions, coupled with plasma assisted laser desorption ionization 

mass spectrometry (PALDI-MS) for detection [47]. A capillary was coated with a monolithic 

layer incorporating MWCNTs on the external surface for the fabrication of the ‘‘Dip-it’’ 

sampler, and the sampler was then applied to the microextraction of triazines in soil samples. 

MWCNTs provided the enhanced absorptivity and simultaneously acted as the energy transfer 

medium to facilitate the ionization. Improved sensitivity and reduced analysis times were 

obtained compared to other methods of analysis for triazines. The method was relatively 

environmentally friendly, as no organic solvent was required in the experimental procedures.  

      Chen et al. coupled a carbon nanotube film (CNTF) based microextraction method with 

desorption corona beam ionization mass spectrometry (DCBI-MS) for the analysis of synthetic 

dyes in chilli oil [48]. The CNTF sorbent was immersed into a diluted solution of the sample 

to extract Sudan and Rhodamine B dyes, with sorption selectivity attributed to π-π type 

interactions. After drying, the CNTF was placed directly under the plasma beam tip of the 

DCBI source via a slide bar for the MS analysis. Once again, this microextraction pretreatment 

methodology increased resultant signal intensities via elimination of matrix interferences. In 

addition, the microextraction process improved ionization by preventing the accumulation of 

non-volatile oil residues at the inlet of the glass capillary. A similar method, based on MSPE 

coupled with DCBI-MS for the detection of antidepressants in human body fluids, was also 

developed within the same research group [49]. Fe3O4@PPy was added into the sample 

solution to extract the antidepressants. A magnetic glass capillary was used to isolate the 

magnetic sorbent. This served as the desorption and ionization source to eliminate the risk of 

MS contamination. The developed method delivered greater method sensitivity, short analysis 

times, and reduced matrix interferences.  

      A polyaniline/multi-walled carbon nanotube nanocomposite material (PANI/MWCNTs) 

was electrochemically coated on a stainless-steel SPME probe and coupled with nano-

electrospray ionization (nanoESI) by Guo et al. and applied to the selective analysis of 

chemical contaminants in infant drink  [50]. The probe was immersed into the sample solution 

for the enrichment of the target analytes and then inserted into a capillary, which was prefilled 

with a small amount of solvent for desorption. Subsequently, the capillary was positioned in 

front of a discontinuous atmospheric pressure interface (DAPI) inlet of a miniature MS for 

nanoSEI-MS analysis. Due to the high adsorption capacity and chemical stability of the 
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nanocomposite, high enrichment factors, ranging from 3055 to 8695, were obtained. Similarly, 

Gao et al. combined SPME with constant flow desorption ionization mass spectrometry (CFDI-

MS) for the determination of bisphenol A (BPA) [51] and tetrabromobisphenol A (TBBPA) 

derivatives  [52] in water samples using multicomponent covalent organic framework (COF) 

coated SPME fibers. High sensitivity was achieved, due to strong π - π stacking, hydrophobic 

and hydrogen bonds interactions between the nanocomposite and the analytes, as well as the 

unique geometry of the composite providing more active sites for the adsorption of BPA 

derivatives.  

 

2.3   Nanomaterials for improving ionization and 

desorption processes in AIMS  

      AIMS has seen significant progress over the last decade. Several reviews have chronicled 

these AIMS developments, describing various ionization methods and their applications [96, 

97]. However, only minor attention has been paid to the application of nanomaterials within 

this field, despite there being a significant body of work having been undertaken. The following 

Section describes the direct utilization of nanomaterials in or as the surface substrate in 

different modes of AIMS. 

 

2.3.1  Application of nanomaterials in paper-spray ionization 

      Paper-spray ionization mass spectrometry (PSI-MS) is a novel form of AIMS which was 

first reported in 2010 [14, 98, 99]. In PSI-MS, a small volume of sample solution is first loaded 

onto a paper-based substrate (typically shaped to provide a sharp triangular tip) and left to dry. 

Following this, a semi-volatile solvent solution (e.g., methanol/water mixture) is added to the 

paper substrate, after which a high voltage is applied to the paper. Elution (release) of the target 

solutes from the paper substrate and the combination of the applied voltage and wicking 

phenomenon act to deliver a plume (featherlike) spray from the pointed tip of the paper, from 

which follows an electrospray-like process to produce the ions for introduction into the MS. 

PSI-MS in its various guises has been frequently referred to as a very simple, rapid and low-

cost technique, which has now been applied across a diverse range of applications [98]. These 

include pharmaceuticals [100], pesticides [101], explosives [102], and various biological 
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samples [103]. However, it has been suggested that the application of high voltages and 

subsequently derived ‘hotspots’ may degrade labile compounds and reduce the method 

sensitivity [104]. This problem can potentially be addressed through taking advantage of the 

unique physical properties of conductive nanomaterials, which provide opportunity to develop 

low-voltage ionization methods, and directly enhance the ionization process. In addition, the 

same nanomaterials can also be used to simultaneously preconcentrate the target compounds 

and reduce matrix effects.   

 

     2.3.1.1   Nanomaterials modified PSI-MS 

      Han et al. developed a CNT-incorporated paper for in-situ analysis of intact proteins after 

gel electrophoresis as part of a PSI-MS method, without the need for tedious sample 

pretreatments, such as digestion, chemical extraction, and desalting [53]. As is shown in Fig. 

2.3, the proteins could be extracted from the gel directly and transferred to the tip of the paper 

through solvent transport via capillary action within the micro-channels of the paper substrate, 

from which the spray ionization occurs. The group compared the qualitative influence of filter 

paper coated with different materials, including 2,5-dihydroxybenzoic acid (DHB), α-cyano-

4- hydroxycinnamic acid (CHCA), nano-SiO2, and CNTs for the detection of in-gel proteins. 

The results demonstrated that DHB, CHCA, and nano-SiO2 modified papers resulted in weaker 

signals for in-gel proteins as compared to unmodified filter paper. However, better S/N ratio 

was achieved, and more charged fragments were detected using CNT modified paper. This 

effect was likely due to the large surface area and high adsorption capacity of CNTs, resulting 

in more efficient extraction of proteins from the gel and their transport to the paper surface. 

The small pore diameter of CNT layer on the paper could also help reduce interferences from 

other ions. Additionally, due to the inherent conductive character of CNTs, the electrochemical 

properties of the paper were altered, which could be a cause for the observed improved 

ionization of the proteins. The CNTs act as an electrode and enable the generation of an electric 

field between the paper tip and the MS inlet, thereby inducing the ionization. This method can 

be potentially applied to top-down proteomics under ambient conditions.  

      Guo et al. investigated the performance of a number of paper substrates, coated with 

various nanoparticles (SiO2, TiO2, Co3O4, CuO, ZnO, SnO2, carbon ball and carbon nanotube), 

for the detection of regulated organic chemical compounds (prohibited colorants, carcinogenic 

chemicals, allergenic fragrances, etc.) in toys using ambient ionization miniature mass 
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spectrometry [54]. The paper substrates coated with Co3O4 NPs showed the highest responses 

for the target compounds with an average 3-fold increase in the sensitivity for thirteen 

colorants, compared with non-coated paper spray ionization. This improvement was attributed 

to the large surface area, small pore diameter, and conductivity of the applied NPs, which 

facilitated the ionization process. It was also concluded that the microstructure of Co3O4-

embedded paper possibly acted as a molecular siege to eliminate large molecules within the 

sample matrices. 

      In similar investigations, the performance of paper made from natural and synthetic fibers 

for use within PSI-MS was recently tested and compared [55]. Synthetic poly-L-lactic acid 

(PLLA) fibers were prepared via a co-axial electrospinning technique. Compared to 

conventional PSI, nanofiber-based paper spray reduced the LODs for drugs such as p-

chloroamphetamine, methamphetamine, norephedrine, ephedrine, caffeine, and ketamine. The 

PLLA nanofibers, displaying thin, tough, and hydrophobic properties, enabled the analytes to 

be effectively transferred and evaporated quickly, thus ions could be formed within a short 

time. In other research, Xia et al. used CNT-based substrates to develop a so-called ‘conductive 

nanomaterials spray ionization’ (CNMSI) method for the analysis of organic analytes dissolved 

in nonpolar solvents, which are otherwise incompatible with ordinary ESI-MS [56]. In this 

work, the paper substrate was replaced by a triangular shape CNTs sheet. Compared to 

conventional PSI-MS, these CNTs sheet-based PSI-MS delivered a substantial increase in 

ionization efficiency for molecules presented in nonpolar solvents. Such advantages make PSI-

MS potentially suitable for the analysis of low polarity extracts, normal-phase LC elutes, and 

synthetic mixtures, thus widening the applicability of ESI-MS.  

      Song et al. developed a conductive polymer spray ionization mass spectrometry (CPSI-

MS) method for the analysis of glucose, sunitinib, angiotensin II, saccharide, illegal addictive, 

and peptide in biofluids [57]. The substrate was prepared by dispersing PMMA and CNTs in 

acetyl and casting into a mold, followed by evaporation of the solvent. Compared to 

conventional paper-based substrates, the material delivered better elasticity and greater 

toughness. The responses for the selected model compounds (e.g., glucose, sunitinib, 

angiotensin II, saccharide, illegal addictive, and peptide,) were enhanced 8.7- to 72-fold. It was 

concluded that CPSI-MS was superior for the analysis of biofluid samples, where the high 

viscosity and ion suppression from the biofluid matrices otherwise hinders the desorption and 

ionization processes. 
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Figure 2.3 Schematic diagram of the CNTs-modified paper spray mass spectrometry (PSI-MS) method for in-gel protein analysis. Reproduced 

with permission from Royal Society of Chemistry [53]. 
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      Various MOFs have also been used to expand the application of PSI-MS. The suitability of 

paper substrates modified with UiO-66(Zr), MIL-53(Al), and ZIF-8 was evaluated for the 

analysis of therapeutic drugs in blood spots by Wang et al. [58]. In this research, MOFs were 

coated upon the filter paper surface to reduce unwanted adsorption of the target analytes to the 

paper substrate. Among the MOF coated papers investigated, the UiO-66(Zr) coated paper 

delivered the highest sensitivity due to its more favourable elution behaviour and weaker 

adsorption of the tested drugs, resulting in a higher desorption and ionization efficiency. 

Additionally, the conductive properties of UiO-66(Zr) improved the ionization efficiency, as 

earlier observed for CNT-base materials [53]. Up to a 46-fold signal enhancement for the anti-

psychotic drugs was achieved using the UiO-66(Zr) modified substrate. The same group also 

investigated the adsorption and desorption behaviour of therapeutic drugs and proteins upon 

different Zr-based MOFs (Zr-FUM, UiO-66(Zr), UiO-66(Zr)-NH2, and UiO-66(Zr)-2COOH) 

and ZrO2 coated paper substrates [59]. Here, the ZrO2-coated paper delivered the best 

performance for samples prepared in pure solvents, again a result of favourable elution 

behaviour. However, UiO-66(Zr)-coated paper demonstrated superior tolerance to sample 

matrices, due to a greater adsorption capacity. In related research, different MOFs were 

integrated into paper and employed for PSI-MS analysis of G-series chemical warfare agent 

(CWAs) simulants. Due to the high volatility of G-series CWAs (sarin, soman, and cyclosarin), 

the desorption of the analytes occurs rapidly, such that they cannot normally be detected after 

typical safety control procedures (at least 5 min), which makes their forensic analysis difficult 

using traditional PSI-MS. However, the addition of MOFs (HKUST-1 and UiO-66) to the glass 

fiber filter significantly increased the retention of the volatile G-series agents on the substrate. 

Other materials like octadecylsilica (C18), TiO2, Zr(OH)4, and UiO-67, did not deliver the same 

effect, possibly due to the pore sizes of these materials being either too large or too small to 

capture the analytes on substrate surface, or because adsorption selectivity was insufficient to 

trap the analytes, or indeed too strong for then to be desorbed. The superior adsorption and 

desorption properties of HKUST-1 and UiO-66 prolonged the retention of the G-agents on the 

substrate’s surface from 5 min up to 50 min [60].  

      Nanomaterials have also been coated on the surface of paper substrate for microextraction, 

whilst simultaneously acting as a substrate to facilitate the desorption/ionization processes. 

Using a novel approach, Zargar et al. immobilized a 5’-amino-modified aptamer upon paper 

substrates modified with carbon dots (CDs) or CNTs and applied them to the extraction of 

methamphetamine (METH) from human biological fluids, followed by ion mobility 
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spectrometry (IMS) analysis [61]. The paper was first modified with 3-

aminopropyltrimethoxysilane (APTMS) and then CNTs were covalently bound to the paper 

through reaction between the carboxyl groups of the CNTs surface and the -NH2 groups of 

APTMS. The aptamer was then immobilized to the CNTs by the introduction of a primary 

amino group to the 5’-end of the aptamer with a six-carbon spacer. This reduces the steric 

interaction between the amino group and the oligomer, thereby preventing the direct binding 

to the paper substrate. Using this combination of functionality, the sensitivity of the developed 

PSI-IMS method was increased remarkably, due to the high specific surface area of the CNTs, 

which increased the quantity of the immobilized aptamer. It also improved the selectivity of 

the method via the inclusion of the aptamer. Through a similar approach, Wei et al. prepared a 

GO-modified nylon membrane (GOM) for the selective extraction of malachite green (MG) 

and leucomalachite green (LMG) in aquaculture waters and fish meat samples, prior to its 

application in PSI-MS [62]. The GOM was prepared by simply dropping a GO suspension 

within a sodium phosphate buffer onto the surface of the positively charged nylon membrane. 

The abundant two-dimensional network of GO nanosheets increased the selective adsorption 

of the analyte through π-π stacking and electrostatic interactions.  

      To compensate for the limitations of the conventional PSI-MS, specifically the high voltage 

requirement and incompatibility with labile compounds, a low-voltage PSI-MS method was 

developed by Narayanan et al. in 2014 [63]. For this purpose, a small piece of filter paper was 

coated with CNTs and used as the ionization substrate, by applying a voltage of 3 V to generate 

detectable ions (Fig. 2.4). The existence of small CNT nanoscale protrusions on the paper 

surface was the key point to enable the low-voltage ionization process, by creating local high 

electric field points on the protrusions. It is worth noting that no detectable ions were recorded 

using non-coated papers, even with voltages up to 500 V. However, the intensity of the 

obtained spectra was much lower than a typical ESI technique, although the signal/noise (S/N) 

ratio was higher due to a lower background. Various analytes including pesticides, antibiotics, 

medicines, and amino acids were tested to explore the applicability of the low voltage PSI-MS 

method. Both positive and negative ions were observed but no fragmentation was obtained, 

confirming softness of the desorption/ionization process. Obviously the most significant 

feature of this research is that the high-voltage power supply can be replaced by low-cost and 

user-friendly 3V batteries. The researchers also applied one-dimensional tellurium nanowires 

(TeNWs) for the molecular ionization of amino acids, pesticides, and drugs at 1 V [64]. 

Tellurium NWs were revealed to be a promising substrate material for the low-voltage ambient 
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MS, delivering high S/N ratios. Additionally, as an extremely soft ionization technique, this 

approach enables the detection of highly labile species. Following this report, Narayanan and 

Pradeep developed another CNT-PSI based method to analyse transition metal complex ions 

([Cr(H2O)4Cl2]
+) using low voltages (1 V) [65]. These ions were detected easily by CNT-

assisted low-voltage AIMS, while the direct observation of such complex species in solution 

is difficult using conventional methods. The intensity was shown to be relatively high at low 

voltages, while decreasing gradually with increasing voltage, reaching zero when voltage 

exceeded 500 V. The researchers concluded that the nanomaterial-assisted low-voltage 

ionization technique, as an extremely soft ionization process, can be a versatile strategy for 

identification of molecular systems with low internal energy (chemical potential). A zero-volt 

PSI approach has also been reported [105], in which a spray is formed by the vacuum-induced 

suction at the MS inlet, creating and releasing of analyte-containing microdroplets that are 

sampled by the MS. In this way negative and positive ion signals were observed. The results 

showed that the performance of this method for the analysis of different analytes was very close 

to the conventional PSI and nanoelectrospray ionization (nESI) methods. However, study of 

differences in the mass spectra of mixtures revealed the more significant effects of analyte 

surface activity in the zero-volt PSI method, because of the significantly lower charge. It was 

noted that the surface activity is critically depended on the molecular characteristics of the 

analyte.  
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Figure 2.4 Schematic depiction of the ionization process using the low-voltage CNT-PSI-MS 

setup (A), photograph of the paper triangle, battery, and grounding electrical connection, as the 

ionization source (B), and mass spectra of triphenylphosphine at 1 and 3 V, and at 3 kV (C), 

scanning electron microscopy (SEM) image of the CNT‐coated paper (D), isotope distribution 

of the protonated molecule at 3 V level (E), and MS spectrum of the parent ion at m/z 263 (F). 

Reproduced with permission from Wiley-VCH [63].   
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     2.3.1.2   Nanomaterial-assisted PSI-MS for the study of chemical 

reactions 

      Nanomaterial-assisted PSI-MS has been recently applied for the monitoring of chemical 

reactions. Sarkar et al. reported the in-situ detection of some alcohol (benzyl alcohol 1-hexanol, 

2-phenyl ethanol, and 1-pyrene butanol) oxidation reaction intermediates using GO-coated 

PSI-MS [66]. It was shown that the alcohol oxidation occurred on the GO-coated paper surface 

via the application of an electrical potential. It was concluded that both the GO’s high surface 

area and the high voltage were essential for the oxidation process. In the same way, Banerjee 

et al. used PSI-MS to study a heterogeneous catalysis process [67]. This technique was based 

on the modified paper acting as a chemical reactor, via the attached catalysing NPs upon the 

paper surface. After dispensing the reagent mixture onto the NP modified surface, the reactions 

occur within a few seconds and the transient intermediates and products were immediately 

transferred to the MS for detection. Using this approach, Suzuki cross-coupling reduction of 4-

nitrophenol and glucose oxidation reactions were investigated, applying PSI-MS with Pd-, Ag-

, and Au-NPs embedded within the paper substrate (Fig. 2.5). Reactions took place on the 

surface of the NPs catalyst embedded within the paper, where the desorption/ionization process 

simultaneously occurred, and allowed the real-time detection of reactants, intermediates, and 

products. This new approach showed great potential for evaluating the mechanism of 

heterogeneous catalysis, which can be used to transform low or non-ionizable compounds into 

ionizable forms. Sarkar et al. used Pt-NPs-decorated nanotubes as a catalyst to transform 2,4,6-

trinitrotoluene (TNT) to 2,4,6-triaminotoluene (TAT), namely, converting the nitro groups to 

amine groups, followed by the in-situ PSI-MS analysis [69]. TNT cannot be easily detected 

using standard ESI, as nitro groups are poorly ionised. Unlike the traditional derivatization 

reactions, this real-time heterogeneous catalysis approach requires no laborious sample 

pretreatment, as derivatization and ionization processes take place spontaneously.  

      Narayanan et al. designed an electrochemical cell on CNTs-coated paper with patterned 

electrodes using silver paste and coupled it with AIMS using for the in-situ monitoring of 

electrochemical reactions [68]. This electrochemical cell was placed in front of the MS inlet. 

The detection of the electrochemical products involved two steps, namely electrochemical 

oxidation and subsequent ionization of the formed species from the CNT-coated paper. Due to 

the high conductivity of CNTs [63], these were achieved at low voltage (several volts). This 
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technique provided low voltage ionization and electrochemistry, allowing the in-situ analysis 

of electrochemically transforming/active species.   
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Figure 2.5 a) Workflow for the study of heterogeneous catalysis using NPs-embedded PSI-MS 

and b) SEM images of ordinary filter paper and paper doped with different metal-NPs. 

Reproduced with permission from Wiley-VCH [67].   



Chapter 2 

96 
 

     2.3.1.3   Nanomaterial-assisted PSI-MS for biomarker detection 

      Sensitive and precise detection of biomarkers for clinical diagnosis has increased in 

demand in recent years [106]. Immunofluorescence assays have been widely used for 

biomarker detection for decades due to their ultrahigh sensitivity, however, unavoidable 

background interferences and overlapping signals make it difficult to achieve accurate 

multiplexed detection [70]. To meet the requirement of patient-friendly and reliable 

diagnostics, some paper-based ionization techniques have been developed. Xu et al. combined 

immunoassays with array-type electrospray accelerated chip spray ionization mass 

spectrometry (eCSI-MS), which is similar to PSI-MS, for the ultrasensitive and multiplexed 

analysis of protein biomarkers [70]. Rhodamine-based mass tags (RMTs) were employed as 

the mass reporters and signal amplifiers. The mass tags and aptamers were conjugated to Au-

NPs. The workflow involved four steps: 1) immobilization of the aptamers or capture 

antibodies onto Au-NP-coated indium tin oxide glass chip, 2) antigen immune-recognition in 

a sandwich-type structure using the recognition aptamers and Au-NP-modified RMTs-probes, 

3) mass tag dissociation, and 4) ambient MS analysis. The accuracy was guaranteed by 

immunoreaction and the sensitivity was improved by signal amplification using small mass tag 

ions instead of direct analysis of intact large biomolecules, which are less sensitive. The signal 

amplification was achieved through the dissociation of RMTs from The Au-NPs during eCSI 

and subsequent fragmentation by the in-source collision-induced dissociation (CID). This 

method was verified by detecting cancer antigen 125 (CA125) biomarker with LOD of 0.2 

U/mL in 2 μL serum and plasma and simultaneous in-situ analysis of three protein biomarkers 

(CA125, carcinoembryonic antigen, and epithelial cell adhesion molecule) on ca. 20 cells. 

Chen et al. developed a similar method by integrating a lab-on-membrane platform, coupled 

with PSI-MS, for the analysis of prostate specific antigen (PSA) in clinical samples [71]. In 

this study, a nylon membrane was immobilized with biotin-streptavidin scaffold for selective 

capture of PSA. Au-NPs were attached to the aptamer for recognition of PSA based on 

antibody-aptamer pairing sandwich immunoassay [107]. They were also immobilized with 

different mass tag molecules for the amplification of the MS signals. In the two latter-

mentioned methods, Au-NPs were used for the immobilization of aptamer and mass tags by 

relying on the stability of Au-S bond. This bond is then cleaved easily under appropriate 

ionization conditions, leading to the effective dissociation of mass tags from The Au-NPs. 
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2.3.2   Nanomaterials applied in laser-assisted two-step 

AIMS 

      Laser desorption/ionization is an energy transfer process, in which gas-phase ions can be 

created when a laser beam irradiates a liquid or solid sample [108]. Laser irradiation of the 

sample surface simultaneously generates and desorbs neutral particles, molecules, and ions. 

However, it is known that the yield of ions is far lower than that of neutral species during laser 

irradiation, even when an organic matrix is added to assist the ionization process. As a result, 

a group of techniques, which have been collectively termed ‘two-step AIMS’, have been 

developed, which enhance analyte ionization, by combining laser desorption/ablation with a 

secondary independent ionization step. These various techniques have been summarised in a 

previous review [109]. 

      Amongst the so-called two-step AIMS methods, techniques involving the combination of 

laser desorption with post-ionization using DART and DESI sources, such as plasma-assisted 

laser desorption ionization (PALDI), laser ablation direct analysis in real time (LADI), 

electrospray-assisted laser desorption ionization (ELDI), and matrix-assisted laser desorption 

electrospray ionization (MALDESI), have received considerable attention. In these techniques, 

laser pulses continuously irradiate the sample surface to desorb target species. Then, the 

desorbed molecules react with either a helium or nitrogen metastable plasma beam (as in 

DART) or with the fast-moving charged solvent droplets plume (as in DESI) to initiate 

ionization and generation of protonated or deprotonated species for the MS detection. While 

ELDI, LAESI, LADESI, MALDESI, LEMS, LADI, etc. are similar AIMS techniques that each 

couple a laser desorption setup to a DESI/DART source, they each have minor differences in 

laser settings (e.g., wavelength and frequency) or the use of different matrices, where NPs can 

play an important role. For example, graphene has been applied as the matrix in PALDI-MS, 

exploiting its optical absorption properties, conductivity, and significant adsorptive capacity 

[33]. In one such study, graphene was mixed with a sample solution and dropped onto a sample 

plate and evaluated for the signal enhancement. The responses obtained for forty tested 

compounds with different structures were compared to those obtained using graphene oxide or 

CHCA. The signal intensity for most of the compounds was significantly increased due to 

graphene’s high visible (532 nm laser) absorption capability and efficient energy transfer. 

Graphene oxide also delivered good signal improvements, but less than graphene, due to its 

weaker absorption and potential secondary surface polar interactions (hydrogen bond and 
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electrostatic interactions), which could reduce desorption efficiency from the matrix. Similarly, 

compared with graphene, CHCA showed relatively low performance due to its weaker laser 

absorption in the visible region. Real sample analysis was demonstrated using the detection of 

caffeine and theanine in Chinese tea leaves, confirming how the use of graphene in this was 

indeed practical and beneficial for ambient PALDI-MS. Taking a similar approach, 

Kononikhin et al. used a Fe3O4 NPs coated metal target in ELDI-MS for the analysis of peptides 

and small proteins [77]. With the assistance of Fe3O4 NPs, the intensity was increased 5 times 

for peptides and desorption of the analytes occurred at a lower laser fluence (≤ 700 J m-2). 

Geenen et al. applied TiO2 nanoparticles in LAESI-MS, as a photocatalyst, to study 

photocatalytic oxidation of drugs [78].  

      Kim et al. reported an atmospheric pressure nanoparticle and plasma assisted laser 

desorption ionization (AP-nanoPALDI) MS method for imaging of live hippocampal tissue 

[79].  The hippocampal brain slices were incubated with rod-shaped gold nanoparticles (Au-

NRs), containing artificial cerebral spinal fluid, before being subjected to AP-nanoPALDI-MS. 

Due to the ability of absorbing NIR light and converting laser’s photon energy to thermal 

energy, Au-NRs served as a photon energy reservoir and a thermal energy transfer medium for 

the analytes [110, 111]. Owing to the use of Au-NRs and a separate post-ionization source, a 

lower pulse energy laser can be used compared to LSI-MS, where a laser was used alone for 

desorption and ionization, thereby reducing the thermal damage to the sample caused by pulse 

energy and also resulting in a relatively focused and clear desorption zone. However, one 

disadvantage of this method is its use of a fs laser oscillator. Although this laser can provide a 

high energy level, the requirement of specific optical fiber and distorted wave property limited 

its application [112-114]. This research group improved this technique by changing the fs laser 

oscillator to a 532 nm-continuous wave (CW) laser, in which a normal optical fiber is 

compatible. In this way, for the desorption process, it is necessary to use materials that can 

absorb visible wavelengths. This setup was successfully used for the imaging of live 

hippocampal tissue slices [80] and biomolecular imaging of regeneration of zebra fish caudal 

fins [81]. However, these methods require a time-consuming incubation step and uniform 

distribution of nanomaterials on the tissue surface, which is difficult to achieve. To address 

these limitations, Kim et al. used a graphene-coated substrate for the AP-MS imaging of live 

hippocampal tissues [82]. For this purpose, the tissue slices were placed on the graphene-coated 

substrate, followed by the desorption using a 532 nm CW laser and post-ionization by a 

nonthermal plasma. Compared with the above methods, this method was reported to be simpler 
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and more reliable. for example, not needing the incubation of the nanomaterial with tissue 

slices and avoiding potential problems such as the formation of cracks on the tissue slices. 

      A thermal desorption-based ambient mass spectrometry (TDAMS) methodology for the 

analysis of small organic molecules was developed by Lin et al. (Fig. 2.6) [83]. In this work a 

layer-by-layer self-assembled gold nanoparticle-based glass chip (Glass@Au-NPs) was 

employed as a platform for the thermal desorption of molecules using irradiation with a NIR 

laser diode, followed by DESI-MS. An important feature of this method was its selectivity to 

small organics, as TD can selectively volatilize only intact thermo-labile low-molecular weight 

molecules (maximum Mw of several hundred Daltons). The chip was used as the sample holder 

and energy transfer medium, thereby allowing in-situ detection of small compounds within 

complex matrices, eliminating the interferences from non-target large molecules, without 

sample pretreatment.  

      Basuri et al. developed a laser assisted paper spray ionization mass spectrometry (LAPSI-

MS) for the detection of polycyclic aromatic hydrocarbons (PAHs) [84]. Unlike the 

conventional PSI-MS, in this work, a 532-laser pointer was used and irradiated on the tip of 

paper substrate to assist the ionization process. An enhanced sensitivity was observed for 

certain molecules (e.g., PAHs) which are not ionizable using conventional electrospray-based 

ionization techniques. In addition, the use of laser irradiation allowed for the monitoring of 

photochemical reactions (e.g., decarboxylation of mercaptobenzoic acid, dehydrogenation 

reaction of 2,3-dihydro-1H-isoindole) on Au-NP or Ag-NP coated paper.   
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Figure 2.6 Schematic representation of the TDAMS setup. A NIR laser was used to irradiate 

the rear side of the Glass@Au-NPs chip to release the analytes. Deionized water-acetonitrile 

(1/1, v/v) containing 0.1% acetic acid was used for the electrospray post-ionization. 

Reproduced with permission from Royal Society of Chemistry [83].   
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2.3.3   Application of nanomaterials in DESI-MS 

      DESI is known as the first ambient ionization method and has been applied to a wide range 

of applications from environmental contaminants, to pharmaceutical drugs and proteomics 

[115]. Due to its significant analytical capability and widespread use across various fields, 

DESI, and various automated supporting platforms, have been produced commercially [116]. 

In this technique, the sample is located between an amended ESI spray source and the MS 

orifice. A spray of electrocharged microdroplets intensely hits the sample surface and results 

in desorption and ionization of the analytes. The produced ions are directly sucked into the 

orifice due to the MS vacuum conditions and their spectra recorded. Both small and large 

molecules can be desorbed and ionized using DESI. The efficiency of the desorption/ionization 

process is mainly depended to the solid/liquid extraction of the analytes into the nebulized gas 

mixture (droplet pick-up mechanism), solvent characteristics (solvating ability, polarity, pH, 

viscosity, volatility, and ionic strength), and physicochemical properties of the substrate’s 

surface (chemical constituents, conductivity, porosity, surface energy, and roughness) [117, 

118]. Accordingly, nanomaterials provide a promising choice for the matrix modification in 

DESI. Application of conductive pure or composite NPs with large surface area, high porosity, 

hydrophobicity/hydrophilicity characters, and good chemical and mechanical stability can 

significantly improve the desorption/ionization process in DESI-MS. They can also enhance 

the sensitivity by allowing larger amounts of samples (due to the porosity) and more diluted 

samples (due to higher adsorption capacity and larger surface area) to be analysed.  

      Kauppila et al. applied nanoporous silicon (pSi) plates as the substrate for DESI-MS 

analysis and compared responses with PMMA and polytetrafluoroethylene (PTFE) substrates 

and ultra-thin layer chromatography (UTLC) plates [72]. Higher sensitivity and enhanced 

performance were observed when the surface of pSi was heated after sampling. Similarly, Sen 

et al. used a nanoporous alumina (pAl) surface for DESI-MS based proteomic analysis [73]. 

Compared with PMMA and PTFE surfaces, a greater signal intensity was recorded, and a faster 

analysis obtained, due to the nanostructured pAl surface and higher drying speed of liquid 

samples upon it. Similarly, Pól et al. applied single-crystal silicon nanowires (SiNWs) and 

indium tin oxide (ITO) coated plates for the DESI-MS analysis of cyclosporine, beauverolide, 

surfactin, and nystatin [74]. Longer-lasting signals and higher intensities were obtained 

compared with PTFE, glass, PMMA, and paper surfaces. The high surface area, fluid wicking 

capabilities, and hydrophobic properties of the nanostructured surface enabled the 
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accumulation of higher amounts of sample at one spot and facilitated the ionization and 

desorption processes within the DESI system. 

      A weakness of DESI-MS is poor repeatability, because of nonuniform concentration 

distribution of the analytes on the surface of the most commonly used substrates, such as silica 

and PTFE [119]. To overcome these drawbacks, Schwab et al. modified porous silicon surfaces 

with 1-decene and heptadecafluoro-1,1,2,2-tetrahydrodecyl trimethoxysilane for DESI-MS 

applications [75]. The stability of the signal and sensitivity were improved based upon the 

following: 1) the weak interactions between the sample and the hydrophobic functional groups 

on the surface, and 2) the improved dissolution efficiency of the analyte due to the increased 

interaction between the sample and the thin solvent film generated by the DESI spray. 

Hemalatha et al. applied electrospun nylon-6 nanofiber mats as a substrate for rapid DESI-MS 

detection of  dyes, inks, and plant extracts, for imprint imaging of patterns made by printing 

inks, plant parts, and fungal growth on fruits [76]. The single droplets containing the target 

analytes, that are spotted on the traditional DESI substrates, usually spread in a halo-like 

pattern, leading to nonuniform concentration of analytes, while nylon fibre mats produce 

uniform spots with no halo effect (Fig. 2.7). These features led to higher reproducibility and 

accuracy when using the electrospun nylon nanofiber mat as a DESI-MS substrate. 
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Figure 2.7 A) DESI-MS spectrum recorded for a sample spot of methyl orange on a nylon nanofiber substrate, (a) photograph of the corresponding 

spot on a TLC-plate, showing a halo-like spreading effect pattern, (b) the same sample spotted on a nylon nanofiber mat showing uniform 

spreading, and (c) DESI-MS image of a methyl orange peak at m/z of 304. B) DESI-MS spectrum of a Madagascar periwinkle flower extract 

spotted on an electrospun nylon nanofiber mat. DESI-MS image (a) and tandem mass spectrum (b) of Catharanthine at m/z of 337. TLC-plates 

show the spreading (c) and fading effects (d) of the spot of the flower extract. Reproduced with permission from American Chemical Society [76].
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2.3.4   Miscellaneous new ionization techniques 

      Since the introduction of PSI, there has been a growing interest to develop new ionization 

techniques with various configurations and different materials, to improve its analytical figures 

of merit and extend its applications. For example, Chen et al. coupled thread-based isoelectric 

focusing with DESI-MS for the low-cost sample pretreatment and “on thread” detection of 

analytes in complex samples [120]. Similarly, different low-cost materials (or the 

analysis target itself) have been directly used as the ionization substrate for AIMS analysis of 

different analytes, such as plant tissues [20, 121], coated blades [122], wooden tips [123], solid-

needle probes [13], micropipette tips [124], medical swabs (with aluminium handle and rayon 

tip composed of cellulose fibers) [125], and cotton/polyester threads [126]. In these techniques, 

the set-ups are very simple. Only a DC voltage is required to be applied to the wet materials 

for the desorption/ionization of analytes. The simple instrumental requirements make these 

techniques better choices for on-site detection. These techniques are summarized collectively 

in Table 2.2. 

      As a new approach, carbon nanomaterial-based ionization MS was developed by Nahan et 

al. in 2017 [85]. In this research, a corona discharge pin was functionalized by MWCNTs and 

employed for the SPME sampling of PAHs, followed by direct desorption and transfer into the 

DESI-MS ion source. The ionization mechanism was similar to a DAPCI direct probe, where 

corona discharge is responsible for the ionization process [127-129]. This method enabled the 

analysis of nonpolar analytes that are difficult to be detected by the conventional electrospray 

techniques. Skopalova et al. applied a carbon fibre brush electrode (CFBE) to the 

electrochemical generation of analytes through a controlled potential electrolysis, before their 

direct desorption/ionization using an atmospheric solids analysis probe mass spectrometry 

(ASAP-MS) method [86]. The CFBE electrode was fabricated by pulling a bundle of carbon 

fibers into a glass capillary using a copper wire, serving as the electrical contact. After the 

controlled potential electrolysis, the electrode was inserted into the ASAP holder for the MS 

analysis. Many electroactive sites on the CFBE surface enabled the effective generation and 

adsorption of electrochemical products. This research again demonstrated the capability of 

AIMS for in-situ study of electrochemical reactions. Another carbon fibre-based ionization 

technique, called carbon fibre ionization (CFI), was developed by Guo et al. [87]. They utilised 

a small branch of carbon fibres immobilized tightly in between two nested steel capillary tubes, 

acting as the ion source. The end of the inner steel tube was connected to a polyetheretherketone 
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(PEEK) adaptor to feed the solvent. A DC voltage over the range of 1.5-4.5 kV was applied to 

the inner steel tube, before entering the outer tube, to induce the ionization of the analytes of 

interest. Liquid samples could be introduced directly onto the carbon fibre using a micropipette 

for offline analysis. Online analysis was possible by sweeping the surface of solid samples 

using the PEEK adaptor or immersing it into the bulk of liquid samples, as well as direct 

connection of the adaptor to a sample pretreatment device. Although CFI shows a strong 

resemblance to PSI, its mechanism is quite different and more like APCI. It exhibited notable 

advantages over PSI-MS for the analysis of non- and semi-polar analytes, even when they were 

dissolved in nonpolar solvents. CFI was also able to analyse solutions without the assistance 

of a spray solvent, which is necessary in PSI. However, PSI is superior to CFI for detection of 

proteins and peptides, due to inefficient desorption of these macromolecules from the CFI 

probe, resulting from their strong adsorption. In continuation of this research, a noncontact 

nanocarbon fiber ionization (nCFI) technique was developed and carried out for the on-probe 

derivatization and analysis of fatty alcohols and sterol metabolites at single-cell level, as 

depicted in Fig. 2.8 [88]. A significant increase in sensitivity was obtained due to the 

compatibility of nCFI with the low polarity extracting solvent (dichloromethane). It was 

successfully used for the discrimination of single L-02 and HepG2 cells by quantitative analysis 

of fatty alcohols and sterols through principal component analysis (PCA). Zhang et al. 

developed a thermal desorption carbon fiber ionization mass spectrometry (TD-CFI-MS) 

method [89]. It reduced matrix effects significantly in the analysis of capsaicin in foods and 

medicines. This improving effect was explained through the presence of excess protonated 

water clusters [(H2O)nH
+] in the ionization region, which provided protons for the ionization 

of the analytes through ion-molecular interactions and facilitated the desorption and ionization 

processes.  

      A different CFI-MS configuration was reported by Chen et al. which was claimed to be 

capable to analyse vapor, liquid, and solid phases using different practical measures [90]. In 

this setup, the fibre was introduced in front of the MS inlet by a wooden tweezer. Solid or liquid 

samples were loaded onto the carbon fibre followed by drying and fixing the fibre in front of 

the MS orifice. Highly volatile analytes were stated to be analysed by placing the sample under 

the tip of the carbon fibre. Unlike the first CFI-MS version [87], this method did not require 

application of a voltage to the CFI probe. However, the voltage of the MS inlet must be higher 

than 3 kV, as a key factor influencing the desorption and ionization of compounds. This method 

seems to use a combined mechanism adopted from the corona discharge and electrospray 
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techniques, while the first version of CFI-MS was acting like corona discharge. This is the first 

report claiming the AIMS detection of molecules with a wide range of polarities and volatilities 

using the same ionization source. In a similar setup, Wu et al. used the carbon fiber as an SPME 

fiber and simultaneously as the ionization emitter for the selective extraction of benzo[a]pyrene 

(BaP) from aqueous samples [91]. The carbon fibre used in the CFI-MS system is technically 

a nanomaterial because its micrometre-scale diameter. However, its high electrically 

conductivity and adsorption capacity saw its performance comparable with nanomaterials to 

improve the desorption and ionization processes and consequently the applicability of the CFI-

MS systems.  
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Figure 2.8 a) Schematic diagram of nCFI, b) photograph of the carbon fiber ionization 

apparatus, and c) schematic depiction and comparison of the traditional nESI and nCFI. 

Reproduced with permission from American Chemical Society [88].  
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Table 2.2 Novel material-based AIMS techniques. 

Technique Material  Ionization set-up Ionization 

mechanism  

Features  Sample  Ref. 

Probe 

electrospray 

ionization  

Stainless-

steel needle 

Sampling was done by 

moving up and down 

the needle, ionization 

was performed using a 

motor-driven system 

Electrospray  No clogging problem Amino acids, peptides, 

proteins, and polyethylene 

glycol 

[13] 

Coated-blade 

spray ionization 

C18-PAN 

coated 

blade  

A stainless-steel sheet 

was cut as a “gladius 

sword” and casted by 

C18-PAN 

Electrospray Coupled with SPME and 

fast ambient MS detection 

Cocaine and diazepam in 

plasma 

[122] 

Wooden tip 

ionization  

Wooden 

toothpicks 

Wooden tip was held by 

a clip  

Electrospray Simple device, low-cost, 

disposable, low cross-

contamination, robust, and 

efficient sampling 

Lysine, Gly-Ala-Phe, methyl 

yellow, dimethoate, iron 

acetylaceonate, myoglobin, 

and cytochrome C 

[123] 
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Leaf spray 

ionization 

Plant tissue A copper clip was used 

to hold the plant tissue  

Electrospray No need for nebulizing 

gas; plant tissue served as 

both substrate and sample 

Sugars, amino acids, fatty 

acids, lipids, and alkaloids  

[20] 

Micropipette tip 

electrospray 

ionization 

Pipette tips The needle of a syringe 

was inserted into the 

pipette tip  

Electrospray Simple, rapid, needs small 

amount of sample 

Amino acids, 

oligosaccharides, glycosides, 

alkaloids, organic acids, 

ginosensides, flavonoids, and 

lignans 

[124] 

Swab touch 

spray ionization  

Medical 

swab 

Swabs held via a three-

finger clamp  

Electrospray In-vivo, rapid, non-

invasive sample collection 

and direct analysis 

Streptococcus pyogenes in 

strep throat  

[125] 

Thread spray 

ionization 

Thread  Thread inserted into a 

glass capillary  

Electrospray Direct analysis of residues 

on clothing for forensic 

applications; stable ion 

signal without sharpening 

Capsaicinoids in pepper [126] 
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2.4   Summary  

The exciting and novel applications of nanomaterials across various established and new AIMS 

techniques has been clustered, classified, and compared within this review. Nanomaterials have 

been exploited simultaneously as extraction media, energy transfer matrices, and 

desorption/ionization improving media in AIMS, adopted from their recent extensive 

applications across different microextraction strategies. The high surface area, uniform 

porosity, and hydrophilic/hydrophobic interactions sees nanomaterials as excellent extraction 

media for AIMS. Additionally, conductive nanomaterials have enabled the development of 

low-voltage ambient techniques, and their catalytic ability allowed in-situ study of catalysis 

reaction mechanisms. The capability of nanomaterials to serve as the ion source itself has 

widened the scope of the AIMS methods. The reported techniques detailing the application of 

nanomaterials in AIMS have demonstrated their broad contribution to improving sensitivity, 

selectivity and reproducibility, as well as developing new innovative ionization techniques.  

 

2.5   Concluding remarks and future trends 

AIMS has been developed for more than 15 years and benefited many fields, such as food 

safety, drug discovery, clinical treatments, environmental monitoring, etc. It is predicted that 

AIMS will continue to advance and undergo further development and extend its applicability 

across a greater range of sample types, with nanoparticles continuing to be used to further this 

growth. From observation of the progress to-date, reviewed herein, areas of potential advantage 

worthy of investigation include the following. Firstly, application of new meso- and 

nanostructured materials, with tailored properties, can help to further improve the sensitivity, 

selectivity and applicability of AIMS. Secondly, continued simplification of the required 

analytical set-up by exploring new low-voltage ionization systems employing highly 

conductive substrates, together with portable low-cost mass analysers, can provide solutions to 

on-site detection or point of care testing. Thirdly, development of new forms of ionization 

promoting substrates. For instance, exploring cloth or surgical suture-based ionization 

techniques for healthcare applications. Fourthly, applying these nanoparticles assisted AIMS 

approaches to new fields, such as AIMS imaging for cancer treatments, and in-situ monitoring 

of chemical reactions for high throughput drug discovery.  
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Chapter 3 

Thread-based isoelectric focusing coupled with 

desorption electrospray ionization mass 

spectrometry 

 

Abstract  

      The combination of a thread-based electrofluidic analytical device and desorption 

electrospray ionization mass-spectrometry (DESI-MS) was investigated for the separation and 

concentration of proteins. The combination delivered a low-cost novel approach for sample 

pretreatment and target focusing, with direct “on-thread” ambient mass spectrometry detection. 

For this purpose, a platform for thread-based isoelectric focusing (TB-IEF) was 3D-printed, 

optimised, and applied to the separation and focusing of three model proteins. Successful 

separation and focusing was achieved within 30 min. The TB-IEF device was coupled with 

DESI-MS by direct exposure of the focused solutes on the dried thread to the DESI source. As 

a proof-of-concept, a 10-fold increase in the DESI-MS response for insulin was achieved 

following the TB-IEF preconcentration, whilst simultaneously isolating the target solutes from 

their sample matrix.   

 

Keywords: Thread-based isoelectric focusing; Desorption electrospray ionization mass 

spectrometry; Proteins 

 

 

3.1   Introduction 

      Thread -based microfluidic analytical devices are gaining attention in relation to their 

applicability for simple sample handling/pretreatment and point-of-care diagnostics. This is 

due to their low-cost, low-volume consumption of reagents, and ease of assembly. As the 

pioneering works on cost-effective and disposable microfluidic systems, paper-based 
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microfluidic analytical devices (µPADs) have made great progress and have been widely 

applied for low-cost medical diagnosis [1], food chemical screening [2], and environmental 

monitoring [3], since it was first introduced by Whitesides et al. in 2007 [4].  

      Thread-based electrofluidic technology has been introduced in the recent years [5]. Most 

threads are hydrophilic or can be easily plasma treated [6] to obtain liquid-wicking properties, 

which facilitates transport of fluid through capillary action, without the need for external 

pumping systems. Additionally, the soft and flexible nature of threads makes them easy to cut, 

knot, sew, or otherwise physically configure. Further, the nature of threads provides for easy 

impregnation with reagents and nanomaterials, to provide selective functionality to achieve, 

for example, desirable sorptive properties, detection zones, or hydrophilic/hydrophobic 

contrast regions for specific applications. In comparison with paper, thread has significant 

advantages regarding fabrication of microfluidic devices. For example, 1) thread has greater 

strength and better flexibility to facilitate the fabrication of 3D structures, 2) threads do not 

need modification to create hydrophobic barriers, and 3) thread has greater compatibility with 

immobilisation of chemical reagents under wet conditions, due to higher mechanical strength 

[7].  Making the most of these advantages, thread-based microfluidic analytical devices have 

recently been reported across a diverse range of applications [8], including clinical diagnostics 

(e.g., diseases detection [9-11], health biomarker analysis [12, 13], blood typing [14, 15]), 

environmental monitoring [16-19], and food quality and safety [20-22].  

      Colorimetric and electrochemical detection are currently the most commonly used 

detection techniques for thread-based microfluidics [23]. Thread-based microfluidic devices 

coupled with colorimetric detection offer simple and user-friendly fabrication process that can 

provide easy readout of results. In this case, the results are usually evaluated by the naked eye, 

or measured by further processing of the images taken by a digital camera or a smart phone, 

for colour intensity analysis [7]. However, the inhomogeneity of colour distribution can be 

challenging in thread-based lateral-flow and flow-through assays, making the discrimination 

of the colour change difficult [24]. In addition, colorimetric detection is sensitive to the 

background contribution of the substrate and solution, and so typically lacks high levels of 

achievable sensitivity, with the approach being more suited for qualitative and semi-

quantitative analysis. In contrast, electrochemical detection typically delivers a rapid sensor-

based response and greater sensitivities, although it can be influenced by the surrounding 

environment, or interferences from the sample matrix, resulting in unreliable or unstable 

responses [25].  
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      In both above cases, the limitations typically restrict the applications of thread-based 

microfluidic devices for qualitative analysis of complex samples like biological matrices. 

However, there is a value to be had in combining the simplicity of sample pretreatment upon 

thread-based platforms, with more powerful and quantitative detection methods. Mass 

spectrometry (MS) has long been a powerful option for both qualitative and quantitative 

analysis, due to its high sensitivity, selectivity, and structural confirmation. Typical MS 

interfaces operate under high-vacuum conditions, which limit the options for sample 

introduction, particularly for most of the thread-based devices. However, the introduction of 

ambient MS interfaces presents the possibility of coupling simple thread-based microfluidics 

with sensitive and selective MS detection systems. Ambient ionization techniques, such as 

desorption electrospray ionization (DESI) [26],  direct analysis in real-time (DART) [27], 

dielectric barrier discharge ionization   (DBDI) [28] and laser ablation electrospray ionization 

(LAESI) [29], generate ions under open ambient conditions, providing direct, rapid, and real-

time analysis of samples from their presented surface with or without sample pretreatment. 

Some newer substrate-based ambient ionization methods, such as paper spray [30], wooden tip 

spray [31], leaf spray [32], thread spray [33, 34], and swab spray [35], have been developed 

and showed advantages in specific real sample applications. In DESI, target species present at 

the surface of sample can be extracted and ionized using charged droplet aerosols, via a 

localised corona discharge or plasma formation, followed by efficient transfer into the MS for 

detection [36]. This technology presents a very simple and practical solution to the MS analysis 

of surface environments, although the detection of low abundance species is challenging, 

particularly upon/within complex materials.  

      This research aimed to explore and develop a simple and inexpensive thread-based sample 

preparation and analyte concentration method, and couple that with the “on-thread” ambient 

MS detection, for the direct analysis and confirmation. The DESI source can scan along the 

thread to acquire sample distribution information. In addition, the spray solvent can act as an 

elution solvent to elute and aid ionisation of the solutes. The target application of this 

combination is primarily in biological sample handling and isolation/concentration of target 

biomolecules from within complex biological samples. For this purpose, herein we describe a 

low-cost thread-based electrofluidic analytical device, which was 3D printed and applied to 

deliver thread-based separations and analyte concentration prior to on-thread detection using 

DESI-MS (Fig. 3.1). Unlike most thread-based microfluidic devices, which are based upon 

simple capillary flow, herein we applied on-thread isoelectric focussing to deliver a uniform 

https://en.wikipedia.org/wiki/Laser_ablation_electrospray_ionization
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and controllable flow, and effective analyte separation and preconcentration. Analyte 

desorption efficiency on threads under varying conditions was explored and optimised to 

achieve the best sensitivity. As a proof-of-concept, fluorescent labelled proteins were used to 

demonstrate thread-based isoelectric focusing (TB-IEF) upon a nylon bundle thread. As a 

model protein, insulin was used to assess the performance of DESI-MS for on-thread direct 

detection of the concentrated protein band.  
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Figure 3.1 Schematic illustration of the TB-IEF-DESI-MS setup, a) the 3D printed thread-

based electrofluidic platform and b) desorption and ionization of ions from the thread surface 

within the DESI source.  
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3.2   Experimental 

3.2.1   Reagents and materials  

      Bovine serum albumin (BSA), R-phycoerythrin (R-PE), myoglobin (MB), cytochrome c 

(Cyt c), insulin, chromeo P465, hydroxypropyl methyl cellulose (HPMC), N, N-

dimethylformamide (DMF), sodium bicarbonate, and ammonium hydroxide solution were 

purchased from Sigma-Aldrich (Sydney, Australia). Chromeo 488 NHS-Ester was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The ampholyte (Pharmalyte 3-10, pH 

range 3-10) was purchased from GE Healthcare Life Sciences (Marlborough, MA, USA). 

Formic acid was from Merck (Darmstadt, Germany). Sodium hydroxide was obtained from 

Chem-Supply Pty Ltd. (Gillman, Australia). Deionized water was supplied by a Milli-Q water 

plus system from Millipore (Bedford, MA, USA), with a resistivity of 18.2 MΩ.cm. 

      Nylon bundle thread (100%, woolly nylon stretch overlocking) with a diameter of 550 ± 

33 µm, from QA Thread (China) and acrylic thread (100% acrylic) with diameters of 600 ± 15, 

940 ± 45, 1090 ± 18, 1120 ± 47, and 1120 ± 47 µm, from Marvel Soft Baby (Bella Baby, 

Turkey), were employed for the TB-IEF-DESI-MS analysis. The exact diameter of the threads 

was measured by an objective-type inverted microscope (TE2000, Nikon Eclipse). For cleaning 

and removing impurities, the threads were sonicated in pure water for 30 min. Once fully dried, 

threads were plasma treated by a vacuum Plasma Asher (K1050X, Quorum Emitech, UK) for 

1.5 min at 0.15 mbar pressure and 50 W power. Plasma treatment was carried out to increase 

the wettability to facilitate the transport of aqueous samples through the thread in the TB-IEF 

system.9  

 

3.2.2   Fabrication and assembly of TB-IEF platform 

      The design and dimensions of the buffer reservoir and the moving thread holder and their 

arrangement on the TB-IEF and the DESI sample stage are depicted in Fig. 3.2. To fabricate 

the TB-IEF platform, a base with two buffer reservoirs was 3D printed according to our 

previous study with some modifications [37]. This was designed using SolidWorks CAD 

software (SolidWorks Corporation, Dassault Systems, France) and 3D printed using an Objet 

Eden260VS professional 3D printer (Stratasys, Eden Prairie, MN, USA). The platform was 

made from PolyJet transparent photopolymer (VeroClear RGD810, PMMA), as the build 
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material from MatterHackers (Foothill Ranch, CA, USA). Water-soluble SUP7070 was 

provided by the same company and used as the support material. After 3D printing, the bulk 

parts of support material were carefully removed with a blade and then the base was washed 

with NaOH solution (2% w/v). It was then agitated for 6-8 h using an Orbital Platform Shaker 

(Stuart Scientific, Staffordshire, UK) for complete dissolution and removing of the support 

material. After rinsing and soaking with Milli-Q water for 1 day, the printed parts were dried 

by compressed air. The buffer reservoirs were printed separately in a detachable form (Fig. 

3.2a and 3.2b), so that they can be washed after each use. The thread passed through the buffer 

reservoirs and tightened parallel to the base (see Fig. 3.2c). The TB-IEF base dimensions were 

12 × 8 × 0.5 cm (width × depth × height). Two 3-mm square holes were cut uniformly at each 

side of the platform to fit the buffer reservoirs. Each buffer reservoir had a hoop at the back 

side to tie in the thread, a cylindrical hole in the middle to insert the electrode, two horizontal 

rollers to guide the thread to the lower part of the reservoir, a 100-µL trapezoid buffer chamber, 

and a squared convex pin (5 mm depth × 3 mm height) at the bottom to fit the base. A thread 

holder platform (Fig. 3.2d and 3.2e) was 3D printed and fixed on the moving sample stage for 

the DESI-MS analysis. Two lower planes were implemented in two sides of the platform to fix 

the thread using adhesive tape (Fig. 3.2f and 3.2g) and to protect the MS ion transfer tube from 

direct contact with the tape, during the DESI-MS scanning analysis. Three pairs of 5-cm pillars 

(in accordance with the separation length of TB-IEF) were embedded on the middle part of the 

moving platform to hold simultaneously three threads after TB-IEF focusing and separation.  
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Figure 3.2 Design and photographs of the buffer reservoir and the thread holder platform for 

the DESI-MS moving sample stage. (a, b, d, and e) CAD drawings and dimensions (in mm) of 

the buffer reservoir and the moving thread holder, (c) photograph of the 3D printed TB-IEF 

platform, (f) assembly for scanning of the thread by DESI-MS after TB-IEF, and (g) the threads 

fixed on the thread holder and moving stage.  
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3.2.3   TB-IEF operation  

      Voltage was applied using an in-house built 4-channel (0 - 5 kV) DC power supply. The 

system was interfaced to a computer using a 12-Bit, 10 kS/s multifunction USB-6008 OEM 

DAQ system (National Instruments, Austin, TX, USA). The data acquisition was performed 

using LabView v11.0 software. A USB driven AM4113T-GFBW microscope (Dino-Lite 

Premier, Clarkson, WA, Australia), fitted with a blue light-emitting diode for the excitation 

and a 510 nm emission filter, was used to record the fluorescence images. The fluorescence 

images were further processed with ImageJ (https://imagej.nih.gov/ij). The TB-IEF 

experiments were carried out in the cathodic mode, where the anode was at the inlet and the 

cathode was at the outlet. All experiments were performed at room temperature in the open-air 

conditions. 

      To perform the TB-IEF separation and focusing, the buffer reservoirs were embedded into 

the base by inserting the squared convex pins into the square holes of the base with a desired 

thread length (5 cm). The thread was then placed under the rollers using a tweezer and its ends 

knotted to the back rings of the buffer reservoirs and the electrodes (platinum wires) were fixed 

into the cylindrical holes on each buffer reservoir. To wet the thread, 20 µL of 1.5% ampholyte 

was loaded onto the thread. The anodic and cathodic reservoirs were then filled with 75 µL of 

1% formic acid in 0.1% hydroxypropyl methylcellulose (HPMC), as the anolyte and 0.2 M 

NH4OH in 0.1% HPMC, as the catholyte, respectively. Protein samples were prepared in 1.5% 

ampholyte with 0.1% HPMC. After wetting of the thread with the buffer and equilibration of 

the system (1 min), 5 µL of the sample was applied to the thread at 2.0 ± 0.1 cm from the inlet 

reservoir and a constant voltage of 100 V was applied to the electrodes to initiate the separation 

and focusing process. The focusing was completed after 30 min. After completion of the TB-

IEF process, the voltage was maintained constant for 15 mins to dry the thread, where the 

current zeroed. Following this electro-evaporative drying step, the thread was removed from 

the TB-IEF platform and fixed on the DESI-MS sample stage using two pieces of a double-

side tape as depicted in Fig. 2g. The buffer reservoirs were cleaned with distilled water and air-

dried to be ready for further experiments. 

 

3.2.4   DESI-MS analysis  

https://imagej.nih.gov/ij
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DESI-MS experiments were performed using a micrOTOF-Q mass spectrometer (Bruker 

Daltonics, Bremen, Germany) equipped with a Prosolia Omni spray 2D ion source (Prosolia 

Inc., Indianapolis, Indiana, USA). The DESI-MS operating parameters were set as follows: the 

spray angel to the surface was 58° for small molecules and 64° for insulin, distance of the spray 

tip to the surface was 1.0 mm, and distance of the spray tip to the MS inlet was 2.5 mm. The 

distance of the MS inlet to the thread surface was set so it can be as close as possible without 

contact. The DESI spray solution was composed of a water/acetonitrile mixture (50%) and a 

0.1% formic acid solution, with an infusion flow rate of 600 µL h-1, delivered using a syringe 

pump and nebulised using the nitrogen flow. Dry nitrogen with pressure of 100 psi was used 

for the generation of the DESI plume. The movement rate of the DESI sample stage was set to 

300 µm s-1. DESI was performed in Point to Point-Constant Velocity (PtoP-CV) for the 

optimisation of DESI parameters using model chemicals. DESI was operated in Start Point-

Constant Velocity (SP-CV) mode for the analysis of insulin when scanned along the thread. 

The data were collected in positive mode with the capillary voltage at 4 kV. Temperature and 

flowrate of the desolvation gas were set at 300 °C and 8 L min-1, respectively. The MS was 

scanned in the range of 50-600 m/z for low molecular weight compounds and 600-2000 m/z for 

insulin.  

 

3.3   Results and discussion 

3.3.1   Optimisation of on-thread DESI-MS 

      To investigate the experimental variables affecting the efficiency of the on-thread DESI-

MS detection, three drugs, namely norfloxacin, quinidine, and ofloxacin, and four proteins, 

namely bovine serum albumin (BSA), R-phycoerythrin (R-PE), myoglobin (MB), cytochrome 

c (Cyt c), and insulin, were chosen as the model analytes. The DESI-MS analysis consists of 

two principal steps, namely desorption of the analyte from the substrate surface and subsequent 

ionization and transport into the MS system [38]. Ion formation in DESI is assumed to be a 

pick-up mechanism, in which analytes on the surface are desorbed and dislodged by the fast 

moving charged solvent droplets and transformed into secondary gas-phase sample ions, which 

are subsequently sampled and transported into the MS. The commercial DESI source has 4 

different scan modes, Point to Point-Dwell (PtoP-Dwell), Point to Point-Oscillate (PtoP-OSC), 

PtoP-CV, and SP-CV. These modes were investigated, and PtoP-CV was proven to deliver the 
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best performance in terms of overall single point response (see Fig. 3.S1). However, SP-CV 

was chosen for the on-thread analysis of TB-ITF treated samples, because this mode allows the 

thread to be scanned at any desired distance. This is important because desorption and 

ionization efficiency have been demonstrated to be highly dependent on the environmental 

conditions, including spraying solvent flowrate, spray impact angle, tip-to-surface distance, tip 

to MS inlet distance, and surface-to-MS inlet distance [39]. Therefore, these parameters were 

each optimised herein to achieve the highest DESI-MS signal.  

      The typical flow rate for the spray solvent was 180 µL h-1. However, whilst observing the 

response to the on-thread analysis of insulin, it was found that the DESI-MS signal intensity 

increased with the spray solvent flow rate up to the maximum tested flowrate of 600 µL h-1 

(see Fig. 3.S2). This response reflects the 3D structure of the thread, which restricts the surface 

spread (impact) diameter of the spraying solvent and reduces the formation efficiency of 

secondary gas-phase ions. This desorption/ionization efficiency from the surface is highly 

affected by the effective size of the spraying spot, and to overcome this effect upon the thread 

surface, the higher flowrates up to 600 µL h-1 were necessary. Flow rates higher than 600 µL 

h-1 were not suitable due to excess system back-pressure on the spray solvent pump. The spray 

impact angel was also optimised and resulted in tuned angles of 58° for the smaller test 

molecules, and 64° for larger biomolecules (e.g., insulin). The result was consistent with the 

previous research in which a larger spray impact angle was necessary for large proteins, in 

comparison with small molecules [39]. To obtain the maximum desorption/ionization and ion 

transfer efficiencies, the spray affecting variables including spray tip-to-sample surface 

distance, spray tip-to-MS inlet distance, and MS inlet-to-sample surface distance were 

optimised and the optimum values were obtained 1.0, 2.5, and 0.1 mm, respectively. 

 

3.3.2   Effect of thread’s moisture and diameter  

      To study the impact of both base material and diameter of the thread, two threads (nylon 

and acrylic) with proven superior properties for electrophoresis and on-thread separations [5, 

37], were selected and applied for the TB-IEF-DESI analysis. The diameters of the selected 

threads ranged from 550 to 1120 µm. The DESI-MS response to 10 µg mL-1 ofloxacin spotted 

upon each thread were plotted as a function of thread diameter and shown as Fig. 3.3(a). Sample 

was loaded by soaking of clean threads into 10 mL of 10 µg mL-1 model analytes for 10 min. 

After that, the threads were removed from the solution and dried for 60 mins at room 
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temperature. The results suggested a linear relationship between thread diameter and DESI-

MS response. Interestingly, the linear trend extends to nylon thread, as the smallest diameter, 

suggesting the signal intensity is primarily determined by the thread diameter rather than its 

chemical composition. This demonstrated that there is no significant difference between the 

interactions of the analyte with the examined threads. These results also support observations 

from the previously published reports, which demonstrated how analytes are similarly 

desorbed from different sample surfaces using DESI-MS with appropriate spray 

solvent/conditions [40-44].  

      Herein the thread with bigger diameter has a higher capacity to hold sample liquid in each 

spray spot, within a scanning cycle. However, the existence of pills (undesirable trait, e.g., 

bobble, fuzzball or lint ball) on the surface of acrylic thread is a challenge for DESI analysis, 

as the pills can peel off and enter the MS, potentially damaging the instrument. In contrast, 

nylon has a tough, smooth, and uniform surface, making it more compatible with the DESI-

MS analysis. Thus, by considering the separation and focusing potential, as well as the 

compatibility with the instrument, nylon was selected as the best material for further TB-IEF-

DESI-MS analysis. 

      To explore the effect of substrate wetness levels on the signal intensity, nylon thread 

bundles were dipped into a standard mix solution of ofloxacin, norfloxacin, and quinidine (10 

µg mL-1) for 30 min. The threads were then air dried to different extents, by applying different 

drying times, and subjected to the DESI-MS analysis. The results are depicted in Fig. 3.3b. As 

is seen from the results, the signal first increases with the time and reaches a plateau after 60 

min. In a way, it can be interpreted that complete drying of the thread takes ~ 60 min. Lower 

intensities associated with higher wetness can be related to three main phenomena. First, when 

the thread surface is too wet by the sample solution, the sample could be partly blown away by 

the nebuliser gas, resulting in a reduced and unstable signal. Second, the solvent within the 

thread solvates the analytes and reduce their desorption, ionization, and transport to the MS. 

The existence of more solvent generates more binding force, consequently leading to a lower 

signal intensity. Third, the solvent upon the thread might have a dilution effect on the analytes. 

Therefore, a dry substrate is desirable for a high and sustained DESI-MS signal. To meet this 

requirement, the amount of buffer was investigated. A minimum volume of 65 µL was 

necessary for the completion of the IEF process. A longer time, however, was required to dry 

the TB-IEF with a larger amount of buffer. Thus, 75 µL of buffer was selected, which was 

enough for the TB-IEF process and allowed for a short dry time.   
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Figure 3.3 Signal intensity versus thread dimeter for 10 µg mL-1 ofloxacin (a) and signal 

intensities of 10 µg mL-1 norfloxacin, quinidine and ofloxacin vs thread drying time (b).  
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3.3.3   Separation, preconcentration and analysis of 

proteins using TB-IEF-DESI-MS 

      The primary aim of this research was to develop an inexpensive TB-IEF setup and 

methodology and its coupling with ambient MS, to enable the fast analysis of biomolecules 

within complex samples. IEF is a commonly used method for the separation of proteins and 

peptides according to their isoelectric points. In IEF, ampholytes form a pH gradient under the 

influence of an electric field. When proteins or peptides with different composition of amino 

acids are exposed to an electric field in an ampholyte medium, they migrate to a position where 

the net charge of each molecule is zero, namely the isoelectric point (pI). 

      To demonstrate the separation and preconcentration ability of the TB-IEF method, R-PE 

(pI=4.7), chromeo P465 labeled MB (pI=7.0), and chromeo 488 NHS-Ester labeled Cyt c 

(pI=9.6) were used as the model proteins. To suppress the electroosmotic flow (EOF) and 

prevent the protein adsorption to the substrate, 0.1% HPMC was added to the anodic and 

cathodic electrolytes. It provided a dynamic coating of HPMC to the substrate as has been 

reported previously [45]. Pharmalyte 3-10 was selected to create a desired pH range, covering 

all pIs of the analytes of interest. The concentration of ampholytes is critical for successful 

DESI-MS analysis, as high concentrations can negatively affect the ionization efficiency 

through ion suppression [46]. Thus, 1.5% (v/v) ampholyte in the sample buffer was used as the 

optimal concentration, to maintain sufficient isoelectric focusing power and at the same time 

to avoid significant ion suppression. Volume of the buffer was also optimised as an important 

influential variable. The buffer’s volume must be high enough to deliver the IEF process upon 

the thread, while it must be low enough to allow the thread to be easily dried after the IEF 

separation and focusing. The results showed that, the optimal amount of buffer in each reservoir 

was 75 µL to provide enough buffer for IEF separation and to allow a quick dry of the nylon 

buddle after the TB-IEF process. A continuous voltage was applied after the IEF separation to 

speed up the thread drying process and to reduce band broadening caused by wicking action. 

The voltage was switched off when the current zeroed, which meant the thread was dry (see 

Fig. 3.S3). The whole process was completed in a total of 45 min. The results for the separation 

and preconcentration of the three proteins using the TB-IEF method are presented in Fig. 3.4. 

Before applying the voltage, a 2.5 cm region (0.5-3.0 cm) of the thread was impregnated with 

the sample solution. Once the voltage was turned on, the proteins (charged positively or 

negatively) migrated towards the cathode or anode, until each protein reached its own zero net 
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charge position (pI), where the electrophoretic migration ceased (see Fig. 3.4d).  As can be 

seen from Fig. 3.4d, the proteins were well separated within 30 min. The image of the separated 

proteins on the thread after separation is depicted in Fig. 3.4e. 
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Figure 3.4 Separation and concentration of the three proteins using the TB-IEF technique by 

applying different isoelectric focusing times (a, b, c, d) and image of a nylon thread after the 

TB-IEF focusing and separation of the model proteins (e). After 30 min, R-PE (pI = 4.7), MB 

(pI = 7.0), and Cyt c (pI = 9.6) were separated and barely moved. The anolyte was 1% formic 

acid in 0.1% HPMC as and the catholyte was 0.2 N NH4OH in 0.1% HPMC. The sample 

introduction was performed by dripping 5 µL of the sample mixture on the thread. The applied 

voltage was 100 V. The analytes were 1: R-PE, 2: MB, and 3: Cyt c. The “Grey Value” 

represents fluorescence signal.  

(e)
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      For clearer realisation of the TB-IEF function the bandwidths and positions of four proteins 

(BSA, R-PE, MB and Cyt c) were recorded whilst running over 0-35 min. The results are 

plotted in Fig. 3.5. BSA was selected as a control reference because its pI is equal to R-PE and 

was able to demonstrate if proteins with the same pIs focused on the same position. Besides, 

BSA has been widely used as a standard protein due to its high purity availability and relative 

low-cost [47]. As the results show, the average bandwidth for all selected proteins were 2.5 ± 

0.1 cm before applying voltage, while it progressively narrowed with the time and reached a 

minimum value of 0.2 cm after focusing (~ 12.5 X focussing of sample zone width). The 

position of the proteins was normalised to the mid-point of the sample bandwidth. The average 

position of the proteins was originally at 1.75 ± 0.05 cm, while at the end of the TB-IEF process 

they were focused on different zones based on their pIs (BSA and R-PE appeared at 1.5 cm, 

MB at 2.5 cm, and Cyt c at 3.5 cm). 
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Figure 3.5 Bandwidths and positions of the four separated/focused proteins using the TB-IEF technique versus migration time (migration distance), 

under the optimized conditions.
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3.3.4   Focusing and detection of insulin using the TB-IEF-

DESI-MS method 

      The analysis of the model proteins (R-PE, MB, and Cyt c) using the TB-IEF-DESI-MS 

procedure has revealed that though the separation and focusing was very satisfactory, but it 

was unable to detect large molecular weight proteins possibly because of the incomplete protein 

dissolution within the desorption process [48-50]. Therefore, a smaller protein (insulin, pI ~ 

5.3) was selected to assess the practical applicability and feasibility of the TB-IEF-DESI-MS 

approach. After the focusing and drying, the thread was fixed on the 3D printed platform on 

the DESI moving sample stage and scanned using the DESI-MS source. The results are 

presented in Fig. 3.6. The tangible difference between the non-focused and the focused insulin 

is evident from Fig. 6a and 6b. The non-focused profile was obtained by analysing 5 µL of 

insulin standard solution, directly dripped onto the middle of thread without the TB-IEF 

process (Fig. 3.6a). The sample wicked along the thread string through capillary action and 

consequently the insulin peaks were observed along a long length of the thread (~ 0.5-4.0 cm), 

while after the TB-IEF processing (Fig. 3.6b) the sample peak showed an increased intensity 

and was only detected in a narrow band (1.6-2.2 cm). The focusing ratio, defined as the ratio 

of the signal intensity of the TB-IEF focused sample band to the signal intensity of the sample 

without focusing, was 10. The resultant DESI-MS spectra of the concentrated insulin is 

presented in Fig. 3.6c.
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Figure 3.6 TB-IEF-DESI-MS results (m/z 1147) of a 500 µg mL-1 insulin solution before (a), after focusing (b), and a sample DESI-MS spectra 

of insulin (c).



Chapter 3 

145 
 

      To further assess the established method, a series of insulin solutions, in the range of 10-

500 µg mL-1, were focussed and analysed. The extracted ion chromatograms (XICs) of three 

concentrations are shown in Fig. 3.7. The signal intensity of m/z 1147 versus insulin 

concentration was linear over the range of 3.5-500 µg mL-1 (R2 = 0.9995), as depicted in Fig. 

S4. As can be observed, the peak shapes matched well between different single runs at each 

concentration level. The peak width and the focusing points of insulin were also measured at 

different concentrations over the linear dynamic range (see Fig. 3.S5 and 3.S6). The limit of 

detection (LOD) and limit of quantification (LOQ), corresponding to the analyte amounts for 

which the signal-to-noise ratios (S/N) are 3 and 10, were obtained 1.0 and 3.5 µg mL-1, 

respectively. Unfortunately, the LOD of this method does not meet the clinical assay 

requirement, where the normal insulin level is < 174 pmol/L (~ 1 ng mL-1) [51]. However, as 

a proof-of-concept study, these analytical figures of merit seem to be acceptable. 
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Figure 3.7 Overlaid extracted ion chromatogram (XIC) of the TB-IEF focused insulin (m/z 1147) solutions at concentrations of 20 (d), 50 (c), and 

200 µg mL-1 (b), repeated twice (i and ii).
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3.4   Conclusions 

A TB-IEF setup was developed and coupled with DESI-MS for the separation and detection of 

proteins, for the first time. Typical proteins were successfully separated within 30 min using 

the TB-IEF strategy under optimal conditions. The effects of the thread wetness and diameter 

were investigated, and it was found that a dry substrate is essential for the successful DESI-

MS analysis. For nylon and acrylic threads, the signal changes are linear versus diameter and 

independent to the material of the thread. The TB-IEF focusing delivered a 10-fold 

enhancement in the signal of insulin, with a LOD of 1 µg mL-1. Although, this method does 

not yet have the ability for the quantitative analysis of clinical samples, due to the high RSD 

and LOD, it demonstrates a novel approach for low-cost, fast, and potentially high throughput 

separation and detection, after some further refinement and development.  
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 Supplementary Material 

 

Thread-based isoelectric focusing coupled with 

desorption electrospray ionization mass 

spectrometry 

 

 

 

 

 

Figure 3.S1 DESI-MS signal intensities of 10 µg mL-1 ofloxacin and ampicillin in different 

scanning modes.  
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Figure 3.S2 DESI-MS signal intensities of insulin (50 µg mL-1) with different spray solvent 

delivering flow rates. 

 

 

Figure 3.S3 Voltage and current changes versus the TB-IEF analysis time. The voltage was 

kept constant at 100 V. 
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Figure 3.S4 The calibration curve of insulin upon the nylon thread after the TB-IEF process.  

 

 

Figure 3.S5 Peak width of insulin upon the thread versus concentration. The peak widths were 

obtained by the DESI-MS scanning along the thread after the TB-IEF process.  
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Figure 3.S6 RSDs of the focused insulin samples upon the nylon thread using the TB-IEF 

method. The data were calculated based on the results presented in Fig. 3S3. 
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Chapter 4 

Thread-based isotachophoresis coupled with 

desorption electrospray ionization mass 

spectrometry for clean-up, preconcentration, and 

determination of alkaloids in biological fluids 

 

Abstract 

A thread-based isotachophoresis method coupled with desorption electrospray ionization mass 

spectrometry (TB-ITP-DESI-MS) was developed and applied for clean-up, preconcentration, 

and determination of alkaloids in biological fluids. This simple approach enables the focusing 

and rapid analysis of analytes of interest in complex matrices that are otherwise challenging 

using direct ambient mass spectrometry. The TB-ITP platform components were rapidly and 

reproducibly fabricated at low-cost through 3D printing.  A single string of nylon 6 thread was 

used as the electrophoresis substrate and a cotton knot, tied to the nylon thread, was used as 

the trapping zone of the ITP focused model analytes (coptisine, berberine and palmatine). The 

trapping efficiency was evaluated upon different commercially available threads with different 

chemical properties and cotton was selected as the best material due to its highest trapping 

efficiency and subsequent DESI-MS ionization efficiency. Up to 11.6-fold increase in signal 

to noise ratio (S/N) was obtained using the proposed method compared to direct DESI-MS 

detection, due to the reduced matrix interference and focusing. The results demonstrated that 

the TB-ITP-DESI-MS approach is a viable solution for the analysis of complicated biological 

fluid samples.  

 

Keywords: Thread-based isotachophoresis; Desorption electrospray ionization mass 

spectrometry; Alkaloids; Biological fluids 
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4.1   Introduction 

      Mass spectrometry (MS) is considered one of the most powerful detection techniques due 

to its sensitivity, specificity, and capability to provide molecular structural information. 

However, prior to MS analysis, some form of sample pretreatment is often necessary to reduce 

ion suppression effects and eliminate interferences from non-target and bulk matrix 

components. Traditional sample preparation techniques are often tedious, time-consuming, and 

sometimes involve hazardous reagents. Ambient MS, which was first introduced by Cooks et 

al. in 2004, greatly simplified the operational steps of MS analysis and expanded its application 

to the in-situ and direct analysis of samples, often without any sample pretreatment required 

[1]. This technique has seen significant growth since its introduction and dozens of new 

ambient MS ionization techniques, such as direct analysis in real-time (DART) [2], extractive 

electrospray ionization (EESI) [3], easy ambient sonic-spray ionization (EASI) [4], and laser 

ablation electrospray ionization (LAESI) [5], have been developed. Further, the nature and 

modification of materials and substrates applied in conjunction with ambient MS has also seen 

a great deal of development, e.g. paper-spray ionization ambient MS [6]. These techniques 

have been widely applied in food safety [7], forensics [8], drug development [9], and medical 

diagnostics [10]. However, the lack of simple and rapid sample clean-up and separation 

procedure typically limits the application of ambient MS to the analysis of trace levels of 

analytes in complex samples, such as biological fluids, which contain high levels of interfering 

species.  

      In recent years, thread-based microfluidic analytical devices (µTADs) have attracted 

considerable attention due to their low-cost, low reagent consumption, and ease of assembly 

for various applications [11-13]. Various detection methods such as colorimetry [14, 15], 

electrochemical methods [16, 17], and fluorescence spectroscopy [18-22] have been coupled 

with µTAD and utilized for different applications, ranging from diagnostic assays [23, 24] to 

environmental monitoring [25-29]. The primary advantages of these devices are affordability, 

reduced instrumental requirements, and simple assembly. However, detection ‘on-thread’ 

remains a challenge, to which none of the above approaches offers the perfect solution, 

particularly with reference to sensitivity, selectivity, and reproducibility [30-32]. µTADs also 

offer some considerable potential for simple and rapid sample pretreatment, coupled with either 

‘on-thread’ or ‘off-thread’ detection methods. A promising combination is applying µTADs 

for simple and rapid sample pretreatment and coupling this with sensitive and selective MS 

https://en.wikipedia.org/wiki/Extractive_electrospray_ionization
https://en.wikipedia.org/wiki/Extractive_electrospray_ionization
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detection systems, which presents considerable potential for the analysis of complicated 

biological and environmental samples. A limited number of applications have been reported 

recently describing both thread- and paper-based µTADS techniques, coupled with MS [33-

37]. However, in these techniques, the thread and paper were employed simply as a substrate 

for the sample delivery and ionization and were not otherwise utilised to deliver additional 

sample pretreatment advantages, such as selective analyte isolation/concentration.  

      The aim of this study was to develop a thread-based isotachophoresis sample treatment 

approach coupled with desorption electrospray ionization mass spectrometry (TB-ITP-DESI-

MS), delivering sample clean-up, preconcentration, and ultimate determination of alkaloids in 

biological fluids. Recently, we reported a proof-of-concept method by coupling thread-based 

isoelectric focusing (TB-IEF) with DESI-MS [38]. The combination delivered both separation 

and increased sensitivity for the analysis of amphoteric molecules such as peptides and 

proteins. To expand the application of this technology, herein we present the combination of 

thread-based ITP for the separation and preconcentration of small, charged analytes, followed 

by direct on-thread ionization and determination using DESI-MS system. However, a 

limitation in coupling of TB-ITP with DESI-MS is that the focused bands are either 

continuously migrating over the thread to reach the outlet buffer reservoir when under the 

applied field, or when the field is removed, the focused band can rapidly diffuse and spread out 

along the thread. To address this issue, a ‘trapping zone’ is required to be embedded on the 

main thread to capture the focussed analytes at a predetermined position for the subsequent on-

thread DESI-MS analysis. For this purpose, a knot on the ITP thread, capable of quantitatively 

trapping the analytes is applied and described herein, close to the outlet buffer reservoir. 

Compared with other sample pretreatment techniques applied with ambient MS applications, 

such as solid phase microextraction (SPME) [39] and slug-flow microextraction (SFME) [40, 

41], this method is remarkably cheap and simple to set-up. It’s also a completely solvent-free 

sample pretreatment procedure, with ACN only used in the DESI-MS ionization/desorption 

process, where the solvent is evaporated, and no liquid waste solution is generated. In 

comparison, although SPME is a similarly solvent-free sample preparation method, its 

commercial fibres and fibre holders are relatively expensive, and the method does not allow 

for analyte separation and selective focusing. Thus, the applicability of this proposed set-up 

and methodology is for the clean-up, separation, and preconcentration in complex samples, and 

is herein demonstrated by the analysis of three model alkaloid compounds (coptisine, 

berberine, and palmatine) in urine samples. The above three alkaloids were selected as model 
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solutes because of their biological activity importance, fluorescent characteristics, and 

difference in their physicochemical properties. The accuracy of the TB-ITP-DESI-MS method 

was evaluated via comparison of obtained results with those from a parallel TB-ITP-HPLC 

procedure. This approach improves the sensitivity and selectivity of DESI-MS based analysis 

via sample separation and on-thread preconcentration and trapping of the analytes via ITP.  

 

4.2   Experimental 

4.2.1   Reagents and materials  

      Analytical standards of potassium acetate, β-alanine, polyvinylpyrrolidone (PVP), 

coptisine chloride, berberine chloride, and palmatine chloride, acetic acid solution, 

triethylamine (TEA) and formic acid (FA) were obtained from Sigma-Aldrich (NSW, 

Australia). HPLC-grade acetonitrile (ACN) and methanol (MeOH) were purchased from 

Honeywell Burdick & Jackson (Muskegon, MI, USA). Ultra-pure water was provided by a 

Milli-Q system (Millipore, Bedford, MA, USA).  

      Commercial threads of nylon (diameter: 543 ± 36 μm), cotton (diameter: 468 ± 31 μm), 

silk (diameter: 441 ± 30 μm), polyester (diameter; 1307 ± 32 μm), wool (diameter: 979 ± 28 

μm), and acrylic (diameter: 841 ± 37 μm) were purchased from a local store (Spotlight, Hobart, 

Australia). The diameters of the threads were measured using an objective-type inverted 

microscope (Nikon Eclipse TE2000). Prior to analysis, the threads were cleaned sequentially 

with methanol and water in an ultrasonic bath for 10 min. Subsequently, they were plasma 

treated for 1.5 min at 18 W and 0.2 Torr using a PDC-32G Harrick Plasma Cleaner (Harrick 

Plasma, Ithaca, NY), connected to a PlasmaFlo Gas Flow Mixer (PDC-FMG). 

 

4.2.2   Fabrication of the TB-ITP platform and thread holder 

for DESI-MS 

The TB-ITP platform consisted of a polymethyl methacrylate (PMMA) base and inlet- and 

outlet-buffer reservoirs. The TB-ITP platform and thread holders were 3D printed (except the 

TB-ITP base) and assembled according to our previous study with some modifications, as 

depicted in Fig. 4.1. They were designed using Draftsight Computer-Aided Design (CAD) 

https://www.sigmaaldrich.com/catalog/product/sigma/smb00472?cm_sp=Insite-_-caSrpResults_srpRecs_srpModel_palmatine-_-srpRecs3-1
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software (SolidWorks Corp., Dassault Systemes, France). The TB-ITP base (Fig. 4.1a) with 

dimensions of 15 × 8 × 0.5 cm (width × depth × height) was fabricated using a laser cutting 

system (Full Spectrum, Las Vegas, NV, USA). Two 3 mm square holes were cut for embedding 

the buffer reservoirs. Each reservoir (Fig. 4.1b) had a hoop to tie in the thread, a cylindrical 

hole in the middle to introduce the electrode (platinum wires), two horizontal rollers to guide 

the thread to the lower part of the reservoir, a basin for buffer storage, and a 3-mm squared 

convex pin at the bottom to insert into the base. Buffer reservoirs were 3D printed using an 

Eden 260VS system (Stratasys, MN, USA), using VeroClear as the build material, and using 

SUP707 as the water-soluble support material. The support material was washed from the 3D 

printed parts by agitation in a 2% NaOH solution for 2 hours, followed by rinsing with Milli-

Q water for 4 hours using a benchtop orbital shaker. The buffer reservoirs were ultrasonically 

cleaned with 2% NaOH solution and Milli-Q water after each experiment for reuse. A thread 

holder platform (Fig. 4.1c) was 3D printed and fixed on the sample moving stage of DESI-MS 

systems. Two lower stylobates were designed in two sides of the thread holder to immobilize 

the threads using adhesive tapes and to avoid the contact between MS inlet tip and the tape 

when performing a DESI-MS scan. Three pairs of concave pillars (with lengths of 5 cm) were 

embedded in the middle part of the thread holder to stabilize the threads in the right position. 

javascript:;
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Figure 4.1 CAD drawings and dimensions (in mm) of the TB-ITP reservoir base (a), a buffer reservoir (b), and the DESI-MS thread holder 

platform (c). Photographs of the 3D printed TB-ITP platform (d) and placement of thread holder on the DESI moving stage (e).
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4.2.3   TB-ITP clean-up and focusing and knot-based 

trapping  

      The TB-ITP experiments were performed in cathodic mode with the anode in the inlet and 

the cathode in the outlet buffer reservoir. Voltage was applied using an in-house built 4-channel 

(0-5 kV) DC power supply, interfaced to a computer using a 16-Bit, 400 kS/s multifunction 

DAQ system (USB-6008 OEM, National Instruments, Austin, TX, USA).  The system control 

and data acquisition were performed using LabView v11.0 software. A USB driven AM4113T-

GFBW microscope (Dino-Lite Premier, Clarkson, WA, Australia), fitted with a blue LED for 

the excitation and a 510 nm emission filter, was used for fluorescence-based visualization and 

optimisation of the TB-ITP separation and knot-based trapping. The fluorescence images were 

processed with ImageJ. The leading electrolyte (LE) was constituted of 20 mM potassium 

acetate in 0.1% PVP and the terminating electrolyte (TE) was a 20 mM ꞵ-alanine solution in 

0.1% PVP. The pH of the LE and TE was adjusted to 5.0 and 4.7, respectively, using 1 M acetic 

acid. The ITP thread was passed under the rollers within the buffer reservoir and tied at its end 

to the back hoop. The trapping knot was tied to the TB-ITP thread at a 4 ± 0.2 cm distance 

from the inlet electrolyte (TE). The buffer reservoirs were filled with 50 µL portions of the TE 

and LE buffers and the thread wetted with 20 µL of the LE buffer. Then, a 2-µL drop (by micro-

pipette) of sample solution was applied to the thread at 1.0 ± 0.1 cm from the inlet reservoir 

and a constant current of 200 µA was applied to initiate the ITP procedure. The analytes were 

separated from the sample matrix and focused into an increasingly narrow band, which 

simultaneously migrated to the trapping knot within 5 min. After 5 min, the constant current 

was changed to constant voltage (500 V) until the current decreased to 5 µA. This post-

separation step was applied to dry the thread for the subsequent DESI-MS analysis. Afterwards, 

the thread (with the attached trapping knot) was removed and fixed to the thread holder 

platform using a double-sided adhesive tape for the DESI-MS analysis.  

 

4.2.4   HPLC analysis  

      An Ultimate 3000 HPLC system (Thermo Fisher Scientific, San Jose, CA, USA) equipped 

with an LPG-3400RS pump, a WPS-3000TXRS autosampler, and a DVD-3000RS UV detector 

was used for the HPLC-based determination of the alkaloids, for evaluation of the trapping 

efficiency of different knots (from various threads). The chromatographic separation was 
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carried out on a Accucore C18 column (2.6 µm, 150 × 2.1 mm, Thermo Fisher Scientific), with 

a flow rate of 0.4 mL min-1 and injection volume of 20 μL. The mobile phases were comprised 

of water/FA/TEA, 100/2/0.1 (solvent A) and MeOH (solvent B). Gradient elution was 

performed, starting with 30% B (0-4 min) and programmed to 33% B (4-6 min) and 95% (6-

10 min), and then kept constant at 95% B (10-15 min). It was finally ramped to 30% B to re-

equilibrate the system. The column temperature was maintained at 40 °C and the absorbance 

detection wavelength was 343 nm.  

      For desorption of the TB-ITP focused and knot trapped alkaloids, the thread was cut at a 

distance of a few mm from both sides of the knot and sonicated in an Eppendorf tube containing 

300 µL MeOH/water (50/50 v/v, pH: 11.0, adjusted using ammonia solution) for 5 min, 

repeated three times. Subsequently, the knot was centrifuged at 8000 rpm for 10 min to extract 

the remaining solution. Finally, the combined extracts were diluted to 1 mL with water and 20 

µL of this solution was injected into the HPLC for the quantification of the analytes.  

 

4.2.5   DESI-MS analysis 

      Mass spectra were collected on a micrOTOF-Q mass spectrometer (Bruker Daltonics, 

Bremen, Germany) equipped with a Prosolia Omni Spray 2D DESI Ion Source (Prosolia Inc., 

Indianapolis, Indiana, USA). The distance of the spray tip to the thread holder surface was 5 

mm, distance of the spray tip to the MS inlet was 3 mm, and the distance of the MS inlet to the 

thread holder surface was 0.5 mm. The spray angel to the surface was 46°. 50% ACN was used 

as the spray solvent with an infusion flow rate of 600 µL min-1. Nitrogen was used as the 

nebulising gas at a pressure of 120 psi. DESI was operated in Start Point-Constant Velocity 

(SP-CV) mode with a movement rate of 300 µm s-1. The data were acquired in positive mode 

with a capillary voltage at 3.5 kV. Capillary temperature and desolvation gas flowrate were set 

at 300 °C and 8 L min-1, respectively. The MS was scanned in a mass range of 50-500 m/z. 

 

4.2.6   Preparation of standard solutions and urine samples 

      A mix stock standard solution (1 mg mL-1) was prepared by dissolution of appropriate 

amounts of alkaloids in Milli-Q water. Working standard solutions were prepared by diluting 

the stock solutions to desired concentration in water. A urine sample was obtained from a 
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healthy volunteer donor. The urine sample was directly subjected to the TB-ITP-DESI-MS 

analysis, without any pretreatment. For the HPLC analysis, a 100-μL of urine sample was 

diluted to 1 mL with MeOH and vortexed. It was left at room temperature for 20 min to from 

a precipitate, and then centrifuged at 2000 rpm for 5 min. The supernatant was collected and 

used for the direct HPLC analysis. The stock, working standards, and sample solutions were 

stored in dark in a refrigerator at 4 °C. 

 

4.3   Results and discussion 

4.3.1   TB-ITP clean-up and focusing 

      The performance of ITP separation and focusing is highly dependent on the concentrations 

of the LE and TE buffers and mobilities of their ions. With regard to the intermediate mobility 

of the target alkaloids, potassium acetate with high mobility and ꞵ-alanine with low mobility 

were selected as LE and TE, respectively. To obtain the highest sample focusing efficiency, 

the concentrations of LE and TE buffer were optimised by evaluation of the signal intensity of 

a focused analyte (palmatine) under different buffer concentrations (Fig. 4.S1). Lower TE 

concentrations (< 20 mM) resulted in a more rapid focusing effect but proved irreproducible 

due to an insufficient buffer capacity. The accumulation/focussing rate of the sample ions at 

the LE/TE interface increased with increasing LE concentration up to 20 mM and then 

plateaued. Buffer concentrations beyond 30 mM were seen to cause significant DESI-MS ion 

suppression effects and so were not investigated further. Therefore, to achieve the highest 

focusing efficiency with sufficient buffer capacity, and to limit ion suppression, a concentration 

of 20 mM was selected for both LE and TE buffers. Under the optimal conditions, the TB-ITP 

focusing of palmatine increased over time to 3 min and then remained constant (Fig. 4.2a). The 

observed intensity values were converted to concentration through the calibration curves 

obtained from spiked thread substrate without ITP (see detail in Fig. 4.S2). The focusing ratio 

was defined by the ratio of the transient average concentration (C) of palmatine in the sample 

plug and the initial sample concentration (Ci), before focusing. Fig. 4.2b represents the 

fluorescence images of the sample plug at different positions, showing an efficient ITP 

focusing process occurring along the short section of thread. The bandwidth of sample plug 

remained constant after the point of maximum focussing (at ~ 0.5 mm width at ~2 cm point of 

on thread), whilst the applied field was maintained.   
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Figure 4.2 Experimental results showing TB-ITP focusing of palmatine (100 µg mL-1) on a 

nylon thread. (a) Concentration of palmatine in migrating band as a function of (ITP) time (C, 

the average concentration of palmatine in sample plug; Ci, the initial sample concentration 

before focusing).  (b) Raw fluorescent images of palmatine corresponding to each position 

upon thread using ITP. The length of the thread was 5 cm.  
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4.3.2   Investigation of the trapping knot material  

      Nylon was used as the main separation thread due to its superior performance for thread-

based electrophoresis identified earlier [19]. However, to couple the TB-ITP technique with 

DESI-MS, it was necessary to not only focus the analytes at a predetermined position on the 

thread, but to prevent their further post-focussing migration and diffusion over the thread. To 

achieve this an on-thread trap was proposed, here in the form of a simple trapping knot tied on 

the separation thread. For this purpose, knots from a variety of threads were investigated, to 

identify those materials whereby the alkaloid band was quantitatively trapped. The trapping 

knot was tied at the position of 4 cm (total thread’s length was 5 cm), at which point the sample 

ions were known to be completely focussed. Trapping efficiency was highly dependent on the 

adsorptive (retentive) selectivity of the trapping thread material for the analytes. Herein, six 

types of thread were examined including nylon (control), cotton, silk, polyester, wool, and 

acrylic. For an initial screening of these threads, comparative fluorescence measurements of 

the alkaloids (mixed standard of 1 µg mL-1 coptisine, 5 µg mL-1 berberine, and 5 µg mL-1 

palmatine) retained on the six trapping knots were taken, as shown in Fig. 4.3a-f. Under the 

optimum conditions, the migration and focusing of the analytes at the trapping knot (4 cm from 

the TE buffer reservoir) took ~5 min, therefore, the fluorescence images were recorded at 0 

min (C0), 5 min (C1), and 10 min (C2), as shown in Fig. 4.3. After arrival of the focused analytes 

at the knot (5 min), a continuous voltage (500 V) was applied, and the third image was recorded 

at 10 min to determine any loss of the alkaloids from the trapping knot during this extra 5 min 

of applied voltage. The trapping efficiency (C2/C1) of six selected threads are presented in 

Table 4.1. Table 4.1 clearly shows cotton and silk both provided near quantitative trapping of 

the alkaloid band. However, these initially fluorescence measurements also indicated knots 

produced using wool, polyester and acrylate threads showed little or no trapping capacity. 
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Figure 4.3 Raw intensity (i) and background subtracted images (ii) of TB-ITP focussed band 

of mixed alkaloid standard solution (1 µg mL-1 coptisine, 5 µg mL-1 berberine and 5 µg mL-1 

palmatine), following passage across/through various knots (with different materials) at 0 min, 

5 min and 10 min. (a) cotton knot, (b) silk knot, (c) polyester knot, (d) wool knot, (e) acrylic 

knot, (f) nylon knot.  
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Table 4.1 Trapping efficiency of various knots for TB-ITP focussed alkaloids. 

Threads C1/C0 C2/C0 C2/C1 (%) 

Cotton 489,774 464,846 94.91 

Silk 368,307 423,240 114.92 

Wool 18,748 12,505 66.70 

Polyester 125,425 ND 0 

Acrylic 48,864 ND 0 

Nylon 2428 ND 0 

C0 is the fluorescent signal at 0 min, normalised to 1, C1 is the fluorescent signal at 5 min, and 

C2 is the fluorescent signal at 10 min. The fluorescence images were processed using ImageJ 

to measure the fluorescence intensity and eliminate the background interference. Herein, 

fluorescent signal refers to the total fluorescence response in the whole trapping area. ND 

means no fluorescence signal was detected.   
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      As an initial evaluation of trapping efficiency, the fluorescent measurements provided clear 

guidance, but the variation in fluorescence intensity arising from the thread’s background 

fluorescence (e.g., high for polyester) and experimental conditions (e.g., pH, type of buffer, 

and temperature) limited precision [42, 43]. Therefore, an HPLC method was developed for 

the accurate determination of the focused alkaloids upon each knot. Calibration curves and 

typical chromatograms of the three test alkaloids using the developed HPLC method are shown 

in Fig. 4.S3 and 4.S4, respectively. The method delivered excellent linearity for all three 

analytes over the range of 0.1 - 20 µg mL-1 with R2 ≥ 0.9995. Following the 10 min TB-ITP 

process (as detailed within Experimental Section), the trapping knot (containing the retained 

alkaloids) was cut from the separation thread and the alkaloids eluted and quantified using 

HPLC. These results are presented in Table 4.2 for each alkaloid spiked at three concentrations 

and focussed using the TB-ITP method, each analysis carried out in triplicate.  
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Table 4.2 Recoveries and RSDs of alkaloids after the TB-ITP separation and trapping on a different material knots.  

Analytes 
Spiked 

(µg mL-1) 

Trapping efficiency 

(%) 

Knot material 

Cotton Silk Polyester Wool Acrylic Nylon 

Coptisine 

0.1 
Recovery 99.21 92.01 81.62 68.65 NT NT 

RSD 4.03 3.46 2.54 6.02 --- --- 

0.5 
Recovery 99.53 92.18 92.54 76.90 1.74 NT 

RSD 6.70 4.27 3.26 5.56 24.54 --- 

1 
Recovery 95.73 93.21 59.97 58.01 0.84 NT 

RSD 1.04 3.91 9.80 7.75 7.37 --- 

Berberine 

0.1 
Recovery 91.66 90.23 81.23 78.02 NT NT 

RSD 7.59 2.27 0.13 6.80 --- --- 

0.5 
Recovery 93.39 93.49 90.41 80.94 4.62 NT 

RSD 0.96 4.30 4.67 5.52 14.47 --- 

1 
Recovery 91.42 98.67 68.27 62.99 1.13 NT 

RSD 0.84 2.19 1.31 9.47 22.81 --- 

Palmatine 

0.1 
Recovery 102.57 94.89 88.24 91.33 NT NT 

RSD 7.09 1.19 9.27 2.12 --- --- 

0.5 
Recovery 103.57 99.33 96.89 87.77 2.22 NT 

RSD 3.18 4.62 9.76 3.35 10.34 --- 

1 
Recovery 95.85 98.41 77.99 69.27 1.90 NT 

RSD 2.04 9.49 1.75 10.80 16.65 --- 

NT: Represents no trapping was observed in the selected material.   
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      As the summary of the initial fluorescence and subsequent HPLC-UV detection results 

shows (Fig. 4.S5), cotton and silk provided the highest trapping efficiency amongst the 

materials examined, being greater than 90% after 10 mins. However, the trapping recovery data 

for polyester, obtained by fluorescence and HPLC-UV detection, was quite different. No 

obvious fluorescent signal was observed on polyester knot using fluorescence detection, while 

the trapping recovery was 81.9 % using HPLC detection. The discrepancy is related to the high 

background fluorescence of the polyester thread, a thread which was also significantly thicker 

than the alternative threads, providing a weaker and somewhat masked fluorescent signal. 

Acrylic had a very low trapping ability with a recovery less than 5% and nylon showed no 

trapping selectivity towards the alkaloids. To visualize the focussing and trapping process, a 

sample containing the analytes was applied on a control nylon thread and a nylon thread with 

a cotton knot, and both were subjected to TB-ITP, with the process filmed using a fluorescence 

microscope (videos4. S1 and 4.S2 within electronic supplementary information). In video 4.S1, 

the sample band moves through the nylon knot while its speed is reduced slightly inside the 

knot. It then keeps moving toward to the outlet reservoir with increased speed when it migrates 

out of the knot. Video 4.S2 shows that the sample band enters inside the cotton knot and 

remains completely trapped.  

      Although both silk and cotton showed the highest trapping efficiency of the materials 

investigated, there is considerable lint on the fibres of silk thread which can be detached during 

the DESI-MS desorption/ionization process and potentially enter into the MS, as reported in 

our previous work [19]. Cotton fibres, however, are relatively lint-free and therefore were 

selected as the material suitable for the trapping knot in the further TB-ITP-DESI-MS analysis. 

  

4.3.3   On-thread DESI-MS detection of trapped alkaloids  

      To obtain the highest on-thread signal sensitivity using the 2D-DESI system, the nature of 

thread, applied spray conditions, and solvent compositions require optimisation [44]. Herein, 

the operating parameters, including pressure of nebuliser gas, spray angle, spray solvent 

composition, and spray solvent flow rate were optimised. For optimisation, a cotton thread was 

loaded with 20 μL of a mixed alkaloid standard (1 µg mL-1) and dried at room temperature, 

without applying the TB-ITP process. The combined optimization results are shown in Fig. 

4.4, demonstrating how the operating conditions significantly affect the signal intensity for the 

three target alkaloids. The distance of the spray tip to the thread holder surface, the distance of 
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the spray tip to the MS inlet, and the distance of the MS inlet to the thread holder surface were 

optimized, considering our previous results as the starting point for the optimization [38]. 

Accordingly, the optimal distances of the spray tip to the thread holder surface, the spray tip to 

the MS inlet, and the MS inlet to the thread holder surface were obtained 5 mm, 3 mm, and 0.5 

mm, respectively. The maximum signal intensity, as a function of the nebuliser gas pressure, 

was obtained at 120 psi (Fig. 4.4a). The spray angle has an serious impact on the lift-off angle 

of desorbed/ionised analytes [45], with the best signal response was achieved when the spray 

angle was 46° (Fig. 4.4b). The spray solvent is usually a mixture of a volatile organic solvent 

(e.g., ACN, MeOH) and water, hence, the ratio of ACN and MeOH to water was investigated 

(Fig. 4.4c).  ACN was found to be superior to MeOH and 50% ACN showed the highest signal 

intensity. Usually, to improve the ionization efficiency in positive mode, 0.1% FA is added to 

the spray solvent. However, in this work, the addition of FA led to a decreased signal intensity. 

An upward trend was observed for the signal intensity with increasing spray solvent flow rate 

over the range of 3-12 µL min-1 with a maximum at flow rates > 10 µL min-1 (Fig. 4.4d). It was 

different to previously reported studies using a 2D-DESI sample slide [44], where the highest 

signals were obtained at flowrates of 3-5 µL min-1. It can be attributed to the difference of the 

geometric structure between 3D thread and conventional 2D-DESI sample slide, such that 

higher spray solvent flow rates were required to acquire a viable spraying spot size and to 

generate sufficient force for the analytes to be desorbed from the porous/fibrous cotton knot 

surface. However, at flow rates above 10 µL min-1, the signal intensity was seen to be unstable. 

Consequently, a maximum spray solvent flow rate of 10 µL min-1 was used for further analysis.  
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Figure 4.4 DESI-MS intensity optimisation for on-thread detection of 1 µL min-1 mixture of 

coptisine, berberine and palmatine. Nebuliser gas pressure (a), spray angle (b), type of spray 

solvent (c), and spray solvent flow rate (d).  
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4.3.4   TB-ITP-DESI-MS analysis of alkaloids  

      The main advantage of DESI-MS is its capacity for fast, direct, and in-situ analysis of 

samples. However, the lack of separation limits its application in complex samples due to the 

matrix interference. In this study, a TB-ITP setup with a trapping knot was coupled with DESI-

MS for the simultaneous sample pretreatment and a fast analysis of alkaloids in biological 

samples. A prerequisite for the DESI-MS analysis is dryness of the sample before being 

introduced into the DESI source, otherwise, the liquid sample could be blown away by the 

pressure of nebuliser gas. Hence, prior to the DESI-MS analysis, a continuous voltage of 500 

V was applied to dry the thread and trapping knot. The changes of current and voltage are 

shown in Fig. 4.S6. The TB-ITP experiment was performed under a constant current of 200 

µA for 5 min at which the sample was extracted and trapped onto the knot. Then, the constant 

current was changed to constant voltage of 500 V, which was the maximum voltage for 

facilitating the drying process without sample loss. The change from constant current to 

constant voltage is to avoid excess voltage (arcing) when the thread is approaching dryness. 

Here it was demonstrated that a thread with a very low moisture content is more suitable than 

a completely dried thread for TB-ITP. As can be seen from Fig. 4.S7, the signal intensity 

increased with decreasing moisture content (over the range of 5-20 µA), which is mainly 

attributed to reduced sample loss caused by the high-pressure nebuliser gas. However, the 

signal intensity decreased when the thread was totally dry. Our previous study showed a dry 

nylon thread delivered better signal response for therapeutic drugs [38]. This was possibly due 

to the very weak adsorption forces between the nylon and the model drugs. In that case, the 

signal response on a wet substrate was mainly affected by the dilution effect and the sample 

loss caused by high pressure nebuliser gas. Herein, the binding forces between the substrate 

and analytes are a major factor to determine the efficiency of desorption and ionization of 

analytes. Therefore, the existence of small amounts of moisture on the trapping knot surface 

can not only facilitate the desorption of analytes but also eliminate the possibility of sample 

loss. Additionally, the signal intensity on the cotton knot was found to be higher than on silk 

knot, likely due to the binding force between the alkaloids and silk being stronger than that on 

cotton, resulting in less desorption of sample ions. Hence, cotton was selected as the trapping 

material for further analysis.  

      Following TB-ITP separation and focusing of the analytes and drying of the thread and 

knot until the current reached to 5 µA (under constant voltage), the thread was removed from 
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the ITP platform and mounted on the thread holder platform on the automated sample stage for 

the DESI-MS analysis of the knot. The signal enhancement was evaluated by comparing the 

MS responses of a standard solution of the alkaloids with TB-ITP and without TB-ITP (Fig. 

4.5). A wide sample band (~2.4 cm) was observed for the sample without the TB-ITP focusing 

due to the wicking of the sample along the thread via capillary action. The signal to noise ratios 

(S/N) for coptisine, berberine and palmatine were 6.4, 10.4 and 5.9, respectively. In contrast, 

after knot-trapping using the TB-ITP method, the S/N ratios obtained were equal to 66.7, 92.9, 

and 56.3 for coptisine, berberine, and palmatine, respectively.  

      To evaluate the developed TB-ITP-DESI-MS method, the linear dynamic ranges (LDRs), 

relative standard deviations (RSDs), limits of detection (LODs), and limits of quantification 

(LOQs) for the test alkaloids were investigated. The calibration plots and calibration equations 

are shown in Fig. 4.S8. All analytes showed good linearity in the range of 5-500 ng mL-1, with 

linear regression coefficients higher than R2 = 0.99 and RSDs lower than 20%. The LODs, 

corresponding to the analyte amounts for which the signal-to-noise ratios (S/N) was equal to 

3, were 1.7 ng mL-1, 1.0 ng mL-1, and 1.5 ng mL-1 for coptisine, berberine and palmatine, 

respectively. The LOQs (S/N=10) were 5.0 ng mL-1, 3.5 ng mL-1, and 4.5 ng mL-1, respectively.
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Figure 4.5 Overlaid extracted ion chromatograms (EICs) of a mixture standard solution (0.1 µg mL-1) of the alkaloids (coptisine, m/z 320; berberine, 

m/z 336; and palmatine, m/z 352) with the TB-ITP focusing (a) and without the TB-ITP focusing (b), and their corresponding DESI-MS spectra (c 

and d), respectively. 
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4.3.5   Application to urine samples 

      To assess the applicability and reliability of the developed setup and methodology for the 

analysis of real samples of a complex matrix, the developed TB-ITP-DESI-MS method was 

applied for analysis of alkaloids within urine. The sample was collected from a healthy 

volunteer and spiked with 0.1 µg mL-1 of the alkaloids’ mixed standard. Both direct DESI-MS 

and TB-ITP-DES-MS were applied to the real sample analysis. First, the blank and fortified 

samples were directly applied to a conventional DESI sample slide, air dried at room 

temperature, and analysed. Then the blank and fortified samples were subjected to the TB-ITP-

DES-MS procedure and the results were compared with the direct DESI-MS analysis, as shown 

in Fig. 4.6. As can be seen from the results, the S/N of coptisine, berberine and palmatine for 

fortified urine sample were 7.0, 33.4 and 23.3 using direct DESI-MS analysis without TB-ITP 

sample pretreatment, while they increased to 81.9, 184.7 and 132.4 using the TB-ITP-DESI-

MS detection system, where sampling volumes were identical (5 µL). Therefore, the S/N values 

were improved 11.6-, 5.5- and 5.7-fold for coptisine, berberine and palmatine, respectively, 

using the developed method. This is attributed to the reduced matrix interference and sample 

perconcentration in the detection zone. It should be noted that the signal enhancement can be 

further improved by increasing the sample volume, as demonstrated in Fig. 4.6d. The blank 

and fortified urine samples were also analysed directly using HPLC and the results (Fig. 4.S9) 

demonstrated how non-target compounds in the matrix can co-elute with the target alkaloids 

and interfere with their detection. The chromatograms within Fig. 4.S9 also clearly show how 

extraction of the TB-ITP isolated alkaloids effectively eliminates these otherwise coeluting 

interferences. Recoveries were investigated for both TB-ITP-DESI-MS and ITP-HPLC-UV 

methods. The results are summarized in Table 4.S1 for comparison. The recoveries for the TB-

ITP-DESI-MS and ITP-HPLC-UV methods were over the range of 90.6-93.3% and 91.8-

104.1%, with RSDs in the range of 13.1-14.9% and 5.6-6.5%, respectively. The higher RSDs 

of the TB-ITP-DESI-MS procedure is somewhat expected for this mode of ambient MS and is 

herein deemed acceptable proof-of-concept study. This drawback can be addressed by 

development of an TB-ITP setup that can be embedded within the DESI platform, for 

automation and to reduce the operation steps. 
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Figure 4.6 MS spectra obtained by the direct DESI-MS analysis of the urine (a) and fortified (0.1 µg mL-1) urine samples (b), and MS spectra for 

the TB-ITP-DESI-MS analysis of the fortified samples, with sample volumes of 2 µL (c) and 5 µL (d).
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4.4   Conclusions  

      A TB-ITP platform and methodology was developed for the clean-up and preconcentration 

of biological samples with complex matrices. The samples were cleaned-up and focused using 

ITP on a nylon thread and then trapped onto a cotton knot, tied to the thread. The TB-ITP 

process was completed within 5 min and the trapped analytes could be rapidly analysed “on 

thread” using a DESI-MS system. Various commercially available threads with different 

chemical properties were investigated for the trapping knot to achieve the highset trapping and 

ionization performance. Cotton was chosen as it delivered the best adsorption properties and 

superior desorption/ionization capability. As a proof-of-concept study, this method was applied 

for the analysis of three alkaloids, as model small molecule analytes, in human urine. Following 

the inherent analyte concentration and elimination of matrix interferences using the TB-ITP 

process, up to an ~11-fold increase in the sensitivity (S/N) using DESI-MS was obtained, as 

compared with direct DESI-MS analysis.  

      In contrast to more standard approaches to such analyses, such as HPLC-MS, this simple 

separation method is approach is affordable and readily portable for on-site sample separation 

and trapping. As a unique feature, this separation approach is also capable of the analysis of 

complex samples with suspended particulate material, as the thread itself can act as a size-

exclusion filter for the removal of the particles, removing the need for sample filtration, as 

required for most instrumental separation methods. In the future, alternative ambient ionization 

sources (e.g., laser ablation electrospray ionization, LAESI [46]) which are capable of analysis 

of water-rich samples could be coupled to TB-ITP platform to further improve the sensitivity, 

automation, and convenience. 
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Supplementary Material 

 

Thread-based isotachophoresis coupled with 

desorption electrospray ionization mass 

spectrometry for clean-up, preconcentration, and 

determination of alkaloids in biological fluids  
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Video 4.S1.mp4
 

Video 4.S1 Electromigration of alkaloids on nylon bundle with a nylon knot. A 2-µL drop of 

a mix standard solution containing coptisine (10 µg mL-1), berberine (10 µg mL-1) and 

palmatine (10 µg mL-1) was dropped at 1 cm of thread. A cotton knot tied at the position of 4 

cm (total thread’s length was 5 cm). LE was 20 mM potassium acetate in 0.1 % PVP and TE 

was a 20 mM ꞵ-alanine solution in 0.1 % PVP. The pH of LE and TE was adjusted to 5.0 and 

4.7, respectively. TB-ITP experiment was performed in cathodic mode with a constant current 

of 200 µA. Speed was increased 32X. 

 

Video 4.S2.mp4
 

Video 4.S2 Electromigration of alkaloids on nylon bundle with a cotton knot. A 2-µL drop of 

a mix standard solution containing coptisine (10 µg mL-1), berberine (10 µg mL-1) and 

palmatine (10 µg mL-1) was dropped at 1 cm of thread. A cotton knot tied at the position of 4 

cm (total thread’s length was 5 cm). LE was 20 mM potassium acetate in 0.1 % PVP and TE 

was a 20 mM ꞵ-alaine solution in 0.1 % PVP. The pH of LE and TE was adjusted to 5.0 and 

4.7, respectively. TB-ITP experiment was performed in cathodic mode with a constant current 

of 200 µA. Speed was increased 32. 
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Figure 4.S1 Fluorescent intensity of palmatine (100 µg mL-1) as a function of TE and LE 

concentration under the TB-ITP process. Microscope was fixed at a 4 ± 0.2 cm distance from 

the TE reservoir. Here, the LE was 20 mM potassium acetate (pH = 5.0), and 0.1% PVP when 

the variable was TE concentration; the TE is 20 mM ꞵ-alanine (pH = 4.7), and 0.1% PVP when 

the variable is LE concentration. Applied current was 200 μ A. The length of the thread was 5 

cm. 
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Figure 4.S2 Calibration curve for the nylon thread, corresponding to known concentrations of 

palmatine to measured intensity. Herein, the calibration curve was constructed in the 

concentrations range 100 to 2000 µg mL-1 (three repeats each). For each concentration, we 

filled the nylon thread with a given concentration of palmatine and imaged it using fluorescence 

microscope at different positions along the thread. The intensities at various positions were 

averaged to obtain a mean fluorescence intensity corresponding to a given concentration. The 

dashed curve represents the linear trend line according to the data, which we utilize as 

calibration curves in this work. 
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Figure 4.S3 Standard calibration graphs obtained by direct injection of 0.1 µg mL-1 to 20 µg mL-1 solutions of coptisine (a), berberine (b) and 

palmatine (c) to the HPLC-UV system. 
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Figure 4.S4 Chromatograms of standard solutions of 1 µg mL-1 coptisine, berberine and 

palmatine by direct injection to HPLC (b), the injection of 1 µg mL-1 standard solution mixture 

after TB-ITP treatment (c), and the injection of blank solution obtained by TB-ITP pretreatment 

without adding sample solution (a). (1, coptisine; 2, berberine; 3, palmatine). 
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Figure 4.S5 Recovery of alkaloids on the six knots of different material following the TB-

ITP focusing. Recovery data as determined by direct fluorescence imaging and HPLC-UV 

detection. 
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Figure 4.S6 Voltage and current changes as a function of TB-ITP analysis time. A constant 

current was kept at 200 µA (from 0 to 5 min) and changed to constant voltage at 500 V (from 

5 min till dryness of the thread).
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Figure 4.S7 Signal intensity versus thread moisture for 0.1 µg mL-1 mixture of coptisine, berberine and palmatine on cotton knot (a) and silk knot 

(b). The thread moisture was represented by the current change on thread under constant voltage of 500 V. 
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Figure 4.S8 Calibration plots and calibration equations for the TB-ITP-DESI-MS analysis of coptisine (a), berberine (b) and palmatine (c) in 

aqueous samples. Concentration ranges for three alkaloids were from 5 ng mL-1 to 500 ng mL-1.



Chapter 4 

196 
 

 

Figure 4.S9 HPLC chromatograms of direct injection of alkaloids standards (a), blank urine (b), and blank urine spiked with 0.1 µg mL-1 of the 

analytes without (c) and injection after TB-ITP pretreatment (d). (1, coptisine; 2, berberine; 3, palmatine.)
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Table 4.S1. Recoveries and RSDs of alkaloids using different threads as a knot. 

Analytes 
Spiked 

(µg mL-1) 

TB-ITP-DESI-MS HPLC-UV 

Detected 

(µg mL-1) 

Recovery 

(%) 

RSD 

(%) 

Detected 

(µg mL-1) 

Recovery 

(%) 

RSD 

(%) 

Coptisine 0.1 0.93 93.32 13.07 0.92 91.82 6.53 

Berberine 0.1 0.91 90.64 14.85 0.92 92.32 5.62 

Palmatine 0.1 0.91 90.80 14.25 1.04 104.14 6.35 
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Chapter 5 

Nanomaterial-assisted thread-based 

isotachophoresis with on-thread solute trapping 

Abstract 

      This research describes a nanomaterial-assisted thread-based isotachophoresis (TB-ITP) 

for the clean-up, preconcentration and trapping of alkaloids in biological fluids, followed by 

the determination using desorption electrospray ionization mass spectrometry (DESI-MS). The 

reusable TB-ITP set-up and the DES compatible thread holder were 3D printed. A single nylon 

thread was employed as the ITP substrate, and a graphene oxide (GO) functionalized nylon 

thread was tied around the main ‘separation’ thread as the ‘trap’ for the trapping of ITP focused 

alkaloids. Compared to the direct DESI-MS sample analysis, the sensitivity of the proposed 

method for the model solutes were increased up to 10-fold, benefiting from the TB-ITP 

focusing and enrichment strategy. This proof-of-concept use of nanomaterial-modified threads 

in electrofluidic separation and concentration procedures opens up a promising avenue to 

explore, particularly with regard to sensitivity and selectivity of thread-based electrofluidic 

coupled with ambient ionization MS.  

 

Keywords: Thread-based isotachophoresis; Desorption electrospray ionization mass 

spectrometry; Alkaloids; Biological fluids; Graphene oxide  
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5.1   Introduction 

      Ambient ionization mass spectrometry (AIMS) provides a direct and in-situ approach for 

the analysis of complex samples, without or with minimal sample preparation, and accordingly 

has achieved considerable attention since it was introduced by Cooks et al. in 2004 [1]. To 

date, dozens of AIMS techniques have been developed and widely used for the analysis various 

analytes samples, ranging from environmental samples to forensic and medical diagnostics [2-

7]. AIMS has greatly expanded the range of applications to which mass spectrometry (MS) can 

be applied (e.g., direct analysis of solid materials), and in many instances simplified operational 

procedures. However, its sensitivity is typically lower than alternative methods, most notably 

hyphenated approaches, such as gas chromatography-mass spectrometry (GC-MS), and liquid 

chromatography-mass spectrometry (LC-MS), particularly in the absence of any sample 

separation and preconcentration, necessary for the ultra-trace analysis of complicated samples. 

To address this issue, a few microextraction techniques, such as solid-phase microextraction 

(SPME) [8, 9], liquid-phase microextraction (LPME) [10], and slug-flow microextraction 

(SFME) [11, 12], have been integrated to AIMS for clean-up and enrichment of analytes from 

complex matrices. However, these sample preparation techniques are somewhat complicated 

in operation, can be time-consuming, and provide varying extraction efficiencies. Hence, the 

development of low-cost, efficient, and easy-to-operate sample preparation strategies 

compatible with AIMS remains an area of potential interest.  

      Thread-based microfluidic analytical devices (µTADs), which utilize the wicking 

properties of fabrics and yarns to transport the fluids, have recently achieved much interest in 

the area of diagnostic devices, due to their low-cost, biocompatibility, low reagent 

consumption, portability, ease of fabrication and simplicity [13-15]. The developed thread-

based platforms have mostly been coupled with colorimetric [16, 17], electrochemical [18, 19], 

or fluorescence methods [20-24] which are not able to provide adequate sensitivity and 

specificity for the analysis of complicated sample matrices, such as biological fluids. In 

µTADs, the fluids are primarily transported through/along open channels on the thread, 

therefore, they have to be coupled with highly selective and sensitive ambient MS, as simple 

and low-cost sample preparation procedures for rapid detection, where the 

desorption/ionization process occurs on the surface and subsurface of samples presented on the 

substrate under ambient conditions [9]. To verify this, our group developed two thread-based 

electrofluidic methods including isoelectric focusing (TB-IEF) [25] and isotachphoresis (TB-
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ITP) [26], coupled with desorption electrospray ionization mass spectrometry (DESI-MS) for 

rapid analysis of analytes in biological fluids. The combination of µTADs with DESI-MS 

offered increased sensitivity and selectivity. TB-IEF-DESI-MS was mainly suitable for the 

analysis of large amphoteric molecules such as peptides and proteins. TB-ITP-DESI-MS was 

developed for the detection of small, charged molecules, while a ‘trapping zone’ was 

prerequisite for the capture of ITP purified and focused target solutes to prevent their migration 

to buffer reservoirs and to avoid diffusion-base band-broadening. However, in this primary 

investigation the feasibility of the method was limited to unmodified trapping materials, 

specifically commercially available threads [26].  

      Following the previously developed TB-ITP-DESI-MS system [26], in this Chapter, the 

unique sorption properties of nanomaterials were exploited to prepare functionalized threads 

as the trapping material, providing greater sorption capacity and potentially higher 

desorption/ionization efficiency. Herein, graphene oxide (GO), with a high specific surface 

area, adequate oxygen-containing polar functional groups, and extraordinary adsorption 

capacity, was used to modify the nylon thread by using bovine serum albumin (BSA) as the 

linker. The GO-modified thread was knotted on the main thread as the ‘trapping zone’ for the 

trapping of ITP focused solutes, followed by DESI-MS analysis. The analytical capability of 

this nanomaterial assisted-TB-ITP-DESI-MS method was demonstrated by analysing three 

model alkaloids (coptisine, berberine, and palmatine) in urine.  

 

5.2   Experimental section 

5.2.1   Reagents and materials  

      Analytical standards of coptisine chloride, berberine chloride, palmatine chloride, acetic 

acid solution, potassium acetate, ꞵ-alanine, polyvinylpyrrolidone (PVP), ammonia solution, 

triethylamine (TEA), formic acid (FA) and BSA were purchased from Sigma-Aldrich (NSW, 

Australia). Acetonitrile (ACN) and methanol (MeOH) were purchased from Honeywell 

Burdick & Jackson (Muskegon, MI, USA). Graphene oxide was prepared from graphite 

powder through an amended Hummers procedure, based on our previous studies [27, 28]. 

Ultra-pure water was prepared using a Milli-Q system (Millipore, Bedford, MA, USA).  

javascript:;
https://www.sigmaaldrich.com/catalog/product/sigma/smb00472?cm_sp=Insite-_-caSrpResults_srpRecs_srpModel_palmatine-_-srpRecs3-1
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      Nylon thread (diameter: 527 ± 48 μm) was purchased from a local shop (Spotlight, Hobart, 

Australia). The diameters of the threads were measured using an objective-type inverted 

microscope (Nikon Eclipse TE2000). The threads were washed with methanol and Ultra-pure 

water to remove the impurities and then they were plasma treated for 1.5 min at 18 W and 0.2 

Torr to increase the wettability and capillary action using a PDC-32G Harrick Plasma Cleaner 

(Harrick Plasma, Ithaca, NY), connected to a PlasmaFlo Gas Flow Mixer (PDC-FMG). 

 

5.2.2   TB-ITP device fabrication 

      The fabrication of the device was based on our previous studies [20-22, 25]. The TB-ITP 

device was composed of a rectangle polymethyl methacrylate (PMMA) base, two buffer 

reservoirs, a single string of nylon thread, and a GO coated nylon knot (Fig. 5.1a-b). The 

PMMA base of 15 × 8 × 0.5 cm (width × depth × height) was fabricated using a laser cutting 

system (Full Spectrum, Las Vegas, NV, USA) with two 3 mm square holes for the arrangement 

of buffer reservoirs. Buffer reservoirs and thread holders were designed using Draftsight CAD 

software (SolidWorks Corp., Dassault Systems, France) and 3D printed using an Eden 260VS 

system (Stratasys, MN, USA), with VeroClear as the build material, and SUP707 as the water-

soluble support material. After printing, the support materials were removed using blade, 

followed by agitation in a 2% NaOH for 2 hours, and finally rinsed with Milli-Q water for 4 

hours using a benchtop orbital shaker. The buffer reservoirs were recyclable after ultrasonic 

washing with 2% NaOH and Milli-Q water. Each buffer reservoir contained a hoop for the 

thread to be tied to, a cylindrical hole in the middle for the placement of the electrode (platinum 

wires), two horizontal rollers to ensure the thread passed through the lower part of the reservoir, 

a basin for buffer storage, and a 3-mm squared convex pin at the bottom for fixing of the buffer 

storage basin. The distance between two buffer reservoirs was 5 cm. A thread holder was also 

3D printed for DESI-MS analysis, for the placement of the thread after TB-ITP procedure. The 

thread holder was fixed onto the freely moving sample stage of the 2D DESI ion source. It 

consisted of three pairs of concave pillars in the middle for the arrangement of threads and two 

lower stylobates for the immobilization of threads using adhesive tapes (Fig. 5.1c).   
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Figure 5.1 Schematic illustration of the TB-ITP-DESI-MS set-up. The TB-ITP setup coupled 

with fluorescence detection (a), Photograph of the 3D printed TB-ITP platform (b) and the 

thread holder fixed on DESI moving sample stage for MS detection (c).  
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5.2.3   Preparation of BSA/GO-modified nylon thread 

      The nylon thread was first cleaned by 10 min sonication in MeOH and purified water 

sequentially. Afterwards, the nylon thread was soaked in a 0.5 wt% BSA solution for 10 min, 

dried in a fume hood for 1 hour and rinsed with pure water to remove the excessive BSA. The 

BSA-coated nylon thread was then immersed into a 2 mg ml-1 GO solution (pH = 4.0) and 

sonicated for 10 min to be coated by GO. The BSA/GO-modified nylon thread was then 

conditioned into an oven for 20 min at 120 °C. This process was repeated four times to obtain 

enough GO attached onto the nylon thread. Finally, the BSA/GO coated nylon thread was 

washed with pure water to remove the non-attached GO and dried at 110 °C for 30 min.  

 

5.2.4   Solute trapping following the TB-ITP clean-up and 

focusing 

      The TB-ITP experiments were performed in cathodic mode where the anode and cathode 

connected to the terminating electrolyte (TE) and the leading electrolyte (LE) buffer reservoirs, 

respectively. The LE contained 20 mM potassium acetate and 0.1% PVP and the TE consisted 

of 20 mM ꞵ-alanine solution and 0.1% PVP. The pH of the LE and TE was adjusted with 1M 

acetic acid to 5.0 and 4.7, respectively, using addition appropriate amounts of a 1 M acetic acid 

solution. The voltage was applied using an in-house built 4-channel (0-5 kV) DC power supply, 

interfaced to a computer using a 16-Bit, 400 kS/s multifunction DAQ system (USB-6008 OEM, 

National Instruments, Austin, TX, USA).  The system control and data acquisition were 

conducted using LabView v11.0 software. The TB-ITP clean-up, focusing and knot trapping 

were visualised using a USB driven AM4113T-GFBW microscope (Dino-Lite Premier, 

Clarkson, WA, Australia), fitted with a blue LED for the excitation and a 510 nm emission 

filter.  

      The TB-ITP setup was prepared according to our previous work [25]. Briefly, the thread 

was passed under horizontal guiding rolls and tied to the back hoop of TE and LE buffer 

reservoir. A BSA/GO coated nylon trapping knot was tied to the main thread at 4 ± 0.2 cm 

distance from the TE and 1± 0.2 cm distance from the LE buffer reservoir to trap and stop the 

ITP focused alkaloids. Thread was wetted with LE buffer and then the inlet and outlet buffer 

reservoirs were filled with 50 µL TE and LE buffers, respectively. Then, 2 µL (unless stated 

otherwise) of sample solution was applied to the thread at 1.0 ± 0.1 cm from the TE buffer 
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reservoir using a pipette. Subsequently, a constant current of 200 µA was applied to the TB-

ITP electrodes until the end of the migration time. The migration time of the solutes to the 

trapping knot was 5 minutes at which they were separated from the sample matrix and focused 

into a narrow band. After trapping, the constant current was changed to constant voltage of 500 

V until the current decreased to 5 µA, to dry the thread and prepare it for the DESI-MS analysis 

[26]. The voltage and current changes are shown in Fig. 5.2. Finally, the thread with solutes 

captured by the trapping knot was the TB-ITP system and fixed on the thread holder for 

subsequent DESI-MS analysis.  
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Figure 5.2 Voltage and current changes versus TB-ITP time. A constant current was applied 

at 200 µA (from 0 to 5 min) and changed to constant voltage at 500 V (from 5 min till dryness 

of the thread). 
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5.2.5   HPLC analysis  

     HPLC analysis was used to validate the DESI-MS data and calculate the trapping efficiency 

of the BSA/GO-coated knots. The HPLC experiments were performed using an Ultimate 3000 

HPLC system (Thermo Fisher Scientific, San Jose, CA, USA) equipped with an LPG-3400RS 

pump, a WPS-3000TXRS autosampler, and a DVD-3000RS UV detector was used for the 

determination of the trapping efficiency of GO coated nylon knots. An Accucore C18 column 

(2.6 µm, 150 × 2.1 mm, Thermo Fisher Scientific) was used for the chromatographic 

separation. The flow rate was 0.4 mL min-1 with the injection volume of 10 μL. The column 

temperature was maintained at 40°C and the detection wavelength was set at 343 nm. The 

mobile phases were water/FA/TEA, 100/2/0.1 (solvent A) and MeOH (solvent B). The gradient 

was as follows: 30% B (0-4 min), 30%-33% B (4-6 min), 33%-95 %B (6-10 min), 95% B (10-

15 min), 30% B (15-20 min). 

      Once the alkaloids were trapped after TB-ITP process, a tiny piece of the nylon thread (on 

which the trapping knot was fastened) was cut and transferred into a 1.5 mL Eppendorf tube 

using clean tweezers. Next, 300 µL MeOH/water/ammonia solution (50/50/5 v/v/v) was added 

to the tube and sonicated for 5 min followed by centrifugation at 8000 rpm for 10 min to isolate 

and collect the remaining solution. The sonication/centrifugation process was repeated three 

times. Finally, the extracted solutions were combined and diluted to 1 mL with water for HPLC 

analysis.  

 

5.2.6   DESI-MS analysis 

      The MS analyses were carried out on a micrOTOF-Q mass spectrometer (Bruker Daltonics, 

Bremen, Germany) equipped with a Prosolia Omni Spray 2D DESI Ion Source (Prosolia Inc., 

Indianapolis, Indiana, USA) in positive mode with a capillary voltage at 3.5 kV. The MS scan 

range was 50-500 m/z. Desolvation gas temperature was set at 300 °C with a flow rate of 8 L 

min-1. The optimal distance of the spray tip to the thread holder surface (d1), the spray tip to 

the MS inlet (d2), and the MS inlet to the thread holder surface (d3) was 5 mm, 3 mm and 0.5 

mm, respectively. The spray impact angel was 46°. ACN with 0.5% ammonia solution was 

used as the spray solvent and delivered at a flow rate of 600 µL min-1 using a syringe pump. 

The pressure of the nebulising gas (nitrogen) was set as120 psi.  
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5.2.7   Preparation of standard solutions and urine samples 

      A mix stock standard solution of the alkaloids was prepared by dissolving in pure water to 

a concentration of 1 mg mL-1. The working solutions were obtained by diluting the stock 

solution to desired concentrations. The urine sample was obtained from a healthy volunteer 

donor. The stock, working standards, and sample solutions were stored in dark in a refrigerator 

at 4 °C. 

 

5.3   Results and discussion 

5.3.1   Preparation and characterization of BSA/GO-modified 

nylon thread 

       GO with a large specific surface area and numerous oxygen containing functional groups 

(carboxyl, hydroxyl, ketone, epoxy, etc.), particularly on the edges of its single-layer sheets, 

exhibits a significant negative surface charge over pH range 2-10 [29]. This feature enables it 

to effectively trap cationic species from aqueous solutions. Exploiting this selectivity, GO was 

applied for the trapping of TB-ITP purified and focused alkaloids based upon the electrostatic 

interaction between the negatively charged surface of GO and positively charged nitrogen 

atoms in the alkaloids. BSA was applied as an adhesive linker to improve the adsorption and 

coverage of GO upon the nylon thread surfaces, based upon bioconjugates between BSA and 

GO [30-32]. To realize these interactions the overall charge of BSA was changed from positive 

to negative by adjusting pH to 5.1, as lower pH values are necessary to obtain a sufficient self-

assembly between the GO nanosheets and BSA [32, 33]. The pH of GO suspension solution 

was maintained at 4. The morphology of the functionalized threads was examined using 

scanning electron microscopy (SEM). As shown in Fig. 5.3, the diameter of the GO coated 

thread did not increase significantly, indicating a uniform and contiguous thin layer of BSA/GO 

with negligible effect on the morphology of the nylon. Additionally, the wrinkles and ripples 

on the surface of the BSA/GO coated thread demonstrated the successful functionalization. 

This was further confirmed by the TB-ITP experiments discussed in the following section.
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Figure 5.3 SEM images of nylon (a, b, c) and BSA/GO-modified nylon threads (d, e, f). (a, d: scale bar = 10 μm; b, e: scale bar = 2 μm; c, f: scale 

bar = 500 nm).
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5.3.2   Evaluation of the trapping performance of BSA/GO-

modified nylon thread  

      As the TB-ITP procedure is triggered and controlled by the applied electric field, the solutes 

are focused into narrow bands and keep moving until they reach the outlet buffer reservoir. On 

the other hand, a relatively dry substrate is required for the DESI-MS analysis, to improve the 

desorption process and to prevent the sample loss in the wet substrate by the nebuliser gas. To 

address these issues, in this work, a simple and effective trapping knot was introduced for the 

capture of the TB-ITP focused target solutes, followed by subjecting it to DESI-MS for a rapid 

and sensitive analysis.  In the meanwhile, the target analytes can be retained on the trapping 

knot without observable band diffusion when a high voltage was applied to facilitate the dry 

process. 

      The performance of the trapping BSA/GO-functionalized nylon for alkaloids was 

investigated by knotting it to the TB-ITP substrate at a position 4-cm from the TE buffer 

reservoir, where the ITP focusing was completed. A more intuitive understanding of the 

difference between a conventional knot and the BSA/GO-coated knot for the trapping of the 

TB-ITP focused alkaloids is possible by watching two sample videos recorded under the 

fluorescence microscope (see videos 5.1 and 5.2).  Video 5.1 shows movement of the alkaloids 

band across the TB-ITP substrate and its passage through an unmodified nylon knot. The 

focused band kept migrating forward until approaching the outlet buffer reservoir, although a 

reduced migration rate was observed when the band migrated through the knot. Video S2 

displays the complete trapping when the focused band enters into the BSA/GO-coated nylon 

knot. The fluorescence signals of alkaloids were completely quenched once they arrived at the 

knotted zone and no fluorescence signal (solute) was observed to escape from this zone even 

after a continuous voltage of 500 V was applied for 10 mins, which means the alkaloids were 

completely trapped on the functionalized knot [34]. To certify this, a HPLC method was 

developed for the accurate determination of alkaloids trapped on the knot. The calibration 

curves and HPLC chromatograms of the three alkaloids acquired by direct injection and 

obtained after TB-ITP focusing are shown in Fig. 5.4 and Fig. 5.5. The method showed good 

linearity (R2 ≥ 0.9993) for the tested alkaloids over the range of 0.1 - 10 µg mL-1.  As stated in 

Section 5.2.5, the trapping knot was cut, and the solutes were extracted for HPLC analysis after 

10 min TB-ITP process. MeOH was used as the desorption solvent according to a previous 

study [35]. Since pH of the desorption solution plays a key role in the elution of alkaloids from 
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the functionalized nylon knot, ammonia solution was added to the eluent. The volume percent 

of ammonia solution in the eluent was optimised to facilitate the elution process. As is shown 

in Fig. 5.6a, the optimal amount of ammonia solution a in MeOH was 5% (v/v) which resulted 

in recoveries between 98.8-100.3%. In addition, number of the coating cycles of the trapping 

knot were also investigated. As depicted in Fig. 5.6b, a 4-cycles coating process was found to 

be the most beneficial as it gave a superior trapping capability (96.6 - 100.2%) with the lest 

functionalization cycles.   
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Video 5.1.mp4
 

Video 5.1 Electromigration of alkaloids on a 5-cm nylon thread with a nylon knot tied at the 

position of 4 cm.  Sample: 2 µL of alkaloids standards mixture containing coptisine (5 µg mL-

1), berberine (5 µg mL-1) and palmatine (5 µg mL-1). LE: 20 mM potassium acetate in 0.1 % 

PVP (pH = 5.0); TE: 20 mM ꞵ-alanine solution in 0.1 % PVP (pH = 4.7). TB-ITP experiment 

was performed in cathodic mode with a constant current of 200 µA. Speed was increased 64X. 

 

Video 5.2.mp4
 

Video 5.2 Electromigration of alkaloids on s 5-cm nylon thread with a GO coated nylon knot 

tied at the position of 4 cm. Sample: 2 µL of alkaloids standards mixture containing coptisine 

(5 µg mL-1), berberine (5 µg mL-1) and palmatine (5 µg mL-1). LE: 20 mM potassium acetate 

in 0.1 % PVP (pH = 5.0); TE: 20 mM ꞵ-alanine solution in 0.1 % PVP (pH = 4.7). TB-ITP 

experiment was performed in cathodic mode with a constant current of 200 µA. Speed was 

increased 64X.  
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Figure 5.4 Calibration curves and linear regressions of three alkaloids solutions obtained by direct HPLC-UV analysis in the range of 0.1 µg mL-

1 to 10 µg mL-1.
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Figure 5.5 HPLC chromatograms of a blank solution (a), a 200-ng mL-1 standard solution of 

the alkaloids (1: coptisine, 2: berberine, and 3: palmatine) by direct injection (b), and the 

injection of 10 µL desorption solution from 200 ng of alkaloids after the TB-ITP focusing and 

trapping on the functionalised knot (c).  
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Figure 5.6 Parameters optimization for the improvement of elution efficiency and trapping capacity. Effect of ammonia concentration on solute 

recovery for alkaloids from BSA/GO trapping knot (a), and coating cycles for the functionalization of nylon knot with BSA/GO for sufficient 

trapping capacity (b). 
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5.3.3   TB-ITP-DESI-MS analysis  

      As the dryness of the sample is a prerequisite for DESI-MS to avoid sample loss, the TB-

ITP separation substrate and trapping knot should be dried before conducting DESI-MS 

analysis. Two different ways were investigated for this purpose. In the first method, which was 

used for the conventional TB-ITP method (without trapping knot), the voltage was turned off 

once the alkaloids were completely focused and the thread dried at room temperature for 60 

min and subjected to the DESI-MS analysis. The second method was used for the TB-ITP 

procedure with the trapping knot. In brief, a constant voltage of 500 V was continuously applied 

to accelerate the dryness, after the TB-ITP focused band migrated into the trapping knot. Then, 

the thread with the alkaloids trapped on the knot was exposed to DESI-MS for detection, once 

the current decreased to 5 µA (in constant voltage mode, 500V) where it offered best signal 

response. The DESI-MS signals of both methods are compared in Fig. 5.7. A narrow intense 

signal band was obtained for the trapping knot (Fig. 5.7a), while the conventional method, 

without the trapping knot, created a wide signal window (Fig. 5.7b) due to the band diffusion 

caused by capillary action. As a result, the sensitivity was increased approximately 3-fold by 

using a BSA/GO functionalized nylon knot to retain the TB-ITP focused alkaloids, as depicted 

in their corresponding DESI-MS spectra in (Fig 5.7c-d). 
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Figure 5.7 Overlaid extracted ion chromatograms (EICs) of 0.1 µg mL-1 alkaloids standard solution (coptisine, m/z 320; berberine, m/z 336; and 

palmatine, m/z 352) obtained by TB-ITP with GO coated nylon knot trapping (a) and without knot trapping (b) and their corresponding DESI-MS 

spectra (c and d), respectively. Sample volume: 2 µL. 
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      The proposed method was validated in terms of the linearity, relative standard deviations 

(RSDs), limits of quantification (LOQs) and limits of detection (LODs) for three model 

alkaloids. The calibration curves and regression equations are shown in Fig. 5.8. The proposed 

method showed good linearity (R2 ˃ 0.99) over the range of 5 ng mL-1 to 1000 ng mL-1 for the 

model alkaloids. The RSDs were less than 20%, which can be considered acceptable for a 

proof-of-concept study. The LOQs, corresponding to the signal-to-noise ratio (S/N) of 10, were 

4.8 ng mL-1, 3.2 ng mL-1, and 3.8 ng mL-1 and the LOQs (S/N = 3) were 1.9 ng mL-1, 1.0 ng 

mL-1, and 1.2 ng mL-1, for coptisine, berberine and palmatine, respectively.  
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Figure 5.8 Calibration curves and regression equations of three model alkaloids acquired by the developed TB-ITP-DESI-MS strategy with a 

BSA/GO coated trapping knot.
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5.3.4   Determination of alkaloids in urine sample 

      The applicability of the developed nanomaterial-assisted TB-ITP-DESI-MS method was 

evaluated by analysing alkaloids in urine sample. For comparison, the samples were analysed 

using both direct DESI-MS and the developed method. In direct DESI-MS analysis, the urine 

sample and the fortified urine sample (0.1 µg mL-1) were directly added to the sample slides 

and analysed after drying under room condition. In the TB-ITP-DESI-MS method, the fortified 

urine sample was subjected to TB-ITP focusing and knot trapping followed by drying step by 

applying voltage and finally subjected to the DESI-MS system for the measurement. As can be 

seen in Fig. 5.9, the sensitivities of the proposed method for coptisine, berberine and palmatine 

were 7.8-, 9.2- and 9.0-fold higher than that obtained using direct DESI-MS analysis, resulting 

from the separation of the solutes from the urine matrix and their subsequent concentration 

upon the trapping knot. It also demonstrated that the sensitivity can be improved by increasing 

the sample volume. As is depicted in Fig. 5.9d, when the sample volume increased to 10 µL, 

the sensitivities of the developed method for three alkaloids were increased to 8.9, 10.0 and 

9.4-fold, respectively. This is only possible by using the TB-ITP-DESI-MS method. The 

maximum sampling volume for direct DESI-MS is 5 µL. The sensitivities were not increased 

as much as expected when the sample volume was increased to 10 µL. This is because the 

sample volume of 10 µL was more than the device can accommodate due to its limited length. 

Therefore, a portion of the sample solutes enter to the TE buffer reservoir, thereby leading to 

sample loss. However, this disadvantage can be addressed by simply using a longer thread and 

a wider trapping zone, at the expenses of longer TB-ITP focusing time. 
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Figure 5.9 MS spectra obtained using direct DESI-MS analysis of a urine sample (a) and the fortified (5 µL, 0.1 µg mL-1) urine sample (b), and 

MS spectra for the analysis of the fortified urine sample with sample volumes of 5 µL (c) and 10 µL (d) using the TB-ITP-DESI-MS method.
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5.4   Conclusions  

      This research presents a nanomaterial-assisted TB-ITP-DESI-MS method for the clean-up 

and preconcentration of small molecules in complex biological samples. The TB-ITP method 

was coupled with DESI-MS by taking advantage of a BSA/GO functionalized nylon knot tied 

to the TB-ITP substrate for the retention of focused solutes. This approach delivered an 

increased sensitivity due to synergy of ITP clean-up and preconcentration and the trapping of 

the focused solutes on the BSA/GO-functionalized trapping zone. The performance of this 

setup and strategy was demonstrated by analysing model alkaloids in urine samples. Compared 

with the traditional direct DESI-MS analysis, the sensitivity of this method was enhanced up 

to 10-fold due to the reduced matrix interference and increased analyte concentration. This 

research has opened up a new perspective to use a wide range of novel nanomaterials with 

different sorption features, to achieve higher selectivity for sample clean-up, separation, and 

trapping of particular solutes in the TB-ITP procedure. 
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Chapter 6 

Conclusions and future directions 

 

6.1   Conclusions 

      µTADs have been widely investigated for on-site diagnostics and have made great 

achievements. Although these devices offer several benefits, such as low-cost, low reagent 

consumption, portability, etc, there has been very little research focused on the utilising of 

µTADs for sample preparation and integrated to other detection techniques which can provide 

high sensitivity and qualitative information. Ambient MS, due to its ambient operation of 

conditions and no or minimal sample preparation requirement for standard applications, has 

attracted considerable attention and has been applied for a variety of applications. One 

challenge of ambient MS is the lack of sample pretreatment, making it difficult for the detection 

of low concentration analytes in complicated samples. Our research first developed eTADs for 

the pretreatment of complex biological samples and coupled with DESI-MS for rapid and 

sensitive analysis.  

      In Chapter 3, a thread-based isoelectric focusing device was developed for the separation 

and concentration of proteins and coupled with DESI-MS for direct “on-thread” detection. A 

platform composed of a base and two removable buffer reservoirs was 3D printed for the 

thread-based electrofluidic experiments. A 3D printed thread holder used for the arrangement 

of the TB-ITP processed thread with focused solutes and subjected to the moving sample stage 

for the DESI-MS analysis. As the moisture of the thread highly affected the signal intensity of 

DESI-MS, after the completion of IEF procedure, continuous voltage was applied to facilitate 

the dryness of the thread. By getting benefit from the enrichment of analytes and the elimination 

of matrix interferences using TB-ITP-DESI, the sensitivity of the method was increased 10-

fold.   

      However, the versatility of TB-ITP is limited, as IEF is mainly for the separation and 

stacking of proteins and peptides with big molecular weight, the versatility of TB-ITP is 

limited. To improve the usability and applicability of thread-based electrofluidic coupled with 

ambient MS, thread-based isotachophoresis was developed for the separation and 
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preconcentration of small, charged analytes, followed by DESI-MS analysis. One limitation of 

TB-ITP-DESI-MS is that the focused solutes bands would continuously migrate along the 

thread until they reach the outlet buffer reservoir under constant electric field, or otherwise the 

focused solute bands would diffuse rapidly when the electric field is removed. To address this 

problem, a ‘trapping zone’ was embedded on the main thread at a position where the ITP was 

completed for the retaining of ITP focused analytes. Six different knots made from 

commercially available threads were investigated to obtain a good trapping performance 

towards model alkaloids (coptisine, berberine and palmatine). Cotton was proved to be the 

optimal trapping material due to its highest trapping capacity and superior 

desorption/ionization efficiency. The TB-ITP-DESI-MS device was successfully applied for 

the analysis of alkaloids in urine samples. Due to the preconcentration and purification 

properties of TB-ITP, the sensitivity of this method for coptisine, berberine and palmatine was 

enhanced 11.6-, 5.5- and 5.7-fold, respectively, compared to direct DESI-MS detection.  

      As the efficiency of the trapping material to target analytes is highly dependent on the 

physical and chemical properties of the surface. In chapter 5, a nanomaterial sorbent was 

employed for the modification of the thread to obtain a desired trapping performance and 

improve the feasibility and applicability of TB-ITP-DESI-MS. For this purpose, the nylon 

thread was coated with GO using BSA as an adhesive linker. The GO treated thread was then 

embedded (knotted) on the electrophoresis substrate for the trapping of TB-ITP focused solutes. 

The trapping performance of GO treated thread was evaluated using HPLC-UV method to 

detect the amount of target analytes (alkaloids) trapped on the knot. The results indicated that 

higher than 90% of the alkaloids were trapped on the GO-nylon knot. Subsequently, the 

nanomaterial-assisted TB-ITP was coupled with DESI-MS for the determination of model 

alkaloids in urine samples. The resulted demonstrated that compared with the traditional direct 

DESI-MS analysis, the sensitivity of this method for coptisine, berberine and palmatine was 

enhanced 7.8-, 9.2-, 9.0-fold, respectively. Apart from the higher sensitivity enhancement and 

better selectivity than the method described in Chapter 4, this procedure provided a new 

strategy for the selective enrichment and trapping of target molecules in complex samples 

utilising a wide range of nanomaterials with different features for the functionalisation of 

commercially available threads.  

 

6.2   Issues 
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      During the research, we have encountered several issues: 

(1) A relative dryness of the sample is a prerequisite for DESI-MS system, as the wet sample 

could be blown away by nebuliser gas. Therefore, a dryness procedure is required after the 

thread-based electrophoretic process. This increases the total analysis time and reduces the 

automation.  

(2) The size of the automated sample stage of the DESI source for the arrangement of the 

commercial sample plate cannot fit well with the thread-based electrophoresis platforms. This 

makes it difficult to combine eTADs with DESI-MS for online analysis.  

(3) Due to the inherent properties of thread such as softness and stretchability, it is hard to keep 

the diameter of the thread constant in the fabrication of eTADs. In this case, the resistance of 

the device could be different even when the applied voltage or current remain the same, resulted 

in reduced repeatability and reproducibility. 

 

6.3   Future directions 

      The research can be continued in the following aspects: 

(1) Various ambient ionization sources can be coupled to the thread-based electrofluidic 

devices, such as laser-assisted ambient ionization, which is suitable for water-rich samples and 

can increase the method sensitivity. In addition, laser-assisted ambient ionization techniques 

have the potential to fabricate online eTADs-ambient MS platform to improve the automation 

and convenience. 

(2) The TB-ITP platform can be improved to fit the automated sample stage of the DESI source 

using 3D printable materials with higher mechanical strength. Additionally, the sample stage 

can be modified so that online eTADs- ambient MS will be possible. 

(3) Various functional materials, like metal-organic frameworks (MOFs), covalent-organic 

frameworks (COFs), and molecularly imprinted polymers (MIPs) can be used for the 

modification of thread for the selective enrichment of interested molecules in complex samples, 

and utilising the thread itself as a desorption/ionization substrate for direct ambient MS analysis.  
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(4) It is worthwhile to develop low-voltage eTADs to minimise the instrumentation

requirement and provide the possibility of coupling with portable detection techniques (e.g., 

miniature mass spectrometer) for POC diagnostics or on-site analysis.
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