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Abstract 

A state-of-the-art miniaturised and field-portable liquid chromatography (LC) 

system has been developed for use in the pharmaceutical sector. Developments 

on the instrumentation included (1) a small-footprint high-pressure pumping 

system that allows fast LC separation, (2) integration of an auto-sampling 

interface that enables automatic injection and cleaning, (3) utilisation of high-

efficiency LC columns for fast separation, (4) adoption of robust and versatile 

detection approaches with superior sensitivity. 

The first phase of development involved the integration and performance 

testing of a fully automated hand-portable capillary LC system with a total weight 

of ~2.7 kg. This portable LC integrated multiple small footprint LC components 

within a 3D-printed enclosure, including a modular microfluidic system with 

automatic injection, column heater, and low-UV light emitting diode (LED) 

based Z-cell absorbance detector. This portable LC when used with a 5 µm C18 

column (100 mm × 300 µm I.D.) delivered highly reproducible chromatograms 

with retention time and peak area relative standard deviations (RSDs) of <0.7% 

and <3.3% in isocratic mode (n = 10), as well as of <0.1% and <2.3% in gradient 

mode (n = 10), respectively, with sub-4 min run times. Limits of detection 

(LODs) for four test small molecule pharmaceuticals ranged from 65 to 101 µg·L-

1 based on a 316 nL injection volume, with separation efficiencies between 18,000 

and 29,700 N·m-1. In addition, the portable LC was coupled to a small footprint 

mass spectrometer (MS) to demonstrate compatibility and ‘point-of-need’ LC-

MS capability. 

The limitations and improvements of low-UV LED and Z-cell based 

absorbance detection were addressed in the second phase. Commercial low-UV 

LEDs produced limited spectral outputs with low external quantum efficiencies 

(EQEs), which affected the detection sensitivity, especially when light was 

transmitted through narrow capillary-format optical paths. In order to achieve 
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higher emission intensity, the LED was operated at high input currents. However, 

this led to a stressed LED as a result of excessive heat generation. A solution 

proposed and investigated herein was to apply active cooling for effective heat 

dissipation, which recovered the performance of the affected LED. Hence, a 

simple 3D-printed liquid cooling interface was developed for low-UV LED based 

absorbance detection. This active cooling interface improved LED performance 

by reducing noise and LOD by a factor of 2 as well as shortening equilibration 

time by 6-fold. Another solution was to use a high-power UV-LED in conjunction 

with collimating lenses to increase photon throughput. A novel surface mount 

device (SMD) LED emitting at 235 nm with improved output power and EQEs, 

was used in capillary-scale UV detection. This SMD had extremely low light 

transmission (~0.001%) through the 100 × 100 µm channel of the Z-cell detector, 

so the optical alignment was optimised by the simulation and integration of 

focusing lenses into the optical path. A 9-fold increase of light transmission with 

a dual-lens setup yielded an enhancement of detector sensitivity by a factor of 

2.2. 

In the third phase, an upgraded portable LC with higher pressure capability 

was deployed as process analytical technology (PAT) for use within an industrial 

pharmaceutical setting, namely reaction monitoring prototype (RMP). For at-line 

analysis, a self-packed 3.5 µm XBridge C18 capillary column was used for 

separation in the RMP system. The difference in quantitation of the starting 

compound between the RMP and a full-sized benchtop LC was minimal, which 

is not statistically significant. To cope with the sample degradation issue within 

a highly aqueous environment, a normal-phase LC was attempted using a 1.7 µm 

BEH HILIC packed capillary column on the RMP system. A successful attempt 

at developing an on-line coupling of the RMP system with a sample dilution cart 

demonstrated its high potential and flexibility as a robust PAT approach. 
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Chapter 1: Introduction 

 

1.1. Overview 

LC is a well-established analytical technology. Whilst achieving great 

commercial successes and being regarded as a gold standard in quality control, 

process monitoring and diagnostics, at the current time most commercial LC 

systems are only available as large laboratory bench-top instruments, requiring 

skilled operators and precise maintenance. In addition, traditional sampling 

approaches, taken in isolation from the laboratory, result in long transfer 

processes and time delays, which can lead to the potential degradation or 

contamination of samples, and as a consequence the results could be biased in 

reflecting the actual sample’s original state. Therefore, smaller footprint 

analytical devices are required to move from the laboratory to the sample in 

order to conduct real-time analysis. A developing trend in LC follows two very 

significant themes in modern analytical chemistry, namely miniaturisation and 

green chemistry, delivering reduced instrumental size and the lowered chemical 

consumption, as a consequence of analytical scale reduction [1-3]. Compact LC 

instrumentation with smaller footprint and hand-portability is expected to 

provide greater flexibility and plug-and-play capability for field deployment. 

Moreover, to achieve minimal usage and transportation of solvents and 

chemicals, CapLC can reduce mobile phase solvent consumption by up to 1000-

fold, as compared to widely used standard-scale LC based on 2.1 mm and 4.6-
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mm I.D. microbore and standard-bore columns [2]. There are three major 

challenges for the developing and applying integrated miniaturised and portable 

capLC systems: (1) there are limited options for off-the-shelf LC components 

that meet the requirements of miniaturised analytical formats; (2) the 

functionality and performance of miniaturised LC components is generally not 

at the required level in terms of pressure capability and detection sensitivity 

common with current lab-based systems; (3) there is a trade-off between 

functionality and unit cost (as well as the instrumental size), i.e. whether to 

sacrifice functionality for cost savings. Moreover, portable LC may be of 

interest to a relatively small portion of the overall LC market, in comparison 

with other portable analytical devices, such as portable GC [4, 5], CE [6, 7] and 

MS [8, 9], so that a high investment cost in the development and manufacture 

may result in only limited production numbers. To set these general 

observations into proper context, within this Chapter, the current state-of-the-art 

position for each of the functional components within a potential miniaturised 

and portable LC system, i.e. pumping system, injection system, column, and 

detection, as well as the integration of system components, are reviewed. 

 

1.2. Miniaturised capLC components 

1.2.1. Pumps 

The development of miniaturised LC is driven primarily by advances in the 

pumping system. The most common format for a miniaturised LC pump is the 
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positive displacement pump. The positive displacement pump moves liquid by 

trapping a defined amount of liquid and displacing it into the discharging 

channel. There are three major types of positive displacement pumps: rotatory 

pump, reciprocating pump and syringe pump. Rotatory pumps, such as 

peristaltic pumps, deliver highly pulsed flow, which is not recommended for use 

in miniaturised LC systems. Reciprocating pumps can maintain a liquid flow for 

long periods of time depending on the volume of the reservoir, while syringe 

pumps have to be refilled before the whole syringe volume is dispensed. On the 

other hand, syringe pumps can provide pulse-free fluid delivery where 

reciprocating pumps can show flow pulsations at relatively low flow-rates [10]. 

Reciprocating pumps are commonly used in commercially available benchtop 

LC systems [11] as they are robust and can provide reproducible flow-rates and 

gradients operated at high pressures. However, reciprocating pumps are bulky 

and difficult to miniaturise. The generation of micro flow-rates by splitting the 

flow of a standard LC pump will not be discussed here, as this approach still 

applies standard size instrumentation. Syringe pumps (usually equipped with 

stepper motors) are commonly used in miniaturised LC systems [12] as they are 

relatively easy to miniaturise. Other pumps, such as the EOF pump, gas pump 

and gravity pump, have also seen applications in miniaturised LC.  
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1.2.1.1. Syringe pumps 

Nowadays, hand-portable and manually controlled syringe drivers with 

simplified interfaces and coupling of either disposable or glass syringes have 

been used widely in many chemical and biomedical research areas [13, 14]. On 

occasion, the glass or metal syringe is replaced with a piston and seal, but for 

the purposes of this discussion such pumps will also be referred to as syringe 

pumps. Dating back to the early 1980s, an integral battery-powered syringe 

pump equipped with a stepper motor was reported for use in continuous drug 

infusion [15]. From that time onwards, automated syringe pumps based on 

computer-controlled interfaces have been developed and have become widely 

commercially available. These commercialised pumping devices have been 

quite commonly used in microscale chromatography systems from the late 

1990s, such as for capillary IC [16-18]. The maximum operating pressure of a 

Kloehn syringe pump is about 69 bar using glass format syringes [16], while it 

can achieve >550 bar with stainless steel format syringes [18]. Gradient elution 

using two syringe pumps in the chromatography system has also been easily 

achieved via a mixing tee [18, 19]. Commercially available syringe pumps are 

often packaged with solenoid valves, which can act as direct sampling units in 

chromatography systems or be used as pumping units in FIA and sequential 

injection analysis systems [20]. A SIC system commercialised by FIAlab, 

namely SIChrom, which could generate up to ~100 bar using a 5 mL syringe, 

was coupled with short packed and monolithic columns for SIC analysis [21]. 
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The most demanding development challenge for syringe pumps in LC is to 

increase the upper pressure limit to enable the pump to be used with a wide 

range of columns. In 2014, Sharma et al. reported a hand-held pumping system 

integrating a syringe pump and an injector, designed and constructed by VICI 

Valco Instruments (Houston, TX, USA), which was dedicated for nanoflow 

generation in a miniaturised LC [22]. The integral I-shape pump-injector 

module (Fig. 1.1A) weighed 1.4 kg and can generate high accuracy elution with 

a pressure capability of up to 1100 bar. The achievable flow-rate range for this 

pump was from 60 nL/min to 74.2 µL/min. The same group then integrated an 

additional pump module to the pumping system to achieve a Y-shape 

configuration (two pumps aligned with one injector valve, Fig. 1.1B), in order 

to achieve gradient elution [23]. However, it was indicated that the pressure 

limit for the Y-shape module was reduced to 550 bar. Later, the size 11 actuator 

with lower pressure capability was replaced with a size 17 actuator to align two 

I-shape modules and to hold up to 1100 bar pressure [24]. The development 

success of such an ultra-high-pressure pumping system has subsequently led to 

the commercialisation of a series of nano UHPLC products, such as Axcend 

Focus LC by Axcend Corporation [25], and True NanoTM U/HPLC by VICI 

Valco [26]. 
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Figure 1.1. Schematic drawing of a high-pressure integral pump-injector 

module in (A) I-shape [22]; (B) Y-shape [23] configuration. Reprinted with 

permission from Elsevier and American Chemical Society. 

 

In parallel to the above evolution of high-pressure syringe pumps based on a 

piston, other glass format syringe pumps with a medium pressure range but with 

a much smaller footprint were reported in several portable and miniaturised LC 

platforms. Li et al. integrated a modular ‘LEGO-like’ medium-pressure LC 

system based on medium-pressure low-volume (5-100 µL capacity) micro-
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syringe pumps manufactured by Labsmith, which demonstrated acceptable 

separation performance in both isocratic and gradient modes [27]. The Labsmith 

micro-syringe pump, namely the SPS01 pump, is only palm-sized (up to 100 g) 

and can generate a pressure of up to ~110 bar with a 5 µL syringe. The use of 

these small footprint pumps greatly reduces the size of the resultant 

miniaturised LC, which can make it suitable for those applications that require 

higher flexibility while not demanding extremely high pressures. Most recently, 

these SPS01 pumps with 20 µL volume syringes were integrated to a fully 

battery-operated portable LC system, with the whole LC system weighing only 

2.0 kg [28]. It was demonstrated that the developed system with the medium 

pressure pumps was suitable for use with packed capillary RP-LC columns up 

to 10 cm long and packed with 5 µm C18 particles. 

 

1.2.1.2. Electroosmotic flow (EOF) pumps 

Unlike the aforementioned syringe pumps, EOF pumps have not reached the 

stage of mature commercial products, however there has been a significant 

amount of research on the integration of EOF pumps to µTAS [29-31]. EOF 

pumps are advantageous in low volume fluid control and can generate flow 

against high system back-pressures and continuous, pulse-free flow. 

Although EOF pumps have been used widely in CE and CEC, there have 

been few applications in capLC [30]. The formation of EOF in the pumping 

channel (usually made from a porous silica material) is accomplished with the 
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aid of electric field. Depending on the format of the pumping channel, EOF 

pump can be classified into several different categories, namely open-channel, 

packed column, monolith column and porous membrane. In 2003, Chen et al. 

reported the use of a packed-format EOF pump for flow delivery in capLC [32]. 

The EOF pump was based on three parallel capillary columns (25 cm × 320 µm 

I.D.) packed with 2 µm silica particles and could generate pressures of up to 9.8 

MPa at a flow-rate of 8.9 µL/min at an applied voltage of 20 kV. Another study 

by the same group has demonstrated that EOF pumps with smaller I.D. columns 

can generate higher pressure, with 75 µm I.D. giving the highest value among 

columns in the range of 75-530 µm I.D. [33]. Lower pressure generation in 

larger I.D. columns resulted from insufficient dissipation of Joule heating. 

Compared to a benchtop LC pump, EOF pumps have demonstrated higher 

repeatability of analyte elution in an isocratic separation mode [34]. Recent 

research on EOF pumps has been focused on the generation of gradients [35] 

and adoption of different format pumping channels to generate high pressure 

over wider flow-rate ranges [36-40].  

Open-channel capillaries have been used to generate EOF, with large 

numbers of <5 µm I.D. capillary channels being generally used to generate 

higher pressure. Lazar et al. reported using 200 nanochannels (2 cm long, ~1.5 

to 1.8 µm deep) to form an EOF pump for microchip LC [36]. The resultant 

EOF pump was used to generate flow in the 50-80 nL/min range in a glass 

microchip, but no indication of pressure limits was provided, except for the 
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comment that the EOF pump was expected to generate pressures of >100 bar. 

Later, Zhu et al. reported a so-called ‘free-solution’ DNA separation by 

integration of a high-pressure EOF pump with a pressure limit of up to 14 MPa 

(operated at 400 pL/min) [37]. The fabricated high-pressure EOF pump was 

assembled by stacking three pump units in series, with each unit comprising 35 

pieces of 5 µm I.D. etched capillaries with a positively charged surface (as 

+EOF pump), and 35 pieces of 2 µm I.D. etched capillaries with a negatively 

charged surface (as -EOF pump). Both ends of the stacked capillaries were 

connected with 600 µm I.D. PEEK tubing and epoxy adhesive was applied to 

avoid leakage. These open-channel EOF pumps can generate high pressure 

when operated at low flow-rates.  

The pumping channel of an EOF pump based on a porous monolith has 

reported in more recent development studies. Liu’s group has reported some 

EOF based high-pressure gradient pumping system based on porous monolith 

formats [38-42]. In 2014, Chen et al. reported the integration of a high-pressure 

monolithic EOF pump (positive end with quaternary ammonium-based 

monolith, and negative end with sulfonate-based monolith) to a miniaturised LC 

system [38]. The developed EOF pump has demonstrated similar performance 

to a benchtop capLC pump when using sub-1 µL/min flow-rates. The pressure 

limit of the EOF pump reached as high as ~410 bar for flow-rates <50 µL/min. 

The same group integrated similarly prepared EOF pumps to an open and 

compact HPLC platform, called ‘HPLC cartridge’, with a configuration of 
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pumps, selector valves and an injection valve, which had a low power 

requirement with maximum consumption of 400 mA at 5 V (Fig. 1.2) [40]. It 

was demonstrated that the EOF pump used could produce an unrestricted flow-

rate of ~800 nL/min with an operating pressure of ~138 bar at an applied 

voltage of 5 kV.  

 

 

Figure 1.2. Schematic drawing of EOF pump-based ‘HPLC cartridge’ to 

illustrate the working mechanism of the platform (Abbreviations: C- column; D- 

detector; E1-E9- nine eluent solutions; GL- gradient loop; HV- high-voltage 

power supply; RL- recondition loop; MA- mobile phase; V1- two-position ten-

port valve, V2- ten-position selection valve; V3- 60-nL injection valve; W- 

waste.). Reprinted with permission from Wiley-VCH [40]. 

 

 

1.2.1.3. Gas pump 

Other than the syringe pumps and EOF pumps, which have been widely 

accepted as the mainstream pumping options for portable LC, the use of gases 

to pump mobile phase has also been seen in portable LC [43, 44]. As the 

pumping system was considered as the major source of power consumption, 
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Chatzimichail et al. developed a hand-portable (6.7 kg) LC system based on a 

zero electrical power pump, i.e. a gas pump based on the controlled expansion 

of a pre-pressurised nitrogen (Fig. 1.3) [44]. The gas pump was characterised 

with several 100-150 µm I.D. capLC columns, and could produce up to 150 bar 

pressure and a low flow-rate variation of up to 6.5 nL/min. As the gas pump did 

not consume any electrical power, it is sufficient to sustain a 13-hour operation 

of the entire portable LC system fitted with a battery with a total capacity of 6.5 

Ah. 

 

 

Figure 1.3. Schematic drawing of a gas pump and pre-pressurised nitrogen 

based portable LC system. Reprinted with permission from The Royal Society 

of Chemistry [44]. 

 

1.2.1.4. Gravity pump 

The use of gravity induced flow to pump mobile phase has also been seen in 

a low-pressure portable IC system [43]. Kiplagat et al. developed a simple 

miniaturised (<1 kg) IC system with the gravity-induced and gas-induced flow 
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options, based on 30-75 µm I.D. OT capLC columns. The mobile phase 

delivery with gravity induced flow only was achieved by creating a height 

difference of 2 m between the entry of mobile phase eluent and the exit of the 

liquid path, with the positioning the eluent vial in 1 m above the detector and 

connection of a 1 m long, auxiliary and large-bore (250 µm I.D.) tubing below 

the detector in a vertical configuration. Typical achievable flow-rates for the 

eluent column height of 0.4-2 m were between 0.1 and 1 µL/min. The maximum 

attainable pressure is ~0.2 bar while the maximum practical height is ~2 m. 

 

1.2.2. Injection system 

Conventional HPLC injectors are usually small enough (~1 kg), therefore it 

is widely accepted that no significant change is required for miniaturisation and 

adaptation to the portable LC system. However, miniaturised injectors with 

lower injection and void volumes than the standard-scale LC are often required 

in capLC, so as to meet the minimal band broadening requirement for these 

microscale systems. Injectors for use in portable capLC system have been 

divided into two categories, i.e. continuous-flow [27, 28, 40, 44-51] and stop-

flow [22-24, 40, 52-56] injectors, based on whether or not the flow of the LC is 

stopped during the injection. There are a number of commercially available 

injection valves providing nano-volume injections (4-100 nL internal loops) and 

with the ability to couple with external loops, which can be sourced from 

vendors such as VICI Valco [57]. In contrast with those standard footprint 
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injection valves, a further size reduction of the injection valve is of interest 

when the weight of the whole LC system was targeted to be less than 3 kg. 

Recently, a mini-footprint (~33 g) miniaturised 2-position 6-port valve 

manufactured by Labsmith was used as an injection valve in a miniaturised 

capLC system and enabled injection with a pre-defined external loop volume 

[58]. The mini-sized injection valve can be used with an operating pressure of 

up to 32 MPa, which satisfies a wide range of LC applications. Further research 

is needed to facilitate automated sampling and cleaning processes via 

hyphenation of injection valves and pumping modules, in order to reduce the 

errors in manual sample handling. 

 

1.2.3. CapLC columns 

Due in part to the greatly reduced solvent consumption and sample volume 

requirement, <500 µm I.D. columns have attracted considerable interest in 

miniaturised systems. Furthermore, the column efficiency can increase with a 

decrease of the column diameter due to the reduced eddy dispersion (a-term) 

and lower mass transfer contribution (c-term) in the van Deemter equation. In 

terms of nomenclature, the term “capLC” is typically used for those capillary 

columns covering the range of 100-500 µm I.D. applied with typically >1 

µL/min flow-rates, while the term “nanoLC” typically covers <100 µm I.D. 

columns applied with nL/min flow-rates. CapLC columns can be broadly 

classified into three categories: packed, monolith and open tubular (OT).  
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1.2.3.1. Packed capillary columns 

Most commercial capLC columns are in the packed format and use a variety 

of particles ranging from 1.6 to 5.0 µm in diameter and covering multiple 

modes of LC. These can be sourced from various manufacturers [2]. CapLC 

column in packed format was first introduced in the late 1970s [59], however at 

that time the performance of these columns was impeded due to the lack of 

suitable small high-efficiency particles, and proper column packing apparatus 

and procedures [60, 61]. The development of modern capLC packed columns 

has been focused on generating high-efficiency separations and fast analyses. 

CapLC columns packed with sub-2 µm particles require a pumping system with 

the capability of pumping ultrahigh pressures (typically >1000 bar) [62-64]. 

Zhao et al. reported the use of a 75 µm I.D. × ~10 cm capLC column packed 

with 1.7 µm BEH C18 particles in a portable LC system with an ultrahigh 

pressure pump, which generated >690 bar backpressures [24]. However, the 

sub-2 µm particle packed columns are unsuitable for most existing portable LC 

systems because they are not capable of generating the required ultrahigh 

pressures. CapLC columns packed with slightly larger diameter particles (sub-3 

µm to 5-µm) are most commonly used for separation in portable LC systems 

[28, 40, 44, 55]. Other than the aforementioned fully porous particles, core-shell 

particles are an attractive alternative to provide fast separation at relatively 

lower backpressures [65]. Core-shell particles decrease the pore volume and 
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diffusion path length, thereby reducing longitudinal diffusion (b-term in van 

Deemter equation) and decreasing the mass transfer (c-term), and can provide 

high surface area and minimal band broadening [66]. A number of narrow-bore 

core-shell particle packed LC columns using typically 2.7 µm particle sizes 

have been commercially available under different trademarks, such as Poroshell 

(Agilent), Cortecs (Waters), Kinetex (Phenomenex), Accucore (ThermoFisher), 

Halo (Advanced Materials Technology), etc [67]. It is considered that the core-

shell particles are a good fit with those portable LC with a pressure limit of 

<400 bar, as the generated backpressure of core-shell particle packed columns 

can be half that of sub-2 µm particle packed columns [66]. 

 

1.2.3.2. Monolithic capillary columns 

Unlike the particle-packed column, a monolithic column provides integrated 

and continuous porous separation media with an open macropore structure, 

which enables fast separation at reasonable backpressures. The kinetic 

performance of monolithic stationary phases depends on the morphology of the 

developed monolith, and in particular on the solid skeleton size and the pore 

size [1], therefore careful optimisation of these parameters is required for 

monolithic columns. The reported monolithic stationary phases for LC are 

divided into two categories, i.e. silica-based and polymer-based monolithic 

stationary phases. Silica-based monoliths are prepared in-situ via sol-gel 

processing, while polymer-based monoliths are prepared by polymerisation 
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reactions of monomeric subunits in the presence of porogens and thermal-

/photo-initiators. Silica-based monolithic stationary phases show better 

mechanical resistance to organic solvents than their polymer-based counterparts, 

however the silica materials are not stable in an alkaline (pH >8) environment, 

whereas polymer monoliths can tolerate a wide pH range (pH 1-14).  

Commercially available monolithic HPLC columns can be sourced from 

several chromatography vendors, such as Chromolith® (Merck) and CIM® 

(BIAseparations). Good separation performance of a Chromolith CapRod RP-

18 capLC column (18 cm × 100 µm I.D.) has been demonstrated in a medium-

pressure LC system, and generated up to 80,000 N·m-1 for the separation of 

parabens  [27]. As polymeric monolithic columns are relatively easy to prepare, 

self-prepared monolithic LC columns have commonly been employed for use in 

portable LC system. Sharma et al. reported the preparation and use of a 100 µm 

I.D. monolithic column based on the polymerisation of 1,6-hexanediol 

dimethylacrylate (1,6-HDDMA) [22]. The resultant poly(1,6-HDDMA) 

monolithic LC column showed relatively high-efficiency separations 

with >36,000 N·m-1 for an unretained compound (uracil) and >25,000 N·m-1 for 

several alkyl-substituted benzenes.  

 

1.2.3.3. Open tubular capillary columns 

Dating back to 1960s, open tubular (OT) format columns have been 

developed [68] and have achieved great success in gas chromatography (GC). 
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However, in LC these columns did not follow the same trajectory and were 

generally inactive in LC for the subsequent two decades [69-71]. This inability 

to obtain satisfactory performance in LC was due in part to the lack of 

appropriate high-sensitivity detection approaches and ultra-narrow I.D. 

capillaries. In 2007, OT columns were revived in LC after successful 

applications of 10 µm I.D. polystyrene-divinylbenzene columns in the area of 

proteomics by Karger and co-workers [72-77]. Since then, the research on OT 

format columns has been focused on preparation, characterisation and 

applications of OT columns with non-porous and porous layers based on a 

variety of stationary phases, including polymer-based, silica-based, hybrid 

phase, immobilised nanoparticles, as well as pseudo-stationary phases based on 

micelle surfactants [78, 79]. To obtain the desired performance experimentally, 

the ideal diameter of capillaries is required to be 5 µm I.D. or smaller. However, 

these narrow-bore capillary columns used in sufficient lengths to obtain high 

plate numbers can generate significantly high backpressures, which requires a 

pumping system with capability for high-pressure and nanoflow generation. To 

avoid high backpressures in narrow-bore capillary columns, micro-structured 

capillary and pillar array capillary columns with multiple <10 µm I.D. parallel 

channels were used to prepare OT columns with layers of stationary phases [80, 

81]. So far, no existing commercial OT column product is found in the market. 
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1.2.4. Detection system 

A variety of detection approaches have been developed for conventional 

benchtop LC systems, including photometric, electrochemical, and universal 

detectors such as RI, ELSD, and MS. However, only a few of these detection 

approaches have been miniaturised. High sensitivity is considered as the 

essential feature for detection in portable capLC, due to the reduction of both 

injection volumes and operating flow-rates. With reduced flow-rates, it is likely 

that extra-column band broadening will be magnified, especially in the pre-

column and post-column connection void volumes, as well as the detection cell 

volume. Detection can be performed either on-column or post-column using a 

flow-through detector and many varieties of the latter are commercially 

available [28, 82, 83]. On-column detection can greatly reduce band dispersion, 

but generally demonstrates lower sensitivity compared to post-column detectors 

having longer optical pathlengths and sub-0.1 µL volumes.  

Photometric detection has been the most commonly used option in portable 

LC. For miniaturisation of photometric detectors, deep UV (<280 nm) LEDs 

have emerged as a great alternative to conventional UV lamps due to their 

compact size. A small-footprint UV-LED detector can be easily assembled 

through alignment of the LED, a photo-receiver such as a PD, and a conduit (e.g. 

mobile phase flow-path) (Fig. 1.4). ECDs are easy to miniaturise and can also 

exhibit high sensitivity and selectivity towards specific compounds that can be 

electrolysed. As a universal detection approach, MS provides a wide detection 
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range and high compatibility to microflow operation, while some small 

footprint, miniaturised MS instruments can be sourced from the market. With 

access to small footprint MS, a portable LC-MS can fit well as a ‘point-of-need’ 

instrument for identification of unknown compounds and quick set-up of 

instrument in the field. In the following subsections, the development of 

compact detection approaches that have been used in or coupled with portable 

LC are summarised. 

 

 

Figure 1.4. Schematic drawing of an on-capillary UV-LED detector (Legend: 

1,2- aluminium housing for LED and PD; 3- optical alignment interface with a 

50 µm slit; 4- positioning screw; 5- LED; 6- PD; 7- O-ring for positioning the 

optical interface). Reprinted with permission from American Chemical Society 

[82]. 

 

1.2.4.1. UV-LED detectors 

The emergence of UV-LEDs in compact housings has provided the 

opportunity to develop a small footprint detector as an integral sub-unit of a 

portable LC system. The optical configuration of UV-LED based detection 

removes the need for a monochromator or band-pass filter due to the quasi-

monochromatic emission spectrum of LEDs, with typical emission bandwidths 
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as FWHM being 10-50 nm [84]. Commercially available UV-LEDs generally 

have very short response times down to several microseconds, which allows 

virtually instant operation and eliminates the long warm-up period for detectors 

using conventional UV lamps. Therefore, most existing portable LC systems 

have utilised UV-LED based detection [3, 24, 27, 28, 40, 44, 51, 54-56, 82, 83, 

85, 86]. 

To-date, commercially available UV-LEDs can be obtained with emission 

down to 235 nm and with an output power of at least 0.05 mW when operated at 

20 mA [87]. Nevertheless, within analytical chemistry there is a significant 

demand for lower wavelength emission down to 200 nm as the majority of 

analytes can be detected at that wavelength. However, the technology for 

acquiring such low wavelength LEDs with reasonable optical outputs is still 

developing. Commercially available low UV range (<280 nm) LEDs are 

epitaxially grown on group III-nitrides, with aluminium gallium nitride as the 

commonly used substrate. Early in 2006, Taniyasu et al. reported the 

development of the first aluminium nitride LED with emission within the 210 

nm range, however it outputted only 20 nW radiant power at 40 mA direct 

current [88]. An increase of the proportion of aluminium in the AlxGa(1-x)N 

composite can be used to achieve lower wavelength emission, however it is 

more difficult to attain high optical power due to the low light extraction. It was 

reported that an order of magnitude decrease of emission intensity for a sub-240 

nm UV-LED was seen when the emission wavelength was decreased from 240 
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to 230 nm [89]. Most recently, the improvements in sub-240 nm UV-LEDs have 

been reported by slightly increasing the aluminium content and by decreasing 

oxygen impurities to reduce point defects. This has produced a new-generation 

UV-LED with a longer lifespan of over 3,600 h as well as a higher efficiency, 

and a 10 nm decrease of emission wavelength (from 240 to 230 nm) 

corresponded only to a 50% reduction of emission intensity [90]. The EQEs for 

the commercially available sub-260 nm UV-LEDs are generally less than 0.3% 

[85], which reflects the fact that with these devices a significant loss of 

electrical power is transformed to heat.  

Low EQE has limited the use of these UV-LEDs when operated at currents 

greater than 20 mA. In 2016, Li et al. reported the use of a 235 nm UV-LED in 

an on-column UV detector with a 50 µm I.D. optical window and an optical 

pathlength of ~100 µm (Fig. 1.4), with the LED operated at 100 mA to achieve 

higher emission intensity [82]. Without a cooling device, an ~80% decrease of 

optical power was observed in the 235 nm LED after the LED was switched on 

for only ~5 min. High temperature conditions can increase the radiation noise 

and elongate the duration of degradation of the LED, while increases in baseline 

noise and stabilisation time were also observed in the detector without cooling 

[91]. In view of these adverse temperature effects, passive and active cooling 

devices should be used to enable the detector to be used at practical levels of 

optical power [82, 91]. Future work on the design of UV-LED based detectors 

should also focus on improving the light transmission as well as applying high-
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power UV-LEDs, and integration of multiple LEDs emitting at different 

wavelengths to allow variable wavelength detection. 

PDs have been used as the receiver of photometric response in most portable 

LC applications because of their small physical footprint [92]. However, there 

are also a few alternative detectors with modest footprint but with higher 

sensitivity and larger detection ranges than PDs. These include PMTs, PEDDs, 

and CCDs [92-94]. Commercially available pre-amplified Si-PDs with defined 

responsivity for specific wavelength ranges have demonstrated sufficient 

sensitivity for detection [28, 82]. PMTs are more sensitive and have a wider 

detection range than Si-PDs, and have been widely used in fluorescent and 

chemiluminescent detection [95, 96]. PMTs are advantageous when sensing in 

low light intensity conditions, especially when an ultra-narrow slit is used in the 

optical design. As an alternative to PMTs, a commercial AccuOpt2000 module 

photoelectric amplifier with half of the price of commercial PMT devices (USD 

$275/each), composed of a PD and a pre-amplifier as well as buffer amplifier, 

was demonstrated to have similar sensitivity to other PMT products in the 

market [97]. Apart from the aforementioned photodetectors, a paired 

configuration of two LEDs with one as emitter (normal mode) and the other as 

detector (in reverse mode) has also seen application in LC, with this approach 

termed as PEDD [98]. High sensitivity PEDD-based detectors can be 

constructed without significant complexity and cost. Pursuit of further 

sensitivity can be undertaken with the use of a CCD module. Commercially 
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available miniature CCD-array based spectrophotometers are more expensive 

than PMTs. Owing to their low dark current and read noise from the detection, 

CCDs have been used as elements of some commercial high-end 

spectrophotometers. A CCD-based Ocean Optics QE Pro spectrometer has been 

used for detection in a portable LC system [99]. 

 

1.2.4.2. Electrochemical detectors (ECD) 

ECDs are relatively simple to miniaturise and this was one of the earliest 

detection approaches used in miniaturised and portable LC systems [45, 49, 50, 

100]. ECD can serve as an alternative to photometric detection for those 

compounds with weak chromophores and which are also electroactive, and it 

has been used in the determination of oxidizable/reducible compounds, such as 

biogenic amines, phenols, carbohydrates, antioxidants, etc [101, 102]. Most 

miniature ECDs have been developed based on PAD [102]. Recently, Islam et 

al. reported the use of a commercial capillary-end wall-jet ECD flow cell with 

three-electrodes using platinum as working electrode and silver as reference 

electrode in flow-injection analysis, capillary and standard LC separation [103]. 

The resultant PAD fitted with a small footprint flow cell (30 mm × 16 mm × 17 

mm) has demonstrated compatibility with capLC with an effective cell volume 

of 35 nL, as well as an improved sensitivity of up to one order of magnitude 

compared to the equivalent detection in a standard-scale LC. The performance 



Chapter 1 

 

24 

 

of other ECD modes, such as coulometry, has also been exploited in capLC but 

not in portable instrumentation [104].  

In parallel to the aforementioned ECDs based on flow cells, an on-column 

approach can reduce the problems associated with reactivating or replacing 

electrodes used in flow cells detectors. Widespread interest in the coupling of a 

C4D with LC has risen with the miniaturisation of capillary format columns in 

CE and CEC [105]. C4D has been used for online monitoring of the gradient 

elution profile in micro- and nano-scale LC with capLC columns [41], as well 

as detection of inorganic ions in a portable IC system [43]. C4D has also been 

used for scanning the layer homogeneity of OT columns through monitoring of 

baseline signals [78]. 

 

1.2.4.3. Mass spectrometry (MS) 

Due to the reduced injection volume and the improved separation efficiency, 

MS (especially with ESI) is particularly compatible with capLC as it can 

provide great sensitivity and can identify unknown components [106]. 

Moreover, use of a small footprint MS system can facilitate the deployment of 

portable LC-MS in field applications. There are some commercially available 

compact MS products, such as Waters Acquity QDa and Agilent Ultivo TQ-MS. 

These MS systems can be used with eluent flow-rates down to ~50 µL/min, 

however they are not entirely matched with the capLC unless there is an 

addition of makeup flow, which will dilute the concentration of injected 
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analytes. In parallel to the above MS systems that are more compatible to 

narrow and micro-bore LC, a similarly packaged miniature MS based on 

MEMS technology, manufactured by Microsaic Systems, has been available in 

the market since about a decade ago, demonstrating high compatibility to 

capillary and nano-LC with sub-µL/min to several µL/min flow-rates [107]. 

Most recently, a Microsaic 4500 MiD MS system was coupled with a portable 

capLC system to demonstrate the ‘point-of-need’ miniaturised LC-MS 

capability [28]. 

 

1.2.4.4. Aerosol detectors 

In contrast to the more frequently used UV, ECD and MS detectors that 

generally serve as the detection unit of a portable LC, universal aerosol-based 

detectors such as ELSD and charged aerosol detection, which are widely used in 

commercial benchtop LC systems, have not yet seen application in portable LC, 

although there are some reports mentioning their use in capLC [108-111]. 

Recently, Zhou et al. reported the development of a microfluidic ELSD (Fig. 

1.5) with a microfluidic nebuliser, a miniaturised evaporative module with 

dimensions of 12 mm I.D. × 14 mm O.D. × 20 cm long, together with a sheath 

gas module and a light scattering chamber for CEC and capLC, which can 

accommodate flow-rates in the range 0.1-2 µL/min [112]. The resultant ELSD 

has demonstrated excellent detection performance, with linearity up to 3 orders 

of magnitude and limits of detection down to 100 pg for glucose. 
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Figure 1.5. Schematic drawing of a microfluidic ELSD. Reprinted with 

permission from American Chemical Society [112]. 

 

1.3. Integrated portable LC systems 

Table 1 summarises the development and applications of reported portable 

LC systems. Dating back to the 1980s, there were several attempts on the 

development of miniaturised LC which used microbore LC columns and >100 

µL/min flow-rates. However, these miniaturised LC systems were not 

applicable for in-field application, due to their limited portability and low 

resolution, limitation to isocratic elution mode, low pressure operation, as well 

as large solvent consumption [45, 52].  
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Table 1. Development and applications of portable LC systems. 

Ref. W 1 D 2 Pumps Max. P 3 Injector Column Detector Applications 

 

Environmental 

Otagawa 1986 

[45] NA 4 NA Isocratic piston 

pump 0.4 Continuous-

flow (20 μL) 
RP 5 10 μm (30 mm 

× 4.6 mm I.D.) ECD 6 
Primary aromatic 

amines (coal-

derived materials) 

Tulchinsky 

1998 [46, 47] 9.5 41 × 25 

× 23 
Gradient piston 

pump 35 Continuous-

flow (20 μL) NA VWD 7 Phenols (lake 

water) 

Nelson 2004 

[48] 16 54 × 38 

× 50 
Reciprocating 

pump NA 
Continuous-

flow (volume 

NA) 

RP 7 μm (10 mm × 

2.1 mm I.D.); RP 5 

μm (150 mm × 4.6 

mm I.D. or 33 mm × 

7 mm I.D.) 

VWD Pesticides (lake 

water) 

Kiplagat 2010 

[43] <1 25 × 15 

× 8 
Gravity pump; 

Gas pump 

0.02 

(gravity); 

0.7 (air-

pressure) 

Hydrodynamic 

injection - 

manual 50 or 

100 nL loop 

OT 8 (1000 mm × 75 

μm I.D.) C4D 9 
Cations (mineral 

water, river water, 

snow water) 

Murray 2018 

[51] 0.6 25 × 25 

× NA 
Isocratic syringe 

pump 1.2 Continuous-

flow (300 nL) 

Anion exchange 10 

μm (150 mm × 150 

μm I.D.) 

UV-LED 10 (235 

nm) 
Anions (tap water, 

spring water) 

Chatzimichail 

2019 [44] 6.7 33 × 29 

× 14 Gas pump 15 Continuous-

flow (2 μL) 

RP 3-5 μm (30-80 

mm × 100-150 μm 

I.D.); Monolith RP 

(150 mm × 100 μm 

I.D.) 

UV-LED (275 

nm) 

Pesticides 

(agricultural 

sample) 

 

Biological 
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Lynch 2017 

[41] ~3 20 × 20 

× 17.5 
Gradient EOF 11 

pump ~13.7 Continuous-

flow (60 nL) 
RP 3 μm (100 mm × 

75 μm I.D.) 

FWD 12 (214 nm) 

(external); MS 13 

(external) 

Protein digests 

(Myoglobin; BSA 
14) 

Zhao 2017 [24] 5.9 14 × 12 

× 38 
Gradient piston 

pump 110 Stop-flow (60 

nL) 
RP 1.7 μm (100 mm 

× 150 μm I.D.) 

UV-LED (260 

nm); MS 

(external) 

Protein digests 

(BSA) 

Li 2020 [99] 1.8 20 × 16 

× 16 
electrolysis 

micropump NA Continuous-

flow (10 μL) 
cation exchange 5 

μm (500 μm I.D.) 
VIS-LED 15 (415 

nm) 
Glycated 

haemoglobin 

 

Others (using standards) 

Baram 1983 

[52] 42 70 × 50 

× 30 
Isocratic syringe 

pump 5 Stop-flow (1-

100 μL) 

RP 5 μm (62 mm × 2 

mm I.D.; 30-70 mm 

× 1 mm I.D.) 
VWD 

Aromatic amines; 

adenosine-5'-mono-

, -di-, -tri-

phosphates; 

nitroanilines; amino 

acids; aromatic 

hydrocarbons 

Baram 1996 

[53] 
14 

53 × 20 

× 30 

Gradient 

syringe pump 
7 

Stop-flow (1-

100 μL) 

RP 5 μm (60-80 mm 

× 2 mm I.D.) 
VWD 

Pesticides; phenols 

and phthalate 

esters; polynitro 

explosives; 

polynuclear 

aromatic 

hydrocarbons 

(PAHs) 

Ishida 2012 [49] 2 
26 × 18 

× 21 

Gradient EOF 

pump 
~1 

Continuous-

flow (10 or 20 

nL) 

Microchip RP 3 μm 

(30 mm × 0.8 mm 

I.D.) 

ECD catecholamines 

Sharma 2014 

[22] 
NA NA 

Isocratic piston 

pump 
110 

Stop-flow (60 

nL) 

Monolith RP (155 

mm x 75 μm I.D.) 
FWD (254 nm) 

Substituted 

benzenes 
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Sharma 2015 

[23, 54] 
NA NA 

Gradient piston 

pump 
55 

Stop-flow (60 

nL) 

Monolith RP (130 

mm x 150 μm i.d.) 

UV-LED (260 

nm) 

Anthraquinone-2-

sulfonate, 

adenosine 

monophosphate; 

pesticides; phenols 

Ishida 2015 [50] 2 
26 × 18 

× 21 

Gradient EOF 

pump 
~1 

Continuous-

flow (10 or 20 

nL) 

Microchip RP 3 μm 

(30 mm × 0.8 mm 

I.D.) 

ECD 

Alkylphenols; 

amino acids; 

catecholamines 

Li 2015 [27] 1.3 
25 × 25 

× NA 

Gradient 

syringe pump 
~11.6 

Continuous-

flow (20 nL) 

Monolith RP (180 

mm × 100 μm I.D.) 
UV-LED Dyes; parabens 

Foster 2020 

[56] 
7.8 

20 × 23 

× 32 

Gradient piston 

pump 
69 

Stop-flow (4-

700 nL) 

RP 1.7 μm (100 mm 

× 150 μm I.D.) 

UV-LED (255 

nm; 275 nm) 

Pharmaceutical and 

illicit drugs 

Lam 2020 [28] 2.7 

24.5 × 

18.5 × 

16 

Gradient 

syringe pump 
NA 

Continuous-

flow (316 nL) 

RP 5 μm (100 mm × 

300 μm I.D.) 

UV-LED (255 

nm); MS 

(external) 

Parabens; 

pharmaceutical 

standards 

Abbreviations: (1) ‘W’ stands for ‘Weight in kg’; (2) ‘D’ stands for ‘Dimension in width × height × depth’; (3) ‘Max. P’ stands for ‘maximum pressure’; (4) ‘NA’ stands for 

‘not applicable’; (5) RP stands for ‘reversed-phase particles’; (6) ‘ECD’ stands for ‘electrochemical detector’; (7) ‘VWD’ stands for ‘variable wavelength detector’; (8) ‘OT’ 

stands for ‘open-tubular column’; (9) ‘C4D’ stands for ‘capacitively coupled contactless conductivity detector’; (10) ‘UV-LED’ stands for ‘ultraviolet light-emitting diode 

based detector’; (11) ‘EOF’ stands for ‘electroosmotic flow’; (12) ‘FWD’ stands for ‘fixed wavelength detector’; (13) ‘MS’ stands for ‘mass spectrometry’; (14) ‘BSA’ 

stands for ‘bovine serum albumin’; (15) ‘VIS-LED’ stands for visible light-emitting diode based detector.  
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In 1996, Baram reported a dual-syringe pump based gradient LC system, with a 

maximum pressure limit of 7 MPa and use of 60-80 mm long 2 mm I.D. LC 

columns for separation [53]. The integrated portable LC system was tested for 

separation of various types of analytes, including polyaromatic hydrocarbons 

(PAHs), phenols, phthalate and its esters, pesticides, explosives, and inorganic ions. 

However, the developed LC system was designed for mobile laboratories and 

weighed 14 kg, which was unsuited to manual handling and therefore also for field 

deployment. Later, a commercially available field-portable LC called 

MINICHROM® was reported [46, 47]. The MINICHROM system weighed 9.5 kg 

with dimensions of 410 mm (W) × 250 mm (L) × 230 mm (H) and housed in an 

aluminium pelican case. The instrument comprised a dual-piston pump gradient 

system with a flow-rate range of 0.1-2.5 mL/min and upper pressure limit of up to 

350 bar, as well as a fixed UV-Vis detector with interchangeable wavelength 

options (Fig. 1.6). The MINICHROM system was tested on site for the analysis of 

phenols in lake water samples. However, there is no further evidence of 

commercialisation or applications that are reported using MINICHROM. In 2004, 

Nelson et al. reported a transportable and petrol-powered LC for field analysis of 

herbicides in experimental samples, using affinity based standard-bore and narrow-

bore RP-LC columns [48]. The authors demonstrated highly consistent 

chromatographic results in analysis of water samples among multiple sites over a 
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6-month period of time. The field-portable LC system was equipped with multiple 

Knauer Microstar isocratic pumps, actuated valves, and Knauer variable-

wavelength detector, all of which were controlled by a LabView interface and 

assembled on a home-made cart. The transportable LC system weighed 35 lbs (16 

kg) and had dimensions of 380 mm (W) × 540 mm (L) × 500 mm (D). Although 

some of required features for portable LC (i.e. transportable, short warm-up time, 

fast analysis, portable power supply) were achieved, several features still needed 

improvement, such as the bulky instrumental size and large solvent consumption. 

 

 

Figure 1.6. Photo of the first portable LC design – a standard MINICHROM setup 

with a laptop-controlled interface. Reprinted with permission from Wiley-VCH 

[47]. 
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After several decades of development of the miniature LC components, modern 

portable LC with miniaturised scales and reduced dimensions have been achieved 

with off-the-shelf components. 

In 2010, Kiplagat et al. reported a portable IC system based on power-free 

gravity-based eluent delivery and hydrodynamic sample injection system [43]. The 

developed portable IC system generated pressure of up to 700 kPa and applied a 75 

µm I.D. OT column and a C4D for analysis of inorganic cations and transition 

metals. Without a robust pumping system and more universal detection approaches, 

the developed portable IC could not be used for those LC applications using 

packed and monolith format separators. 

A new-generation high-pressure piston pump with a total weight of ~1.4 kg and 

a maximum operating pressure of up to 1100 bar, manufactured by VICI Valco 

Instruments (Houston, TX, USA), was reported by Lee’s group (Brigham Young 

University) in 2014 [22]. Since then, researchers from the same group have applied 

this high-pressure pump to portable LC system and have reported a serial 

development of the portable high-pressure LC system, including the pumping 

system (by upgrading from isocratic mode to gradient mode) [23, 24], columns (in 

monolith format and 1.7 µm particle packed formats), UV detection (offering 

single and dual wavelength options) [54, 55], and the coupling of portable LC to an 

LTQ Orbitrap MS [24]. The performance of the integrated LC prototype systems 
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have been demonstrated using the determination of standard mixtures of pesticides 

and PAHs, as well as digested protein samples. The rapid evolution of portable LC 

from Lee’s group has led to its commercialisation as Axcend Focus LC by Axcend 

Corporation [25]. The price for a standard Axcend system is listed as starting from 

USD $35,000. The hand-portable Axcend system with high-pressure capability is 

expected to cover a majority of portable LC applications. Most recently, Foster et 

al. applied the Axcend system for the analysis of pharmaceutical and illicit drug 

samples, featuring a sub-6 min analysis of around 5 compounds per run [56]. 

Notably, the Axcend Focus LC was coupled with an online tablet dissolution 

interface to enable direct analysis of over-the-counter (OTC) tablets, such as 

naproxen, ibuprofen and aspirin (Fig. 1.7). 
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Figure 1.7. Pharmaceutical applications using the portable Axcend Focus LC 

system (Panels A-C show the analysis of OTC tablets; Panel D show an online 

tablet dissolution interface coupled to the AFLC system, with the use of a M50 

pump to circulate a tablet dissolution vessel through the injection port; Panel E 

showed the 10-50 runs (every 10 runs) of analysis; Panel F showed the 

accumulated peak area of caffeine for all 50 runs in the period of 10 hours). 

Reprinted with permission from Wiley-VCH [56]. 

 

 

Although the AFLC has already become a mature portable LC product, there 

are several alternative small footprint prototype LC systems with satisfactory 

chromatographic performances. One division is to integrate an EOF pump into the 

portable LC system. Ishida et al. described a portable LC based on a battery 

powered EOF pump, microchip packed LC column and ECD [49, 50]. The whole 

LC system had overall dimensions of 260 mm (W) × 210 mm (L) × 180 mm (D) 

and weighed only 2 kg. The EOF pump of the developed LC system can only 

generate pressure of up to 1 MPa (~10 bar), hence the potential use of this portable 

LC system is limited. LC-ECD has shown high sensitivity with LODs down to 

nanomolar (nM) level for the determination of catecholamine and catechin. The 

“LC cartridge” setup reported from Liu’s group, as already introduced in Section 

1.2.1.2, weighed only 3 kg and had dimensions of 200 mm (W) × 200 mm (L) × 

175 mm (D) [40]. The LC-cartridge setup coupled with 3 µm particle packed 75 

µm I.D. capLC columns and external detection units such as UV and MS detectors, 

was successfully applied for analysis of the digests of bovine serum albumin (BSA) 

and myoglobin. 
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Another approach is to apply a glass syringe pump with a larger flow-rate 

range to the portable LC, generating pressures of up to 300 bar. In 2015, Li et al. 

reported a modular capLC system based on Labsmith miniaturised syringe pumps 

and valves, which was coupled with a 100 µm I.D. monolithic column for small 

molecule analysis [27]. The resultant modular capLC system has achieved good 

repeatability in the separation of some dye and paraben standard compounds. More 

recently, Trajan Scientific and Medical have published a technical note describing 

a modular LC prototype system, named MAST, which was equipped with high-

pressure microfluidic valves, a UV-LED based detector, and dual glass syringe 

pumps with 100-1000 µL volumes and maximum pressures of up to 330 bar [113]. 

The control program of each component in the MAST system was written in a 

Visual Basic interface and manipulated via an Arduino master/slave protocol. The 

MAST system has demonstrated excellent chromatographic performance for the 

determination of small molecule pharmaceutical compounds, with repeatability of 

<2% RSD for retention times and peak area. 

There has also been other integrated LC systems using cost-effective non-

mainstream pumping systems, which have been developed for application-oriented 

purposes. Most recently, Chatzimichail et al. developed a hand-portable isocratic 

LC system with a total weight of 6.7 kg and with dimensions of 330 mm (W) × 

140 mm (H) × 290 mm (D). The developed portable LC system consisted of a 
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capLC gas pump used with 100-150 µm I.D. packed or monolithic columns, 

together with a 275 nm UV-LED and USB2000 Ocean Optics spectrophotometer 

for absorbance detection. The developed portable LC was employed for the 

determination of amino acids and fungicidal pesticides (pyrimethanil and 

thiabendazole) in agricultural samples. The LOD of tryptophan obtained from the 

developed portable LC system was 24.1 nM, which was equivalent to ~25 ppb. 

Further, Li et al. developed a compact LC system with an overall size of 200 mm 

(W) × 160 mm (H) × 160 mm (D) and a total weight of 1.8 kg, based on a novel 

electrolysis micropump, a cation-exchange microchip LC column, and a 415 nm 

LED-based detector [27]. This portable LC was employed for point-of-care 

measurement of glycated haemoglobin. The developed pumping system was 

claimed to be capable of pumping high pressures, however no information of the 

pressure limits was shown in the paper. The portable LC has demonstrated 

acceptable chromatographic performance, producing high repeatability of 

separation (<2.8% RSD), and acceptable detection performance with linearity (R2 

= 0.9860) ranging for 3 orders of magnitude, as well as high sensitivity with LODs 

~9 times lower than a commercial detector. 
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1.4. Concluding remarks 

Development of hand-portable and capillary-scale LC has been driven by large 

demands of field-deployable LC and the benefit of solvent use reduction. Whilst 

the other portable analytical separation techniques, especially portable GC and CE, 

have already achieved the advancement in miniaturisation, the development of 

portable LC technology is still ongoing. As the conventional HPLC systems are 

widely accepted as the gold standard for chemical analysis and dominating the 

market segments, it provides the capability and robustness for an extensive range 

of analytes as compared to GC and CE. Therefore, the development of portable 

capLC is inevitable and necessary. Over the past decade, increasing research has 

been focused on the development of portable LC systems, and the delivery of 

robust and miniaturised LC components has been constantly progressing. Notably, 

a number of smaller footprint syringe and EOF pumps have been used as the 

pumping options for portable capLC systems, and these have demonstrated highly 

repeatable microflow and gradient elution with different operating pressure ranges. 

Whether or not the pumping system has the capability of operating at high 

pressures defines the capability of a portable LC system. However, more and more 

portable LC systems that operate at limited pressure are developed for specific 

purposes with high cost-effectiveness, which means a high-pressure pump is not an 

essential requirement and inevitable cost for portable LC.  
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Increasing attention has also been paid to column and detection technologies. 

Fast analysis runtimes with high analysis throughputs are generally desirable, as is 

the operation of the portable LC under field conditions. Therefore, short columns 

with high-efficiency separation media can reduce the time spent on column re-

equilibration and analysis, hence increasing analysis throughputs. However, 

capillary columns packed with sub-2 µm porous particles will generate 

significantly high backpressures even with short lengths. To cope with reasonable 

rather than excessively high backpressures, columns have been prepared using sub-

3 µm high-efficiency core-shell particles, as well as in monolithic and open-tubular 

formats, and these approaches can largely reduce the operating pressure whilst 

providing high separation efficiency.  

Small-footprint UV-LED based absorbance detectors and ECDs have been 

employed as in-house detection units for portable LC systems. The detection limit 

of these miniature detectors is often in the range of sub-100 ppb to tens of ppb 

level. To pursue higher sensitivity with detection limits down to the ppb level, 

miniaturised MS would eventually be the detector of choice and could provide fast 

identification of the analyte stream from LC. The coupling of portable LC systems 

with miniaturised and transportable MS provides a ‘point-of-need’ LC-MS 

capability for field analysis. 
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These rapid evolutions in portable LC have already led to the 

commercialisation of a well-packaged portable LC. The first commercialised 

UHPLC product with fully hand-portable capability, namely Axcend Focus LC, 

incorporating state-of-the-art technology and showing superior chromatographic 

performance, has demonstrated great potential in a wide range of applications. The 

price range of Axcend Focus LC starts from USD $35,000, which is almost three 

times cheaper than a benchtop UHPLC system. Future improvements on the 

performance and versatility of portable capLC will undoubtedly accelerate with 

further developments of enabling technologies in the field of material sciences, 

sensors, microelectronics and micromechanics. 

 

1.5. Aims of the study 

The aims and scopes of the study have been to: 

1. Develop an integrated, portable, capillary-scale LC system with laboratory 

and field use capability. The portable LC should be a modular platform with 

proper enclosure for ease of carrying. Investigations of the developed 

portable LC system should include the development and utilisation of off-

the-shelf compact LC components, performance testing of off-the-shelf 

microfluidic components, as well as coupling of the portable LC to 
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advanced and miniaturised MS to demonstrate ‘point-of-need’ LC-MS 

capability. 

 

2. Develop the deep-UV range LED-based z-cell absorbance detector for 

portable capLC and investigate improvement of the sensitivity of the 

developed detector. This study will include assembly of detector optical 

components with prototyping techniques (such as 3D printing), performance 

testing of the assembled detector, as well as design of optical alignment and 

heat dissipation setups for deep UV LEDs.  

 

3. Deploy the developed portable LC system as a PAT approach for on-site 

analysis within an industrial pharmaceutical setting, and investigate its 

functions and compatibility in process analysis of APIs. This investigation 

will include method transfer from a benchtop LC to the portable LC, 

performance comparison between benchtop LC and portable LC, and 

potential of the portable LC as an on-line analytical approach. 
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A hand-portable (2.7 kg) and battery-
operated liquid chromatograph is
presented.

� Highly repeatable gradient capillary
chromatography with UV absorbance
detection.

� Developed UV-LED based z-cell pro-
vides linearity up to 1.6 AU with low
stray light of ~0.2%.

� Demonstrated coupled with minia-
ture single quadrupole mass
spectrometer.
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a b s t r a c t

A robust, portable and miniature battery powered gradient capillary liquid chromatograph (total weight
~2.7 kg, without battery ~2.0 kg), with integrated microfluidic injection, column heating and high
sensitivity low-UV absorbance detection is presented. The portable capillary chromatograph, was applied
with a packed reversed-phase capillary column (100 mm � 300 mm I.D., 5 mm ODS), housed within an
integrated capillary column heater controlled by a proportional-integral-derivative (PID) chip module.
The system delivered retention time and peak area relative standard deviation in isocratic mode of <0.7%
(n ¼ 10) and <3.3% (n ¼ 10), respectively, and <0.1% (n ¼ 10) and <2.3% (n ¼ 10) respectively, for gradient
elution mode. Detection was based upon a 255 nm light-emitting diode (LED) using one of two com-
mercial capillary flow-cell options, namely a high sensitivity 12 nL Agilent capillary z-cell (HSDC) and a
45 nL Thermo Fisher Scientific UZ-View™ flow cell (UZFC). The HSDC, housed within a 3D printed de-
tector arrangement, gave an effective pathlength of 1.01 mm (84% of nominal pathlength) and stray light
of only 0.2%. Limits of detection for four test small molecule pharmaceuticals ranged from 65 to
101 mg L�1 based upon a 316 nL injection volume, with separation efficiencies of between 18,000 and
29,700 N m�1, with sub-4 min run times. The portable capillary LC system was successfully coupled to a
small footprint portable mass spectrometer (Microsaic 4500 MiD) to demonstrate compatibility and
‘point-of-need’ miniaturised LC-MS capability.
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1. Introduction

Portable analytical devices with low reagent and power con-
sumption can potentially provide solutions to a variety of non-
laboratory based analytical challenges across a variety of diverse
areas, from environmental applications to in-situ or at-site indus-
trial monitoring [1]. High-performance liquid chromatography
(HPLC or simply LC) is an established technology, which is both
selective and quantitative, and considered as a gold standard
analytical technique in most modern analytical laboratories. LC is
available commercially with varying degrees of complexity, per-
formance and cost, with most laboratory-based systems still only
available as relatively large footprint instruments, requiring skilled
operators and regular maintenance. In contrast, efforts to minia-
turise LC and deliver portable platforms have been few and spo-
radic over the past few decades, with very limited commercial
successes, this being despite what would appear to be some clear
opportunities for such instruments [2e5].

Capillary LC can provide considerable cost savings, most notably
from reduced solvent consumption. Solvent use can be of the order
of 1000 fold less than is typical for conventional scale LC, from
mL$min�1 rates in LC with 2e4 mm bore columns, to mL and
nL$min�1 for capillary/nano scale LC systems [1,2]. Capillary-scale
flow-rates can be achieved using standard LC pumps by utilising
split flows and solvent recycling, although this is often not ideal or
robust. Commercially available capillary and nanoflow LC pumps
with non-splitting flow arrangements are typically expensive, are
of large size and are not practical for inclusion in portable capillary
LC systems. However, over the past few years some significant
developments in small footprint and portable nano- and capillary
scale pumps have been reported [6e9], and their use with other
similarly scaled LC components investigated [10e16], ultimately
delivering completely portable or miniaturised prototype LC sys-
tems [6,7,9,17].

For example, in 2014, Sharma et al. developed a battery-
operated (24 V DC) miniature LC, which included a VICI Valco
nanoflow pumping system, and which delivered excellent reten-
tion time repeatability across flow-rate ranges from 0.3 to
6 mL min�1 [7]. The system capability was later developed further
with the integration of two such nanoflow pumps to enable a
gradient system, which could generate up to 8000 psi pressure and
deliver retention time reproducibility of under 1.42% RSD [8]. More
recently, the same group reported upon the latest generation of
their system, with pump modifications, new valve and actuator
arrangements, which enabled even more accurate mobile phase
delivery and greater operational pressures, up to 16000 psi [9].

In parallel to the above evolution of an ultra-high pressure
portable HPLC system, development of a similarly small platform LC
based upon low to mid-pressure syringe pumps has also pro-
gressed over the past few years. Syringe pumps are typically rela-
tively cheap and can also be sourced commercially in miniaturised
formats for microfluidic applications. The potential of this approach
has recently been explored through the development of a modular
small-footprint medium-pressure LC system, based upon com-
mercial (‘off-the shelf’) micro-syringe pumps (5 mL capacity), and
switching valves from LabSmith, which together demonstrated
acceptable repeatability and performance in both isocratic and
gradient separation mode, when used at sub-mL flow-rates with a
commercial 180 mm � 100 mm i.d. Chromolith CapRod RP-18
monolith column [6]. The basic system was recently developed
further with the integration of a new automated microfluidic
sample injection valve (LabSmith), further reducing cost and
weight of the platform, whilst maintaining system performance [6].
Most recently, the prototype platform was applied in capillary
anion-exchange chromatography, replacing the above reversed-

phase monolithic columns with a packed bed anion-exchange
capillary column and indirect UV absorbance detection [18].

However, a major consideration with portable and capillary
format LC platforms is detection. With reduced mobile phase flow-
rates, column dimensions, and injection volumes, either low vol-
ume detector flow-cells, or on-capillary detection options are
required, both of which can reduce sensitivity significantly. Further,
for absorbance-based detection, expensive and bulky light sources,
such as standard deuterium (or visible spectrum tungsten) lamps,
are less than ideal. As an alternative, low-UV light-emitting diodes
(LEDs) have gained significant recent popularity as low cost, du-
rable and portable light sources for photometric detectors, and
have been applied with both flow-through and on-column (on-
capillary) based detectors in LC [19e21]. However, the disadvan-
tage of the latter approach is the very short optical pathlength and
therefore limited sensitivity. To overcome this, a number of high-
sensitivity capillary format optical flow cells have been developed
over the years, which provide greater pathlength and limit extra-
column band-broadening to an absolute minimum. Indeed, one
such so-called ‘z-cell’ has recently been characterised and applied
with a low-UV-LED light source for direct and indirect photometric
detection in capillary LC [16].

In this current study, we have taken the above individual de-
velopments and added significant new design aspects to present a
fully in-field functional and battery powered gradient capillary LC
platform, with high-sensitivity (z-cell) detection based on a low-
UV-LED light source. Further aims of the work were to deliver a
robust portable LC platform with full component integration,
including a capillary column heater and sensor for precise tem-
perature control, which was finally compatible with portable mass
spectrometry. The completed system discussed herein has been
compactly housed within a fully 3D printed housing and can be
battery operated for remote applications. The complete system
weighs ~2.7 kg, with dimensions of 245 � 185 � 160 mm. The ef-
ficacy of this system is demonstrated for the separation of small
pharmaceutical molecules, using a 5 mm ODS particle packed
capillary column. Coupling of the portable LC system to a portable
(Microsaic 4500 MiD) mass spectrometer is demonstrated, pre-
senting a small footprint ‘point-of-need’ LC-MS solution, with a
total size equivalent to a traditional standard desk-top computer.

2. Materials and methods

2.1. Chemicals and reagents

Analytical grade chemicals and reagents were used to prepare all
the solutions. Deionised water was obtained from a Millipore Milli-
Q water purification system (Bedford, MA, USA). A range of standard
pharmaceutical test compounds, namely carbamazepine, flavone,
ketoprofen, sulfamethazine, and (R)-(�)-1-cyclohexylethylamine
were provided by Pfizer Inc. (Groton, CT, USA). Parabens (methyl-
4-hydroxybenzoate, ethyl-4-hydroxybenzoate, propyl-4-
hydroxybenzoate and butyl-4-hydroxybenzoate) and uracil were
sourced from Sigma-Aldrich (St. Louis, MO, USA). Tartrazine was
obtained from Fluka (Buchs, Switzerland). Acetonitrile (ACN) and
formic acid (FA, 98e100%) for HPLC mobile phases were sourced
from Merck (Darmstadt, Germany).

2.2. Instrumentation

The portable LC platform developed in this study was based
primarily on the mProcess™ automated pumps and valves from
LabSmith Inc. (Livermore, CA, USA). All LC components were
mounted on a 133 mm � 184 mm mProcess breadboard (uPB-05,
LabSmith) and communicated via a micro USB2.0 cable between an
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EIB200 interface and the mProcess computer software. AV-series
valves were connected to a valve manifold (4VM01, LabSmith) via
flat ribbon cables. For all capillary tubing connections, 0.360 mm
fittings (C360-100) were used. Fused-silica capillaries (FSCs) were
purchased from Polymicro Technologies (Phoenix, AZ, USA).

For the gradient pumping system, two SPS01 pumps (20 mL
volume, LabSmith) were used, for aqueous phase (A) and organic
phase (B), respectively, and connected to two automated 3-port
valves (AV201-C360, LabSmith) via 150 mm I.D. PEEK tubing
(360 mm O.D., CAP360-150P, LabSmith). One port of each 3-port
valve was connected to a vacuum degassing enabled 1.1-mL PEEK
reservoir (BBRES-1ML, LabSmith) containing degassed mobile
phase for refilling, while PEEK tubing was used to connect to a tee-
piece for mobile phase mixing from the third port of each valve.
50 mm I.D. FSC (360 mm O.D., Polymicro) was used for connection
between the mixing tee and injection valve.

An automated 6-port injection valve (AV303, 100 nL inner vol-
ume)with a 360 mmO.D. FSC loopwas used for sample injection. An
extra refillable SPS01 pump (20 mL) through a 3-port valvewas used
for sample introduction and connected to the 6-port valve. An
automated 6-port injection valve (AV303, 100 nL inner volume)
with a 360 mmO.D. FSC loopwas used for sample injection. An extra
refillable SPS01 pump (20 mL) through a 3-port valve was used for
sample introduction and connected to the 6-port valve. The sample
and washing buffer (50% acetonitrile-water) were prepared and
contained in Agilent 2-mL vials with puncturable Teflon septa caps,
which were connected to the 3-port valve for access of injected
samples and washing buffer. Syringe and line washes between runs
were conducted using washing buffer within fixed consecutive pre-
programmed washing cycles (achieved within 2 min).

Self-packed reversed-phase capillary columns (5 mm ODS par-
ticles, 120 Å) were prepared using a MyCapLC™ kit (PEEKsil 150
and 300 mm I.D., 1/1600 O.D.) (Trajan Scientific and Medical, Ring-
wood, VIC, Australia), and usedwithin the portable chromatograph.
Each end of the capillary column was connected to a 1/3200 O.D.
PEEKsil capillary (70 mm long � 50 mm I.D.) via a double-ended
ferrule (1/1600-1/3200) with 0.5 mm mesh frit. A 25 mm I.D. sample
loop (11 cm, 154 nL volume) was connected when working with a
150 mm I.D. capillary column (100 mm long), while a 50 mm I.D.
sample loop (11 cm, 316 nL volume) was used when a 300 mm I.D.
capillary column (100mm long) was used. For the connection of the
PEEKsil columns to the injection valve, 360 mm O.D. FSC was used,
with a 360 mm fitting connected to valve and a double-ended
ferrule (1/3200-360 mm) to the column.

The system could be powered using a Voltaic v88 battery, with
total capacity of 24,000 mAh [22]. All the individual components of
the system were housed within a compact 3D printed box, which
weighed ~2.7 kg when fully assembled, with dimensions of
245 � 185 � 160 mm.

The capillary column heater was constructed from an
aluminium hollow tube (150 mm long � 9 mm I.D., 1.5 mm wall
thickness) wrapped within a silicone heat strip (9 W,
300 � 20 � 1.6 mm) (Fig. S1). The inlet and outlet capillaries (1/3200

O.D.) from the column were fed out from two central holes (1/3200)
on both PEEK end capillaries, which helped maintain heat inside
the hollow tube. A XH-W1601 proportional-integral-derivative
(PID) chip module, with a waterproof temperature sensor (NTC
10 K) and digital screen, was applied to provide constant temper-
ature feedback and control of internal temperature with a precision
of ±0.1 �C (Xinghe Electronic Co., Jiangsu, China).

Flow-through detectors were produced using new 3D-printed
detector assemblies, designed to house two different off-the-shelf
high-sensitivity capillary flow-cells, specifically an Agilent CE
high-sensitivity detection cell (abbreviated as HSDC, Part No.
G1600-60027) and a Thermo Fisher Ultimate™UZ-View™ flow cell

(abbreviated as UZFC, Part No. 6074.0280), exploded views of each
can be seen as Fig. S2 and Fig. S3. A 255 nm UV-LED (OPTAN255H),
purchased from Crystal IS (Green Island, NY, USA) was used as the
UV light source in this study. For detection, a broadband pre-
amplified silicon carbide (SiC)-based UV photodetector (TOCO-
N_ABC2) was used, purchased from Sglux SolGel Technologies
GmbH (Berlin, Germany). A dual-function controlling unit with an
integrated digital screen, as previously described by Johns et al.
[23], was employed to adjust the LED current and record the de-
tector signal (input absorbance). After connection to an eDAQ
(Denistone East, NSW, Australia) integrated PowerChrom 280 sys-
tem, data acquisition was achieved using eChart software. The UV-
LED was powered by a constant current power supply (5 V), which
was set at 20.0 mA and 8.0 mA for the HSDC and UZFC-based de-
tectors, respectively. The absorbance values were processed online
by a main digital filter (50 Hz) and a low-pass digital filter with a
cut-off frequency of 0.5 Hz. All the data were recorded at a fre-
quency of 2 Hz.

2.3. Methods

2.3.1. 3D printed flow-cell assemblies for UV-LED based detectors
Detector flow-cell assemblies and holders for the LEDs and

photodetectors for both HSDC and UZFC cells were designed using
Solidworks software (Dassault Syst�emes, Waltham, MA, USA). A
LulzBot 3D printer (Aleph Objects, Loveland, CO, USA) with Cura
software (Aleph Objects, Loveland, CO, USA) was used to print de-
tector assemblies and holder designs. Polyethylene terephthalate
glycol (PETG) was used as the printing filament with a diameter of
2.85 mm. The extruder temperature was set at 225 �C and the bed
temperature was set at 75 �C. Fill density (%) of printing was set at
40% with a layer height of 0.2 mm, to guarantee no leakage of
hazardous UV light and full blockage of all ambient light.

2.3.2. 3D printed housing for the portable LC system
A one-piece housing for the assembled portable LC was

designed using Autodesk Fusion 360 software (Autodesk, San
Rafael, CA, USA). A Prusa i3 MK3 3D printer (Prusa Research, Praha,
Czech Republic) was used to print the housing using black poly-
lactic acid (PLA) filament with a diameter of 1.75 mm. The extruder
temperature was set at 215 �C and the bed temperature was set at
55 �C. Fill density (%) of printingwas set at 10%with the layer height
of 0.2 mm.

2.3.3. Detector performance
A USB2000 þ XR1-ES miniature fibre optic-based spectrometer

(Ocean Optics, Dunedin, FL, USA) was aligned to the 255 nm UV-
LED with a 600 mm I.D. optical fibre (Ocean Optics, Dunedin, FL,
USA) for measurement of the LED emission spectrum. OceanView
software (Ocean Optics, Dunedin, FL, USA) was used for data
acquisition and processing of emission spectrum
(l¼ 200e800 nm) of the 255 nmUV-LED, with the integration time
set at 30 ms.

Determination of detector performance (sensitivity, linearity,
dynamic range, and stray light percentage) was carried out as re-
ported elsewhere [24,25]. The detector flow-cell was firstly flushed
(~10 capillary volumes) with water, then with increasing concen-
trations of aqueous tartrazine standard solutions. Absorbance
values for blank and tartrazine solutions were measured for 30 s in
triplicate under static conditions. Molar absorptivity (e) was
measured using a Metertech SP-8001 UV/Vis spectrophotometer
(Model SP-8001, Metertech, Taipei, Taiwan, China). Sensitivity
(absorbance divided by concentration) vs absorbance curves were
then plotted to define the upper limit of detector linearity. Further,
effective path length (Leff) and percentage of stray light were
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calculated from the sensitivity vs absorbance curve [24,25].

2.3.4. Separation conditions
Chromatographic separations and performance tests were car-

ried out using the two syringe pumps, with 0.1% formic acid in
water in pump A, and 90% acetonitrile in 0.1% formic acid in pump
B, to deliver the desired isocratic or gradient mobile phase. Column
temperature was maintained at 40 �C. The samples injected to the
system were dissolved in 50% acetonitrile-water and filtered via
Millipore 0.45-mm syringe filters (Millipore, Bedford, MA, USA). For
the 150 mm I.D. ODS column, a flow-rate of 2 mL min�1 was applied
in both isocratic and gradient modes. The isocratic separation of
pharmaceutical compounds (sulfamethazine, carbamazepine,
ketoprofen and flavone) was achieved using 55% B. Gradient sep-
arations of mixed parabens standards were carried out using 45% B
to 80% B from 0 to 4 min. For the 300 mm I.D. ODS column, a
5 mL min�1

flow-rate was applied, for both isocratic and gradient
modes. The isocratic separation of the pharmaceutical compounds
was achieved using 70% B. Gradient separation of the parabens
standards was achieved using 50% B to 90% B from 0 to 3.5 min.

2.3.5. Mass spectrometry (MS) conditions
A portable quadrupole-based 4500 MiD mass spectrometer

(Microsaic Systems PLC, Woking, UK), equipped with a spraychip®
electrospray ionisation (ESI) source, was operated in the positive
ion mode. The mass range was set at 50e1400 m/z in full scan and
selected ion monitoring (SIM) modes. The nitrogen flow rate was
set at 2500 mL min�1, the capillary tip voltage was set at 850 V, and
the vacuum interface voltage was set at 50 V. The 300 mm I.D. ODS
column was connected to the ESI source via a Split Flow Interface
(SFI) to generate the flow at 1 mL min�1.

3. Results and discussion

3.1. System design

The battery-operated hand-portable LC system (Fig. 1, schematic
figure as Fig. S4) was developed based on the prototype mini-
aturised medium pressure LC system first described by Li et al. [6].
Major improvements in the LC system presented herein compared
to the earlier reported platform include redesign and arrangement
within a portable hand-held housing, introducing battery powered
capacity to facilitate true portability, inclusion of a new high
sensitivity z-cell photometric detector for increased sensitivity, the
addition of column temperature control to improve retention time
and gradient reproducibility, and inclusion of an automated injec-
tion system.

More specifically, the upgrades to the former platform include a
large number of component changes. To reduce the unutilised
space in the previous platform within the 229 mm � 254 mm
(900 � 1000) breadboard [6], all pumps, valves and manifolds were
remounted on a more compact 133 mm � 184 mm (5.2500 � 7.2500)
breadboard having the functions of pumping and injection. Four
syringes used for the previous binary pumping system were here
reduced to two syringes. The 0.7 kg VICI valco nano-injector (20 nL
internal volume) used in the previous system was replaced by an
AV303 micro-injection valve with a capillary loop [15]. Former
manual sample injection was replaced with the combination of a
syringe pump and a 3-port valve, to achieve automated sampling. A
capillary column heater equipped with PID module and tempera-
ture sensor enabled the control and monitoring of constant column
temperatures for more robust separations. The previous on-column
detection option using an Agilent optical interface was replaced by
high sensitivity z-cell based detectors (HSDC and UZFC), assembled
with 3D printed holders. As discussed later, the performance of the

two detectors with different z-cells and printed interfaces was fully
characterised and compared.

3.2. Performance of the developed portable LC system

3.2.1. Separation performance with capillary LC columns (150 mm
and 300 mm I.D.)

The portable capillary LC system was tested for its performance
using two packed capillary LC columns (i.e. 150 mm and 300 mm
I.D.). In the current configuration the volume of each micro-syringe
pump was 20 mL. Previously, it was reported that the LabSmith
SPS01 20 mL syringes run at 1 mL min�1 produced a flow-rate
variation of approx. 3%, reducing to <0.5% at 5 mL min�1. There-
fore, for the current binary pump configuration a total flow rate of
2 mL min�1 for the 150 mm I.D. column and 5 mL min�1 for the
300 mm I.D. column were applied, matching the recommended
flow-rates for capillary columns of these dimensions. Under these
conditions, 10 consecutive chromatograms were generated for each
column, and are shown overlaid as Fig. 2A and B. Visual comparison
of the two sets of chromatograms clearly shows the improvement
in retention time reproducibility and baseline noise resultant from
operation at the higher flow rates.

The average baseline noise for the 2 mL min�1 and 5 mL min�1

chromatograms, recorded under the same detection conditions,
were 0.32 and0.06mAU, respectively. The higher detector noisewith
the 2 mL min�1

flow-rate and 150 mm I.D. column was attributed to
the above-mentioned lower performance of the micro-syringe
pumps at when operating at the lower flow-rate, and reduced
mixing of the two mobile phase flows under these conditions. Both
ofwhichwere improvedwhenusing higherflowconditionswith the
300 mm I.D. column, where retention time reproducibility of <0.7%
RSD was observed, with all peak shape parameters showing <3.3%
RSD (see Table 1). Under the higher flow-rate conditions, the
portable LC system with the binary micro-syringe pump arrange-
ment could deliver fast separations of under 3.5min for the standard
test mixture, and a maximum run time of up to 8 min was possible
before automatic refilling of the pump syringes.

3.2.2. Gradient separation with the 300 mm I.D. C18 column
In the prototype portable LC system reported earlier [6], sepa-

rations of food dyes under both isocratic and gradient conditions
were demonstrated, under sub-mL min�1-flow conditions using
5 mL volume micro-syringe pumps. Although the reproducibility of
retention times and peak areas for the isocratic separation was
generally at or below 1.0%, higher variations in baseline drift were
noticeable in the gradient separations, with up to 4.6% variation in
retention times and up to 6.4% variation in peak areas being re-
ported. With the current configuration, gradient performance was
investigated with the dual micro-syringe pumps delivering water
(A) and 0.1% acetone inwater (B). A gradient of 0%e100% phase B in
5minwas carried out and the detector response plotted against the
programmed gradient. The result is shown in Fig. 2C, illustrating
excellent agreement. The dwell volumewasmeasured to be ~0.4 mL,
which contributed only a 0.08 min gradient delay at a flow-rate of
5 mL min�1.

A 0.19%$s�1 gradient programwas set for the 3.5 min separation,
from 50%B to 90%B. Repeatability of gradient separations based
upon 10 consecutive runs was determined (Fig. 2D) showing only
0.1% RSD for retention times, and up to 2.3% RSD for peak areas
(Table 2).

3.3. UV-LED (255 nm) detector design and characterisation

3.3.1. General considerations
Two commercial high-sensitivity capillary flow cells were
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investigated. These were housed in customised 3D printed detector
assemblies, together with a 255 nm UV-LED light source and a UV
broadband PD as the detector element. The Agilent HSDC was
originally developed to overcome the sensitivity limitations of
standard on-column detection in CE [26]. It is a coin-sized cell

(~11 g), with a z-shaped flow-through channel (100 mm � 100 mm
rectangular channel) that has a cell volume of 12 nL and specified
path length of 1.2 mm. Two pin holes (2 mm I.D.) in the central
position are set on both sides of the HSDC to align with the light
source. The flow channel is made entirely of black fused-silica and

Fig. 1. The developed fully portable LC system, showing (A) Layout of LC components (Components: 1. Agilent HSDC-based LED detector; 2. Detector controlling unit; 3. Column
heater; 4. Temperature control module with PID chip; 5. EIB200 interface; 6. Voltaic V88 battery; 7. LabSmith microfluidic system), and (B) portability of the assembled instrument.
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Fig. 2. Isocratic separations of 4 pharmaceutical compounds for 150 mm I.D. column (A) and 300 mm I.D. column (B) (Compounds: 1, Sulfamethazine; 2, Carbamazepine; 3,
Ketoprofen; 4, Flavone. Void time: (A) 0.99 min; (B) 1.12 min); Gradient performance of pumping system (C); Gradient separtion of 4 parabens on a 300 mm I.D. column (Com-
pounds: 5, Methyl-paraben; 6, Ethyl-paraben; 7, Propyl-paraben; 8, Butyl-paraben. Void time: 1.12 min). Flow rates were 2 mL min�1 for (A) and 5 mL min�1 for (B).

Table 1
Comparison of retention time and peak shape reproducibility (n ¼ 10) for 150 and 300 mm I.D. columns (at 2 mL min�1 and 5 mL min�1, respectively).

Peak No. Time (min) Area (mAU � min) Height (mAU) Width (min) Efficiency (N$m�1)

150 mm 300 mm 150 mm 300 mm 150 mm 300 mm 150 mm 300 mm 150 mm 300 mm

1 1.25 (1.0%) 1.37 (0.6%) 1.73 (7.8%) 2.49 (1.2%) 15.63 (3.9%) 29.18 (1.8%) 0.20 (4.1%) 0.15 (0.9%) 8598 (7.8%) 17758 (1.7%)
2 1.61 (1.2%) 1.65 (0.6%) 1.50 (4.6%) 1.83 (1.3%) 11.37 (3.0%) 19.42 (1.2%) 0.24 (4.3%) 0.17 (1.1%) 9851 (7.2%) 20974 (1.3%)
3 2.29 (1.7%) 2.04 (0.6%) 1.99 (11.7%) 2.64 (3.3%) 11.84 (7.4%) 25.14 (3.3%) 0.31 (6.3%) 0.19 (0.8%) 12323 (9.8%) 25263 (2.2%)
4 3.19 (1.4%) 2.78 (0.7%) 1.89 (11.6%) 3.30 (1.4%) 9.39 (10.0%) 24.38 (1.1%) 0.38 (5.9%) 0.24 (1.5%) 16022 (10.3%) 29741 (2.6%)
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is designed to ensure 100% transmission of light, with the reflective
interior functioning as a light pipe, to minimize stray light
(Figs. S5A and S5B) [26].

The UZFC capillary flow cell is currently used within the Ulti-
mate 3000 VWD capillary HPLC detectors (Thermo Fisher Scienti-
fic). This U-shaped flow cell is made of a curved FSC (10 mm
pathlength, 75 mm I.D., 260 mmO.D.), which is alignedwith the light
source and detector within a central bore (ca. 0.5 mm I.D.) of a black
template (Figs. S5C and S5D) [27]. In this format, the light passes
throughout the centre bore with a portion of the light travelling
through the flow path (Figs. S5C and S5D). The dimensions of the
complete HSDC-based detector assembly were 32 � 52 � 32 mm,
and the total detector weighed only 45 g (Fig. S2). For the UZFC
based detector, dimensions were 38 � 48 � 52 mm, and it weighed
135 g (Fig. S3).

3.3.2. Detector characterisation
The emission spectrum of the 255 nm UV-LED (OPTAN255H)

used as the detector light source is shown as Fig. 3A. The maximum
emission wavelength for the LED was observed at 256 nm, and full
bandwidth at half maximum (FWHM) was 12 nm. A low ratio
(<0.5%) of parasitic emission vs UV emission (190e400 nm) was
observed, in accordance with a previous report [14]. Therefore, the
LED could be used without an additional band-pass filter, with
significant advantages for the photometric detector cost, design,
size and assembly.

Optical parameters of detectors, including linearity, sensitivity,
effective pathlength (Leff) and stray light, can be measured using a
highly absorbing probe at the selected detection wavelength [24].
Tartrazine was chosen for testing detector performance as it ab-
sorbs strongly at UV 255 nm (Fig. 3A). The molar absorptivity of
tartrazine in water was determined experimentally as
21,848 L cm�1 mol�1 (l¼ 255 nm) with a 10 mm quartz cell using a
Metertech SP-8001 UV/Vis spectrophotometer. The absorption
spectrum (l ¼ 200e800 nm) of tartrazine is overlaid with the
emission spectrum from the 255 nm UV-LED in Fig. 3A. Linearity of
both detectors was determined and plotted as sensitivity
(AU$mol�1$L�1) vs absorbance (mAU) graphs (Fig. 3B and C). Using
a threshold of a 5% decrease in the extrapolated sensitivity value,
the absorbance value (mAU) for the upper limit of detector linearity
could be determined. Leff and percentage of stray light could be
directly calculated using the Beer-Lambert Law via these plots [24].
Stray light reflects both the design of the detector flow-cell in
maximising the amount of light passing through the detector flow
path, and also the monochromaticity of the light source, here the
UV-LED. As shown in the LED emission spectrum presented in
Fig. 3A, the polychromaticity (parasitic emission) of the emission
spectrum is extremely low (as reported 0.0002% for the same LED)
[14]. With this in mind, the percentage of stray light determined for
each detector could be ascribed directly to the actual proportion of
light not passing through the flow-path.

A summary of the performance of each detector using the above
characterisation procedures is given in Table 3.

The interior structure of the HSDC, with its black fused-silica

reflective interior surface, effectively minimises stray light. Using
the above absorbance data, the Leff of the Agilent HSDC was
calculated to be 1.01 mm, and the percentage of stray light was
determined to be 0.2%. The upper limit of linearity was found to be
1576 mAU, which was an extremely encouraging result given the

Table 2
Chromatographic performance under gradient conditions using a 300 mm I.D. col-
umn (n ¼ 10).

Peak No. Time (min) Area
(mAU � min)

Height (mAU) Width (min)

5 1.81 0.13% 1.57 1.69% 14.80 2.05% 0.20 1.46%
6 2.14 0.13% 5.30 2.27% 47.92 2.26% 0.21 2.64%
7 2.55 0.12% 3.05 1.50% 30.59 2.64% 0.19 2.60%
8 3.01 0.09% 2.81 1.68% 29.44 2.53% 0.18 2.08%

Fig. 3. (A) Absorption spectrum of tartrazine overlaid with the emission spectrum of
the 255 nm UV-LED (OPTAN255H); (B,C) Sensitivity vs Absorbance graphs for the (B)
HSDC and (C) UZFC-based detectors.
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simple design of the 3D-printed interface assembly. These data
closely match those from an earlier study characterising the same
HSDC flow-cell and applied in CZE, which reported an Leff of
1.07 mm with chromate as absorbing probe, and an upper limit of
detection of 2190 mAU [28]. Interestingly, this earlier characteri-
sation was based on a standard deuterium light source and
photodiode array detector, which highlights the excellent perfor-
mance of the relatively simple LED-PD based arrangement devel-
oped herein.

For the UZFC, Leff was calculated to be 1.86 mm, whilst the
percentage of stray light was 23.6%. This relatively high level of
stray light reflects that, within the simplified printed assembly, a
proportion of light passes through the bore channel but not within
the flow-path. Therefore, the detector exhibited a relatively small
linear range, with an upper limit of 157 mAU. This is in contrast to
commercially available detectors using this type of flow-cell
(Thermo Fisher DAD-3000 or MWD-3000), which include adjust-
able slit arrangements for greater alignment with the flow-path,
thereby achieving upper limits of linearity of ~2 AU.

3.3.3. Optimisation of detector parameters
The optimum input current for an LED and PD-based detector is

dependent upon various factors, such as the spectral intensity, S/N
ratio, saturation point for the PD, and stabilisation time for the LED.
The design and arrangement of the flow-cell significantly in-
fluences the S/N ratio and the PD saturation point, since it governs
the transmission of light from the LED to the PD. As shown in
Fig. S6, the UZFC (ca. 0.5 mm I.D. channel) results in much higher
exposure of the PD to the transmitted light as compared to the
HSDC (0.1 mm I.D. channel). Therefore, the UZFC based detector
resulted in the saturation of the PD at just 8 mA LED input current.
However, no signs of saturation were observed with the HSDC flow
cell, even when running the LED at extreme input currents of up to
100 mA.

Detector S/N ratios were determined using the test solute, ethyl-
paraben, for both the UZFC and HSDC-based detectors, across the
input current range of 5e8 mA, and 10e60 mA, respectively. As
shown in Fig. 4A, a consistent increasewas observed in the S/N ratio

with an increase in the input current for the UZFC-based detector
up to 8 mA. In the case of the HSDC-based detector, the highest S/N
ratio was observed at 40 mA, above which performance decreased
steadily (Fig. 4B). However, as shown in Fig. 5, a significant increase
was observed in the LED stabilisation time with the use of more
than 20 mA input current. This can be partly attributed to signifi-
cant heating of the LED at higher currents (Fig. 5), which is a known
issue with UV-LEDs and is discussed in detail elsewhere [21].
Hence, for the HSDC-based detector an input current of 20 mAwas
considered most suitable, limiting the temperature and stabilisa-
tion time to acceptable levels. The definition of stabilisation time
used herein is from switching on the LED power supply to the point
of achieving a positive baseline drift of <0.2 mAU.

3.3.4. Performance as chromatography detectors
The two developed UV-LED-PD detectors were further evalu-

ated using the isocratic separation of 4 test pharmaceutical com-
pounds under the same separation conditions (flow-rate of
5 mL min�1 with the separation achieved on a 300 mm I.D. packed
C18 (5 mm particle) column (Fig. 6A and Fig. 6B)). Calibration curves
of four compounds were linear (R2 > 0.996 and > 0.993) across the
concentration range 0.5e40 mg L�1 for the HSDC cell and
0.2e40 mg L�1 for the UZFC cell (Table 4).

Detector noise was determined for both detectors, with the
HSDC detector exhibiting 62 mAU and the UZFC detector giving 54
mAU noise. The major difference in noise between the two detectors
arises from shot noise resulting from the density and quantity of
photons hitting the PD receiver, which is related to the trans-
mission of light passing through the different light path structures.

Greater sensitivity was achieved using the UZFC detector, as
shown in Fig. 5 and Table 4. LODs and LOQs for the UZFC detector
were up to 1.75 times lower than those for the HSDC based detector,
due to the larger internal pathlength. However, as indicated from
Fig. 3C, the UZFC detector has a limited linearity range due to the
light reflection within the glass medium of the capillary and the
greater internal volume saw the chromatographic peaks somewhat
broadened (Fig. S7A). In contrast, the peak heights of HSDC detector
increased without additional band broadening (Fig. S7B).

Table 3
Characterisation parameters of detectors.

Detector Leff (mm, %) Stray light (%) Upper linearity limit (mAU) Baseline noise (mAU) Applied current (mA)

HSDC 1.01 (84.2%) 0.2% 1576 62 20
UZFC 1.86 (18.6%) 23.6% 157 54 8

Fig. 4. Signal-to-noise ratio (S/N) for ethyl-paraben in flow-injection analysis using (A) the UZFC and (B) the HSDC-based detectors under increasing current (mA) with the 255 nm
LED.
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3.4. Column heater characterisation

3.4.1. Portable column heater design
Applying constant column temperature in LC separations is

critical to achieve reproducibility of results. Moreover, elevated
temperatures for LC separations deliver lower backpressures and
provide potential increased column efficiency and better peak
shape. In this study, an isothermal aluminium column heater with
PID control module was developed for the capillary LC system. A
silicon heat strip was wrapped over a hollow tube for heat transfer

through the wall. The air within the closed tube could be warmed
up, serving as an air-bath oven for the capillary LC column. A
temperature sensor was inserted into the interior of the column
heater through the cap, which enabled the direct measurement of
heated air and feedback to the PIDmodule for constant control. The
refresh rate for the PID module was 4 s�1, and the accuracy of
control temperature was 0.1 �C. The applicable range of tempera-
ture was 0e110 �C. The portable heater weighed ~100 g, and was
~150 cm3 in size, with only a 9 mL internal volume of air.

The simple portable heater was compared for performance with
a commercial LC column oven, with both column heaters set at
40 �C and chromatographic performance parameters being
repeatedly measured under the same LC separations conditions
(5 mL min�1, ACN e 0.1% formic acid ¼ 63:37, v/v), using a Dionex
Ultimate 3000 NCS-3500rs capillary LC system. The results of the
comparison confirmed there were no significant differences in
chromatographic performance from either heater, as shownwithin
Table S1 in ESI.

Using the Ultimate 3000 NCS-3500rs capillary LC system, the
pressure sensor in the pump module allowed the monitoring of
backpressure changes with temperature. The relative pressures for
the system with the portable heater and commercial LC oven were
determined as 24.4 ± 0.1 bar and 25.9 ± 0.3 bar, validating the
performance of the simple capillary column heater.

3.5. Demonstration of a small footprint LC-MS system

The developed portable LC system was coupled to a portable
Microsaic 4500 MiD MS system and the LC-MS separation of 5
pharmaceutical compounds demonstrated (~1 mg L�1 each). The

Fig. 5. Stabilisation time and temperature versus current for a 255 nm LED.

Fig. 6. Isocratic separation of pharmaceutical compounds (10 mg L�1) on HSDC (A) and UZFC (B) detectors (Compounds: 1, Sulfamethazine; 2, Carbamazepine; 3, Ketoprofen; 4,
Flavone) (Void time: (A) 1.12 min; (B) 1.37 min).

Table 4
Linearity and ranges, LOD, LOQ, resolution.

Peak No. Linearity R2 Ranges (mg$L�1) LOD (mg$L�1) LOQ (mg$L�1) RS (1 and 2)

HSDC UZFC HSDC UZFC HSDC UZFC HSDC UZFC HSDC UZFC

1 0.9996 0.9964 0.5e40.0 0.2e40.0 0.07 0.04 0.20 0.13 1.80 1.45
2 0.9965 0.9930 0.10 0.05 0.30 0.17
3 0.9994 0.9986 0.09 0.05 0.26 0.16
4 0.9998 0.9997 0.09 0.05 0.28 0.16
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Fig. 7. The portable capillary LC-MS system (A) with overlaid ion chromatogram (B) and selected ion chromatograms (C) for 5 pharmaceutical compounds.
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coupled portable LC-MS instrument had a total footprint similar to
a standard desk-top computer screen, as shown in Fig. 7A. With this
configuration, a gradient separation at a flow-rate of 5 mL min�1

was performed. The column effluent flow was split, reduced to
1 mL min�1 when entering the MS for optimum ionisation of the
analytes. Selected positive ions for (R)-(�)-1-cyclohexylethyl-
amine, sulfamethazine, carbamazepine, ketoprofen and flavone
were set at m/z 128.4, 279.4, 237.2, 255.2 and 223.2, respectively.
The overlaid ion chromatograms and selected ion chromatograms
for the 5 compounds are shown in Fig. 7B and C, respectively. The
signal-to-noise ratios for all compounds in SIM mode ranged from
670 to 4360, delivering approximately two orders of magnitude
higher sensitivity than the simple UV detection.

3.6. Preliminary field LC application

A preliminary demonstration of a field application of the
portable LC was carried out on a farm site, analysing some solvent
extracts (also carried out on site) of some freeze-dried plant ma-
terials. Specifically, ~2 g of four freeze-dried plant samples
(including leaves and buds) provided at farm site, were mixed with
10 mL of 50:50 (v/v) ethanol-water in glass vial (20 mL) and
vigorously shaken manually. Following extraction, the solution of
ethanolic extracts were taken from the glass vial with a luer-lock
syringe (1 mL), then filtered through Millipore 0.45-mm syringe
filters for immediate analysis using the portable LC system. The
separation was performed with 0.1% formic acid in water in pump
A, and acetonitrile with 0.1% formic acid in pump B. The separation
was achieved using a 300 mm I.D. ODS column, with isocratic
elution of 90%B at a flow rate of 5 mL min�1, and the column tem-
perature was maintained at 40 �C. As shown in Fig. S8 within
Supplementary information, between 9 and 10 separate peaks
could be separated within the extracts, a number of which were
identified and quantified against known standards, on-site (peak
identity confidential). Fig. S9 shows the portable system in use, on-
site within the farm sheds.

4. Conclusions

In this study, a hand-held, battery-powered, portable LC system
with high sensitivity UV-LED based z-cell detectionwas developed.
Compared to on-column detection used in previous studies, the
HSDC flow-cell based detector showed excellent sensitivity, with
low stray light levels, and negligible heat effects using low input
currents (<20 mA). Moreover, a simply constructed isothermal
portable column heater controlled by a PID control module was
used to control the temperature of capillary columns in LC sepa-
rations, which improved the stability and robustness of the system.
High performance capillary scale separations could be achieved in
under 5 min at a flow-rate of 5 mL min�1 on a 300 mm ID particle-
packed column using the portable LC system. Further, the system
was coupled successfully with a miniaturised quadrupole mass
spectrometer, delivering a small footprint LC-MS solution for point-
of-need analysis.
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Figure S1. The 3D layout of column heater. (1. Silicone heat strip; 2. Aluminium 

hollow tube; 3. MyCapLC PEEKsil column; 4. Temperature sensor; 5. 

Aluminium tube cap) 
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Figure S2. The 3D layout of HSDC based detector. (1. Bolts for 3D printed 

parts; 2. UV LED; 3. 3D printed housing parts; 4. Agilent flow cell – HSDC; 5. 

UV photodiode) 
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Figure S3. The 3D layout of UZFC based detector. (1. Bolts for 3D printed 

parts; 2. UV LED; 3. 3D printed housing parts; 4. Thermo Fisher UZ flow cell – 

UZFC; 5. UV photodiode) 
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Figure S4. Schematic diagram of the developed portable LC system 
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Figure S5. The optical path descriptions for HSDC (A, 3D-view; B, 2D-light 

track view) and UZFC (C, 3D-view; D, 2D-light track view) detector (the optical 

path is marked in red, and the area of flow path is coloured in blue) 
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Figure S6. Emission intensity (255 nm) versus current for both UZFC (black) 

and HSDC (grey) cell using the USB2000+XR1-ES spectrophotometer. 

Conditions: integration time 200 ms,  
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Figure S7. LC chromatograms of high concentration (20 ~ 250 mg·L-1) 

parabens with UZFC detector (A) and HSDC detector (B) 
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Table S1. Comparison of peak repeatability %RSD (n = 10) for chromatographic 

separations with the 300 μm I.D. column under two column heaters 

Peak 

No. 

Retention time Peak area Peak height Peak width Peak efficiency 

Portable 

heater 

LC 

oven 

Portable 

heater 

LC 

oven 

Portable 

heater 

LC 

oven 

Portable 

heater 

LC 

oven 

Portable 

heater 

LC 

oven 

1 0.38% 0.10% 1.16% 1.14% 0.88% 1.12% 0.91% 0.55% 1.44% 0.98% 

2 0.42% 0.16% 0.93% 1.24% 1.01% 0.90% 0.98% 1.14% 1.46% 2.04% 

3 0.50% 0.35% 0.85% 1.15% 0.84% 1.17% 0.57% 1.44% 0.91% 2.24% 

4 0.58% 0.46% 3.09% 3.00% 2.91% 2.13% 0.61% 1.44% 1.14% 2.20% 
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Field trial – Farm-yard analysis of freeze-dried plant material - solvent 

extracts, using the portable liquid chromatograph 

1. Sample preparation of ethanolic extract 

Approximately 2 g of four freeze-dried plant samples (including leaves and 

buds) provided at farm site, were mixed with 10 mL of 50:50 (v/v) ethanol-water 

in glass vial (20 mL) and vigorously shaken manually. Following extraction, the 

solution of ethanolic extracts were taken from the glass vial with a luer-lock 

syringe (1 mL), then filtered through Millipore 0.45-μm syringe filters for 

immediate analysis.  

 

2. Chromatographic method 

LC analysis was performed on the developed LC system, with 0.1% formic 

acid in water in pump A, and acetonitrile with 0.1% formic acid in pump B. 

Separation was based on a 300 μm I.D. ODS column using isocratic elution of 

90%B at a flow rate of 5 μL·min-1, and the column temperature was maintained 

at 40 °C. 

 

3. Results 

As shown in Figure S8, 8 peaks were separated, and several later identified 

with known standards (peak identity confidential). Figure S9 shows the portable 

system in use, on-site within the farm sheds. 
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Figure S8. Overlaid chromatograms of 4 plant extract samples and reference 

material. 
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Figure S9. On-site demonstration of portable LC within the farm shed. 
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Chapter 3: 3D printed liquid cooling interface for a deep-UV-LED-

based flow-through absorbance detector 
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ABSTRACT: Ultraviolet (UV)-light-emitting diodes (LEDs) are now widely used in
analytical absorbance-based detectors; as compared to conventional UV lamps, they offer
lower cost, faster response time, and higher photon conversion efficiency. However, current
generation deep-UV-LEDs produce excess heat when operated at normal operating currents,
which affects output stability and reduces their overall performance and lifespan. Herein a 3D
printed liquid cooling interface has been developed for a deep-UV-LED-based optical detector,
for capillary format flow-through detection. The interface consists of a circular channel that is
tightly wrapped around the LED to provide active liquid cooling. The design also facilitates
easy plug-and-play assembly of the various essential components of the detector: specifically, a
255 nm UV-LED, a capillary Z-cell, and a broadband UV photodiode (PD). The unique liquid
cooling interface improved the performance of the detector by reducing the LED temperature
up to 22 °C, increasing the spectral output up to 34%, decreasing the required stabilization
time by up to 6-fold, and reducing the baseline noise and limits of detection (LODs) by a
factor of 2. The detector was successfully used within a capillary HPLC system and could offer
a miniaturized, rapidly stabilized, highly sensitive, and low-cost alternative to conventional UV detectors.

Light-emitting diodes (LEDs) offer several advantages over
other light sources, such as compact structure, higher

photon conversion efficiency, longer life, better stability, and
faster response.1 Hence, they have rapidly become a more
efficient and cost-effective alternative to conventional light
sources. In particular, the low power consumption and
compact size of the LEDs have made them an attractive
choice for the development of portable, low-cost, potentially
battery-operated, optical detectors.2 Moreover, LEDs are
themselves quasi-monochromatic, with a typical half-height
bandwidth of 10 to 50 nm, which can eliminate the need for a
monochromator or indeed in many cases a basic band-pass
filter.3 These advantages have led to the widespread use of
LEDs as a light source, not only in optical detection4 but also
in related areas, including photoactivated gas sensing,5

photoinitiated polymerization,6 and flow-through water
disinfection.7

The first LED-based optical (absorbance-based) detector
was reported by Flaschka et al.8 in 1973, which was based on
the use of a visible-light LED (λ = 660 nm). However, in the
past decade, a greater emphasis has been placed on the
development of deep-UV-LED-based detectors, which provide
more universal detection for the majority of organic
compounds. The first deep-UV-LED (λ = 255 nm)-based
analytical detector was reported a decade ago by Schmid et al.9

Since then, multiple deep-UV-LEDs have emerged from
various commercial suppliers, most recently reaching down
to 235 nm.10 However, despite a decade of progress, within the
deep-UV range (usually <280 nm), these commercial LEDs all

still suffer from low photon conversion efficiency and, as such,
are all prone to excessive LED heating. Some of the
consequences of LED heating are lower spectral output10

and prolonged stabilization times,11 which significantly reduce
the sensitivity of an LED-based detector by increasing the total
noise. The total noise observed in an optical detector is usually
composed of internal detector noise (in the photoreceiver),
radiation noise (from the light source), and electronic noise
(analog-to-digital converter noise). A primary component of
the internal detector noise is shot noise, which originates from
the particle nature of light. In the event of low spectral output,
the total number of photons that hit the photodetector per unit
time is so small that the random fluctuations in their number
based on Poisson distribution become significant, whereas a
high spectral output results in a high photon density at the
detector, which minimizes the influence of the random shot
noise. An unstable LED results in the fluctuation of the emitted
light intensity, which increases the radiation noise. Moreover,
LED heat often radiates to the photodetector, which increases
thermal noise in the detector electronics. Hence, it is generally
recommended that a proper heat dissipation system should be
used with the LEDs to maximize the performance of an LED-
based detector.10,11
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Approaches to heat dissipation systems can be classified into
two categories, based on their energy consumption: namely,
passive and active.11 Passive systems offer an attractive choice
for heat dissipation, because they do not require energy. Our
group has previously reported the development of a passive fin-
like aluminum heat sink to cool a 235 nm LED.10 However,
the performance of these systems is highly restricted by the
ambient conditions and the shape and size of the assembly.
Hence, active cooling systems are often preferred over passive
systems, because they can provide a faster and more precise
control of the device temperature.11 Active cooling systems are
either based on forced air cooling or liquid cooling. Liquid
cooling removes heat more efficiently compared to the fan-
forced cooling, because liquid has a higher specific heat
capacity compared to gas.11

The most commonly used liquid cooling assemblies for
LEDs utilize microchannels or microjets for fluid delivery.12

The microchannel-based assemblies are more popular, because
compared to the microjet assemblies, they offer higher heat
transfer coefficients, provide a compact design, and require
only small coolant inventory.13,14 The first microchannel-based
liquid cooling assembly for electronics was reported by
Tuckerman and Pease in 1981.15 Later in 2007, Wang et al.
developed the first microchannel-based heat sink for a flip-chip
packaged gallium nitride (GaN) LED.16 It consisted of a 500
μm channel, which was obtained by casting polydimethylsilox-
ane (PDMS) in a mold with a metallic wire in the center. The
developed PDMS microfluidic device was bonded to the LED,
and it resulted in an increase in the LED-light intensity of up to
4 times. This report laid the foundation for the use of
microchannels for cooling LEDs; however, the studied channel
shape, build material, and fabrication procedure were far from
ideal. In view of this, recent further studies have been focused
on the optimization of these parameters.12,17−20

Most recently, in late 2018, Zhu et al. reported the
development of a temperature-controllable microfluidic
chip.21 However, the chip was again cast with PDMS by
embedding two polymer tubes in parallel and cross
configurations.21 These fabrication methods severely limited
efforts to produce a high-performance liquid cooling interface,
as they restricted the channel shape to simple designs and the
build material to soft polymers.22,23

Recently, 3D printing has allowed the development of three-
dimensionally complex microfluidic channels in various
materials ranging from hard polymers to metals.24−26 More-
over, bespoke interface and assembly designs can be rapidly
developed that can further assist in the integration and
alignment of various components of the final device. Hence,
herein 3D printing has been used to develop a new assembly
and interface for deep-UV-LED-based capillary format optical
detectors that (1) allows effective liquid cooling by using a
circularly wrapped channel around the LED and (2) simplifies
the alignment of all the required optical components by
integrating them in an efficient and simple plug-and-play
arrangement. The effect of liquid cooling on the performance
of the 255 nm UV-LED has been studied. The assembled
detector has been further characterized for its use as a capillary
HPLC detector.

■ EXPERIMENTAL SECTION
Materials. Analytical grade chemicals and reagents were

used to prepare all the solutions. Deionized water was obtained
from a Millipore Milli-Q water purification system (Bedford,

MA, USA). Alkyl parabens (methyl-4-hydroxybenzoate, ethyl-
4-hydroxybenzoate, and propyl-4-hydroxybenzoate) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile (ACN) and formic acid (98−100%) were sourced
from Merck (Darmstadt, Germany). An Agilent CE high-
sensitivity cell (Part No.: G1600−60027) was purchased from
Agilent Technologies (Palo Alto, CA, USA). An OPTAN 255
nm UV-LED was sourced from Crystal IS (Green Island, NY,
USA). A TOCON_ABC2 UV photodiode (PD) was obtained
from Sglux SolGel Technologies GmbH (Berlin, Germany).

Instrumentation. All chromatographic measurements
were performed on a previously described miniaturized LC
system,27 with several modifications, consisting of two
Labsmith SPS01 20 μL pumps, two AV201 3-port selector
valves, one AV303 6-port injector valve, an XH-W1601-based
PID controlled column heater, a 100 mm long × 300 μm I.D.
reversed-phase column packed with 5 μm ODS particles, and a
UV-LED-based detector. The UV-LED-based detector was the
developed system described herein, using the 3D printed
interface to integrate the Agilent high-sensitivity cell, the 255
nm UV-LED, and the PD.
The liquid cooling assembly was composed of a flow delivery

pump (Knauer Smartline pump 100, 220 × 110 × 130 mm (L
× W × H)) and a cooling system (see SI, Figure S1). The
cooling system was either based on an ice water bath or a
Peltier-based cooling assembly module. The Peltier cooling
assembly was composed of a 3D printed titanium alloy (Ti-
6AL-4V) heat exchanger (50 × 30 × 30 mm), three direct
contact Peltier thermoelectric units (3 × 30 × 30 mm), and a
digital controller, as described previously.24,25 The heat
exchanger consisted of a 600 mm long internal channel that
was wrapped in a double-handed spiral configuration within a
build volume of 5 × 30 × 30 mm. The volume of the heat
exchange channel was ∼376 μL.
A Digitech QM1538 multimeter coupled with a thermo-

couple was used to measure the LED case temperature. The
emission intensity of the LED was measured using a
spectrometer (Model USB2000+XR1-ES, Ocean Optics,
Adelaide, Australia) coupled with a fiber-optic cable. A dual-
function controlling unit, as previously described by Johns et
al.,28 was employed to adjust the LED input current and to
record the detector signal as absorbance. EDAQ Chart
(Denistone East, NSW, Australia) with the PowerChrom 280
system (16-bit) was used for data acquisition at a frequency of
2 Hz. All measurements were performed after stabilization of
the LEDs (if not stated otherwise).

3D Printing. The interface was printed using an Eden
260VS PolyJet 3D printer (Stratasys, Australia). VeroClear-
RGD810 resin was used as the build material, and SUP707 was
used as the support material. The exact composition of the
build material is proprietary; however, it is an acrylate-based
polymer consisting of an approximate mixture of isobornyl
acrylate (15−30%), acrylic monomer (15−30%), urethane
acrylate (15−50%), epoxy acrylate (10−15%), acrylic mono-
mer (10−15%), acrylic oligomer (10−15%), and a photo-
initiator (0.1−2%).29

Liquid Chromatography. Isocratic separations of three
parabens, methyl-paraben, ethyl-paraben, and propyl-paraben,
were performed using a 5 μm ODS particle packed column
with a mobile phase consisting of 45% ACN containing 0.1%
formic acid at a flow rate of 5 μL/min and at a column
temperature of 40 °C. Separations were performed with an
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interval of ∼1.5 min to allow refilling of the dual-syringe
pumps.

■ RESULTS AND DISCUSSION
3D Printed Interface. The 3D printed interface was

designed to easily integrate the various components of the
detector, namely, a UV-LED, a flow cell, and a PD (Figure 1).

A circular channel was embedded in the interface, closely
wrapping the LED to allow effective liquid cooling. The
channel was designed with a parabolic cross section (12 mm
major arc and 1 mm minor arc) to minimize the channel
volume while providing the maximum area of contact between
the LED and the cooling channel. A wall thickness of ∼1 mm
was used between the LED and the cooling channel to allow
rapid heat transfer while ensuring structural rigidity. The
interface was designed in two parts: one part housed the UV-
LED, the cooling channel, and a portion of the flow cell, and
another part housed the PD and the remaining portion of the
flow cell (Figure 1). Hence, the flow cell itself contributed
toward the alignment of the two interface parts and, in turn, all
the detector components. Dedicated slots were designed for
each component that tightly conformed to their respective
shapes and sizes, including the circular segment shaped flow
cell. This allowed a tight and easy lego-type arrangement of all
the components into the detector. Four threaded slots were
included to house the standard M3 × 35 mm bolts used to affix
both the parts together. Two threaded ports were printed at
the outlets of the cooling channel to easily connect to
capillaries using standard one-piece 360 μm fittings.
Liquid Cooling. The effects of the temperature and flow

rate of the liquid coolant on the LED case temperature and its
emission intensity were studied. Water was used as a liquid

coolant and was pumped through the interface with and
without prior cooling. In the case of prior cooling, water was
circulated through a cooling reservoir as described above. The
use of the Peltier cooling module at 0 °C with a flow rate of 5
mL/min resulted in lowering the water temperature from 22
°C (room temperature: Rt) to 14 °C. As shown in Figure 2a,

the use of cold water resulted in the lowest LED case
temperature (41.5 °C). However, the room temperature water
also resulted in a significant decrease in the LED temperature
(46.5 °C after cooling compared to 63.2 °C where no coolant
was circulated). Most significantly, without using a liquid
coolant, it took more than 30 min to stabilize the LED
temperature. In contrast, the use of a liquid coolant with or
without prior cooling resulted in a stable temperature being
attained within just 5 min (Figure 2a).
The effect of liquid cooling in dissipating heat was also

reflected in the emission intensity of the LED. As shown in
Figure 2b, liquid cooling with either room temperature or cold
water resulted in a significantly higher emission intensity
compared to a run conducted in the absence of cooling. Liquid
cooling of the 255 nm LED resulted in ∼34% recovery of its

Figure 1. Schematic diagram of the UV-LED-based detector using a
3D printed liquid cooling interface. (1) UV-LED, (2) PD, (3) coolant
inlet, (4) coolant outlet, (5) Agilent CE flow cell, (6) liquid cooling
channel, (7) holder part 1, (8) holder part 2.

Figure 2. Effect of liquid cooling on (a) LED case temperature and
(b) emission intensity. Black: without cooling, dark gray: room
temperature (Rt) water as the coolant, gray: cold water (14 °C) as the
coolant.

Analytical Chemistry Technical Note

DOI: 10.1021/acs.analchem.9b01335
Anal. Chem. 2019, 91, 8795−8800

8797

82

http://dx.doi.org/10.1021/acs.analchem.9b01335


emission intensity at an input current of 60 mA. The recovery
of 34% of the emission intensity with the 3D printed liquid
cooling interface is encouraging, as the interface was printed
with a polyacrylate material whose thermal conductivity is at
least 1000 times less than machined metal alternatives (e.g.,
aluminum).10

The emission intensity of the LED was also studied at
different flow rates of the cold water. The response was
measured after 30 min of stabilization time at flow rates
ranging from 0.005 to 5.0 mL/min. As shown in Figure 3, a

sigmoid-like curve was obtained, which suggested a continuing
increase in the emission intensity for flow rates from 0.005 to
2.5 mL/min, followed by a nearly constant response after 2.5
mL/min. An increase in the flow rate of the liquid coolant
resulted in two opposing forces that determined the emission
intensity: first, an increase in the coolant temperature, and
second, an increase in the rate of heat dissipation. The coolant
temperature increased with increasing flow rate because of a
decrease in the residence time in the cooling reservoir, which
limited the performance of the Peltier assembly at higher flow
rates. Hence, an iced water bath was used to obtain low
coolant temperatures at higher flow rates. The rate of heat
dissipation would have further improved at higher flow rates;
however, it was limited by the low thermal conductivity of the
print material.
LED Performance. The lifetime of an LED can be

significantly extended by using low input currents. However,
high input currents are typically used to obtain high emission
intensities for applications requiring this. Detection across a
capillary format flow cell is an example of this, where sufficient
light intensity across the flow path is essential for sensitive
detection. As discussed above, liquid cooling can be effectively
used to obtain higher spectral intensity without increasing the
input current, thereby extending the lifespan and performance
of the LED. The emission intensity of the LED was studied at
different input currents with and without liquid cooling after
60 min of stabilization, using the spectrophotometer assembly
described above. As shown in Figure 4, the emission intensity
obtained without liquid cooling at 60 mA input current was
equivalent to the emission intensity that can be obtained at just
49.2 mA input current with liquid cooling. Moreover, liquid

cooling resulted in an increase in the slope of the calibration
plot from 340.0 to 437.7 (Figure 4).
The effect of liquid cooling on the LED stabilization time

and long-term drift was also studied using the PD assembly.
LED-based detectors usually require long stabilization periods
(ca. 30 to 60 min); however, with the use of liquid cooling, the
stabilization period was successfully reduced to less than 5 min
(Figure 5). Moreover, the root-mean-square (RMS) baseline

drift without liquid cooling was 1.24 and 0.27 mAU after 20
and 60 min of the LED stabilization period, respectively. In
comparison, the RMS baseline drift within 20 min of LED
stabilization with liquid cooling was only 0.13 mAU.

Liquid Chromatographic Detection. The above obser-
vations clearly indicate that liquid cooling through the
developed interface significantly improves the LED perform-

Figure 3. Effect of the coolant flow rate on the LED’s emission
intensity.

Figure 4. Emission intensity of the LED at different input currents
with (gray) and without (black) liquid cooling recorded after 60 min
of stabilization.

Figure 5. Absorbance baseline recorded with (gray) and without
(black) liquid cooling while flowing water through the Agilent flow
cell at 5 μL/min. Input currents of 49.2 and 60 mA were used with
and without liquid cooling, respectively, to maintain the same spectral
output. The light gray regions indicate the baseline slices that were
used for calculating the RMS noise.
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ance in terms of its emission intensity, lifespan, required
stabilization time, and baseline noise. All these parameters are
crucial for the development of a high-sensitivity and stable
LED-based optical detector. Hence, the performance of the
liquid cooled deep-UV-LED-based detector was also evaluated
when used with capillary HPLC.
As shown in Figure 6a, the liquid cooled detector assembly

was stabilized, providing a flat chromatographic baseline within

5 min of turning on the LED. On the other hand, without
liquid cooling, it took close to 60 min to obtain a baseline that
was sufficient for quantitative determination of the peaks.
As shown in Table 1 and Figure S2, the use of liquid cooling

also lowered the limit of detection (LOD) by ∼50%, in the
case of the liquid chromatographic separation of parabens.
This was attributed primarily to a reduction in the baseline

noise from 0.18 to 0.10 mAU, which significantly enhanced the
S/N ratio of the peaks at lower concentrations. The results
were further validated by separation of a low standard
concentration (ca. 0.05 mg/L) of parabens, as shown in
Figure 6b. Here with liquid cooling, an S/N ratio of between 4
and 12 was observed for the three peaks, whereas without
liquid cooling, methyl-paraben resulted in an S/N ratio of less
than 3. The peak height and noise observed for five replicate
injections of ∼0.05 mg/L parabens with and without cooling
have been listed in Table S1, and the corresponding
chromatograms have been shown in Figure S3.

■ CONCLUSIONS

A simple and low-cost 3D printed interface has been developed
that allows liquid cooling and easy plug-and-play assembly of a
complete 255 nm UV-LED-based detector, incorporating an
Agilent high-sensitivity capillary flow cell and a photodiode.
The use of liquid cooling has significantly improved the
performance of the detector by reducing the LED temperature,
increasing the spectral output, decreasing the required
stabilization time, and reducing the baseline noise and LOD
values. Moreover, the interface has further assisted in
simplifying the detector configuration and making it more
portable. Both room temperature and cold water served as an
effective coolant; hence, the use of Peltier thermoelectric unit
and heat exchanger can be avoided if further simplification is
required. The use of liquid cooling through a tightly wrapped
channel around the LED provides an interesting opportunity
to minimize the LED heating and improve its overall lifespan
and performance. Currently, the performance of the interface is
somewhat restricted by the thermal conductivity of the
polyacrylate-based print material; although, in the future, this
deficiency could be resolved by 3D printing the interface in
metal. However, currently, this would add considerable cost.
3D printing allows rapid and easy customization of the device
design. Hence, a wide variety of channel architectures in the
interface and the cooling reservoir can be studied to further
optimize the liquid cooling performance. The 6-fold reduction
in the stabilization time and a 2-fold reduction in the LODs
observed in this study should stimulate further interest in the
development of new liquid cooling interfaces for LEDs.
Looking forward, in combination with HPLC, the use of the
mobile phase as the coolant itself could be easily arranged to
provide the additional advantage of a preheated and temper-
ature stable mobile phase while eliminating the need for an
additional pump. Moreover, the heated coolant can be used to
warm the separation column within a simple column jacket
arrangement.

Figure 6. Optical detection of parabens (separated by a miniaturized
HPLC) with the assembled UV-LED-based detector. (a) A total of 12
consecutive chromatographic separations of parabens (2.5 mg/L); the
first separation was started immediately when the LED was turned on.
(b) Chromatograms of the parabens close to their LOD (ca. 0.05 mg/
L). The detection was performed with (gray) and without (black)
liquid cooling using input currents of 49.2 and 60 mA, respectively.
The parabens in the order of their elution are methyl-paraben, ethyl-
paraben, and propyl-paraben. Liquid chromatographic separations
were performed with 45% ACN containing 0.1% formic acid at a flow
rate of 5 μL/min and at a column temperature of 40 °C.

Table 1. LODs for Liquid Chromatographic Separation of
Three Parabensa

LOD (mg/L)

compounds without cooling with cooling

methyl-paraben 0.124 0.069
ethyl-paraben 0.049 0.027
propyl-paraben 0.097 0.055

aMethyl-paraben, ethyl-paraben, and propyl-paraben with and
without liquid cooling. The observations were made while
maintaining the same spectral output with and without cooling.
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1.  Liquid cooling assembly

Figure S1. A liquid cooling assembly based on the Peltier cooling device. 1: 

HPLC pump; 2: direct contact Peltier thermoelectric unit; 3: 3D printed titanium 

alloy heat exchanger; 4: UV-LED based detector with a 3D printed liquid cooling 

interface.
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2. S/N calibration curves based on the same emission intensity 
with and without cooling.

Figure S2. The S/N ratios for the liquid chromatographic detection of 

different ethyl-paraben concentrations with (grey) and without (black) cooling. 

Liquid chromatographic separations were performed with 45%ACN containing 

0.1% formic acid at the flow rate of 5 µL/min and at a column temperature of 

40 °C. 
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3. Sensitivity results for injection (n = 5) of parabens with close 
to LOD (ca. 0.05 mg/L) concentration

Figure S3. Overlaid chromatogram (n = 5 in both cooling, grey, and without 

cooling, black) of parabens with close to LOD (ca. 0.05 mg/L) concentration
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Table S1. Repeatability of close to LOD concentration parabens (n = 5) and 

signal-to-noise ratio (S/N) differences

Peak height (mAU, Mean ± SD) S/N (Mean ± SD) Noise (mAU)
Compounds Without 

cooling
With 

cooling Δ Without 
cooling

With 
cooling Times Without 

cooling
With 

cooling

Methyl-paraben 0.432 ± 0.087 0.404 ± 
0.044 0.028 2.403 ± 0.483 4.045 ± 

0.443 1.68

Ethyl-paraben 1.079 ± 0.114 1.110 ± 
0.046 0.031 5.993 ± 0.633 11.095 ± 

0.462 1.85

Propyl-paraben 0.651 ± 0.097 0.705 ± 
0.077 0.054 3.619 ± 0.537 7.053 ± 

0.772 1.95

0.18 0.10
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Abstract 23 

A new miniaturized capillary flow-through deep-UV absorbance detector has 24 

been developed using a microscale surface mount device (SMD) type light-emitting 25 

diode (LED) (Crystal IS OPTAN 3535-series), emitting at 235 nm and with a half-26 

height band width of 12 nm, and a high-sensitivity Z-shaped flow-cell. Compared 27 

with a previously reported TO-39 ball lens LEDs emitting at 235 nm, the new 28 

generation LED produced a 20-fold higher optical output and delivered up to 35 29 

times increase in external quantum efficiency (EQE). The Z-cell was based on a 30 

reflective rectangular optical path with cross-sectional dimensions of 100 × 100 µm 31 

and a physical optical pathlength of 1.2 mm. Inclusion of UV transparent fused-silica 32 

ball lenses, between the SMD and the Z-cell at the same input current, improved 33 

light transmission by a factor of 9 and enhanced the detector signal-to-noise ratio up 34 

to 2.2 times. The detector was housed within an Al-housing fitted with a cooling fan 35 

and demonstrated excellent linearity with stray light down to 0.06%, and an effective 36 

pathlength of 1.1 mm (92% of nominal pathlength). The resultant detector was fitted 37 

successfully into a briefcase-sized portable capillary HPLC system, and practically 38 

demonstrated with the detection of a mixture of 13 test compounds at the sub-mg L-39 

1 level in <5 min using gradient elution.  40 

 41 

 42 
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1. Introduction 43 

Ultraviolet (UV) light-emitting diodes (LEDs) have seen a great number of 44 

applications within the field of analytical chemistry, one of which is their utilization 45 

as compact and energy efficient light sources for absorbance detection. UV-LEDs 46 

act as quasi-monochromatic light sources with a typical half-height bandwidth of 47 

10-50 nm and thus often do not require the addition of band-pass filters in the optical 48 

configuration [1]. Moreover, an advantageous feature of UV-LEDs over 49 

conventional light sources is that they are suitable for instant operation, with on/off 50 

response times typically down to microseconds, which eliminates the long warm-up 51 

period for detectors using conventional UV lamps. Based on these advantageous 52 

features, inclusion of UV-LEDs as light sources in miniaturized analytical 53 

instrumentation, such as absorbance detectors [2-19], gas sensors [20, 21], and point-54 

of-care diagnostics [22, 23], has been increasing over recent years, in-line with 55 

regular reductions in the UV-LED wavelengths available.   56 

In analytical chemistry, there is significant demand to move closer towards an 57 

emission wavelength of 200 nm, where such LEDs applied in absorbance detection 58 

could be used for the majority of organic solutes [1]. However, currently, the 59 

commercially available lowest wavelength UV LED is down to 235 nm [24]. Hence, 60 

in 2016, our group reported the first analytical detector based on a 235 nm LED [9]. 61 

The report was followed by multiple studies of the developed detector by our and 62 
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other groups [11, 15, 17]. However, in those reports the 235 nm LEDs that were used 63 

was a Crystal IS Optan ball lens (abbreviated as OP-BL) LED, which has now been 64 

discontinued. This leaves Optan 235 nm surface mount device (SMD) LED 65 

(abbreviated as OP-SMD) as the only sub-240 nm SMD-type UV-LED, which to the 66 

best of our knowledge has not been used in analytical chemistry, primarily because 67 

of its unfocussed emission. As compared to the OP-BL LED, which has a viewing 68 

angle of 15°, OP-SMD LED has a very wide viewing angle of 120°. Hence, the direct 69 

use of the OP-SMD LED in an analytical detector would result in the loss of most 70 

of the produced light, significantly hampering the detector efficiency. Moreover, the 71 

smaller footprint of the OP-SMD LED compared to the OP-BL LED minimizes the 72 

dissipation of excess heat, further lowering the performance of an analytical detector 73 

[16]. However, the successful use of the OP-SMD LED in a UV absorbance detector 74 

would pave way towards the development of more compact and multi-wavelength 75 

LED-based detectors due to its miniaturized and planar configuration and higher 76 

optical output power. 77 

Hence, herein, a new deep-UV LED based absorbance detector has been 78 

developed using the OP-SMD LED and a capillary Z-shaped flow-cell. 79 

Commercially available UV fused-silica lenses are used to aid focusing of the light 80 

between the OP-SMD and the Z-cell. Different optical alignments are simulated to 81 

demonstrate the illumination pattern at the entrance of Z-cell by commercial light 82 
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simulation software, namely TracePro (Lambda Research Corp., Littleton, MA, 83 

USA), and to select the configuration with the highest transmission of light. Light 84 

transmission improvements by different collimation setups are compared and 85 

monitored by a previously reported radiometric output measurement (ROM) method 86 

[25]. A passive heat sink was used to dissipate the heat. The assembled detector with 87 

the best light collimation results is then demonstrated in combination with capillary 88 

HPLC as a robust, miniature and low-cost UV absorbance detection option. 89 

 90 

2. Materials and methods 91 

2.1. Chemicals and reagents 92 

Analytical grade chemicals and reagents were used to prepare all solutions. 93 

Ultrapure water (resistivity 18.2 MΩ·cm) was obtained from a SartoriusTM Arium® 94 

Pro UV DI Ultrapure Water system (Sartorius, Göttingen, Germany). Orange G was 95 

sourced from Fluka (Buchs, Switzerland). Bisphenol A were obtained from Sigma-96 

Aldrich (St. Louis, MO, USA). HPLC-grade acetonitrile (ACN) was sourced from 97 

RCI Labscan Ltd. (Bangkok, Thailand). Trifluoroacetic acid (TFA) was sourced 98 

from Sigma-Aldrich (St. Louis, MO, USA). A test standard mixture of 13 99 

compounds ranging from 50 to 200 mg/L (ppm), including uracil, theophylline, 2-100 

acetylfuran, acetanilide, m-cresol, acetophenone, propiophenone, benzofuran, 101 
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butyrophenone, valerophenone, hexanophenone, heptanophenone, and 102 

octanophenone, was prepared for chromatographic separations.  103 

 104 

2.2. Instrumentation 105 

An OP-SMD (OPTAN 3535 series) LED with a maximum emission wavelength 106 

of 235 nm was provided by Crystal IS (Green Island, NY, USA).24 The OP-SMD 107 

LED (3.5 × 3.5 mm) was mounted on a 20 × 20 mm star board (Fig. 1A). The key 108 

components of the UV-LED flow-through detector consisted of the OP-SMD LED, 109 

a TOCON_ABC2 silicon carbide (SiC) UV broadband photodiode (PD) with an 110 

integrated transimpedance amplifier (Sglux SolGel Technologies GmbH, Berlin, 111 

Germany) and an Agilent CE high-sensitivity cell (Part No.: G1600-60027) (Agilent 112 

Technologies, Palo Alto, CA, USA). A previously described Al-based detector 113 

housing, originally designed for OP-BL and other optical components [26], was used 114 

to house the new OP-SMD, and weighed 70 g in total (Fig. 1B). A Sirocco YX2500 115 

fan (5V DC) was attached onto the Al-housed detector for active heat dissipation. 116 

For the detector sensitivity study, an AL-1000 syringe pump (12V DC) equipped 117 

with a Trajan SGE 1-mL Luer-lock glass syringe (Trajan Scientific and Medical, 118 

Ringwood, Australia) was used. An AV303 6-port injector valve with a 10 cm × 50 119 

μm I.D. Trajan PEEKsil capillary (360 μm O.D.) loop, provided an injection volume 120 

of 296 nL and was used to inject samples onto the capillary liquid chromatography 121 
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(capLC) column for analysis. A self-packed reversed-phase capillary column (5 µm 122 

ODS particles, 120 Å) was prepared using a MyCapLCTM kit (PEEKsil 300 µm I.D., 123 

1/16'' O.D.) (Trajan Scientific and Medical). Elution of bisphenol A (BPA) on the 124 

described ODS column was achieved using 60% acetonitrile in water. Operation of 125 

the LED and SiC-PD, together with data acquisition, was achieved on a Raspberry 126 

Pi 3 with customized circuits, interfaced with a 16-bit analog-to-digital converter 127 

(ADC) chip (ADS1115) using inter-integrated circuit (I2C communication bus). The 128 

LED current was regulated using a combination of a transistor and an operational 129 

amplifier (op-amp) circuit as described in the supplementary Fig. S1. The detection 130 

system was powered using a Voltaic v88 battery (Voltaic Systems, Brooklyn, NY, 131 

USA), with total capacity of 24,000 mAh or 88.8 Wh. 132 

For practical demonstration of the developed SMD detector, the ‘Hummingbird’ 133 

system developed by Trajan Scientific and Medical was used, which is a fully 134 

portable briefcase-sized gradient capillary HPLC system. The instrumental setup of 135 

the Hummingbird LC has been described earlier [26]. 136 

 137 

2.3. OP-SMD parameters 138 

The emission spectrum of the Optan 235 nm SMD was determined using an 139 

OceanOptics QE 65 Pro spectrometer (OceanOptics, Adelaide, Australia) with the 140 

integration time set at 8 ms. Radiometric output of the Optan 235 nm SMD was 141 
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determined using a previously described ROM method [25], based on a suppressed 142 

near-infrared (NIR) deep-UV (DUV) Si-PD with an active area of 100 mm2 143 

(Edmund Optics, Singapore). 144 

 145 

2.4. Optical simulation 146 

Commercially available 3 mm full-ball and half-ball UV fused silica lenses 147 

(Edmund Optics, Singapore) were used for improvement of light collimation to the 148 

Z-cell. The irradiance patterns for the alignment of the OP-SMD LED with 149 

collimating lenses in different configurations were simulated with TracePro 2019 150 

software (Lambda Research Corporation, MA, USA). The Lambertian surface 151 

source (angular distribution) with a total flux of a million rays was defined for 152 

simulation. The in-situ irradiance pattern was displayed as a color map for 153 

understanding the light collimation pattern. 154 

 155 

2.5. Liquid chromatography 156 

Gradient separations of the 13-compound test mixture were carried out using a 157 

2.5 µm XSelect HSS T3 particle packed column and performed on the Hummingbird 158 

portable HPLC system, with binary mobile phases consisting of (A) 0.05% TFA in 159 

water and (B) 95% ACN in 0.05% TFA. The gradient elution was programmed as: 160 

0-4 min: 5%-100%B; 4-6 min: 100%B. The flow-rate was set at 15 µL/min. 161 

99



9 
 

 162 

3. Results and discussion 163 

3.1. Parameters of OP-SMD 164 

The emission spectrum (200-800 nm) of the OP-SMD LED is shown as Fig. 2A. 165 

The OP-SMD was observed to emit UV light at 236 nm (peak emission wavelength) 166 

and a full bandwidth at half maximum (FWHM) of ~12 nm. A much smaller 167 

intensity and broader emission peak at ~479 nm with FWHM of ~72 nm was also 168 

observed. 169 

This emission pattern was consistent with previous research on the OP-BL LED 170 

emitting at 235 nm (OP-BL-235) produced by the same manufacturer.9 The origin 171 

of the ~479 nm peak may be partially parasitic, due to the lattice mismatch between 172 

aluminum nitride (AlN) layer and other dissimilar material, but may also be an 173 

artifact 2nd order diffraction peak (being approx. double the wavelength of the main 174 

emission peak) as no second order filter was applied in the here-used spectrometer. 175 

However, due to the UV-selective SiC PD used herein, the ~479 nm emission has 176 

no effect on the analytical performance of the detector as it is beyond the spectral 177 

range of the PD. 178 

As shown in Fig. 2B, the maximum input current for the studied OP-SMD LED 179 

in continuous wave (cw) mode can go up to 350 mA, leading to outputs up to ~3 180 

mW optical power. The EQE for the previously described OP-BL 235 nm LED was 181 
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0.005% and its maximum optical output was 52 μW [9]. The power output for the 182 

OP-SMD LED at an input current of 100 mA was measured to be ~1 mW and its 183 

EQE was calculated to be 0.175%. The OP-SMD LED therefore provides a 20-fold 184 

higher optical output and a 35-fold higher EQE compared to the OP-BL series LED 185 

[9]. 186 

 187 

3.2. Light transmission and detector sensitivity enhancement. 188 

Light transmission of OP-SMD and OP-BL through the Z-cell using the ROM 189 

method (as shown in Fig. S2) were calculated to be ~0.001% and ~0.002%, 190 

respectively (Fig. S3). Moreover, the OP-SMD showed a rapid reduction of 191 

radiometric output power in cw mode at high operating current over a ~35-min 192 

period, presumably due to over-heating (Fig. S4). Hence, an optical assembly was 193 

designed to collimate the light from the OP-SMD and increase it transmission 194 

through the Z-cell.  195 

Initially, optical simulation was performed to identify the best lens configuration. 196 

Fig. 3A shows the simulated in-situ irradiance patterns of the Z-cell entry area (here, 197 

a 2-mm I.D. circular area was used) in different arrangements. The optical window 198 

at the Z-cell entry, with a cross section area of 100 × 100 µm2, was situated at the 199 

center of the 2 mm circular area. As shown in the Setup I of Fig. 3A, no collimating 200 

effect was observed without the aid of a lens and the light was scattered broadly over 201 
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the 2 mm I.D. circle. For the single lens collimation, it was demonstrated that the 202 

alignment with a full-ball lens (Fig. 3A, Setup II) generated a highly focused 203 

illumination area with a diameter of ~0.4 mm, while the setup with a half-ball lens 204 

(Fig. 3A, Setup III) resulted in a spot size with the diameter of ~1 mm. However, the 205 

combination of a full-ball lens (clung to the window of LED) and a half-ball lens 206 

(clung to the flow-cell surface) ball lens, with both lenses 6.5 mm away from each 207 

other, resulted in the highest irradiance compared to other systems (Fig. 3A, Setup 208 

IV), with the order of total luminous flux as I < III < II < IV. 209 

To validate the simulated results, the in-situ optical power at the outlet of the 210 

flow-cell was experimentally monitored by a Si-PD (Fig. 3B). It suggested the order 211 

of luminous flux as I < II < III < IV. Compared to the Setup I, Setup II, III and IV 212 

have improved the light transmission by factors of 4.8, 6.7, and 9.0, respectively. 213 

The difference between the order of the observed and simulated flux for the II and 214 

III setups could be a result of the optical system etendue, which is a constant that 215 

reflects the spread of the luminous flux of the light source. Etendue is defined by the 216 

combination of two factors: light-emitting area and solid beam angle. The OP-SMD 217 

LED produces high etendue due to its large viewing angle, therefore it will spread 218 

more photons to a large illumination area. The observed optical power of each lens 219 

arrangement reflects the fact that more photons could be collected in a larger 220 
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illumination area (larger focused spot size), while a highly collimated system 221 

corresponding to a smaller spot size collecting fewer photons.  222 

The improvement of light transmission usually results in a reduction of the 223 

detector noise, as the randomness in baseline absorbance signals is reduced due to 224 

the PD responding to the increased flux of photons. Hence, detector sensitivity was 225 

determined by direct comparison of the detectors equipped with and without the 226 

dual-lens arrangement. Fig. 4 shows a comparison of the responses of the two 227 

detector setups to elution of BPA (ca. ~2 µM) under different input currents (20 mA 228 

vs 90 mA). In the dual-lens setup, S/N ratios of 5.2 and 12.3 were observed when 229 

operated at 20 mA and 90 mA, respectively; whereas in the no-lens setup, S/N ratios 230 

of 2.4 and 8.8 were observed when operated at 20 mA and 90 mA. It is noted that 231 

the manufacturer (Crystal IS) recommends the use of 20 mA as the operational 232 

current, mainly due to the high electrical-to-heat conversion (i.e. low EQE), hence, 233 

in the detector, the LED was only operated at 20 mA. 234 

 235 

3.3. Capillary-scale OP-SMD (235 nm) detector for portable LC 236 

The OP-SMD LED-based detector was applied for detection in capillary HPLC. 237 

The gradient separation of a standard test mixture of 13 compounds was performed 238 

using the developed detector housed within a Trajan Hummingbird portable 239 

capillary HPLC using a 50 mm × 530 μm I.D. capillary column packed with 2.5 μm 240 
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XSelect HSS T3 particles. Fig. 5A shows the overlaid resultant chromatograms at 241 

different flow-rates ranging from 10 to 15 μL/min. Peak capacity of the gradient 242 

elution at flow-rates of 10, 12, and 15 μL/min were 47, 56 and 66, respectively. 243 

Operation with the flow-rate of over 15 μL/min generated high backpressure (>2500 244 

psi) which was not recommended for the Hummingbird HPLC system, therefore no 245 

peak capacity data was obtained at flow-rates higher than 15 μL/min. Fig. 5B shows 246 

overlaid chromatograms of the 13-compound mixture after dilution by factors of 2-247 

50, demonstrating a detection range of more than 1 order of magnitude. The 248 

detection limits and linearity data for the tested 13-compound mixtures that were 249 

obtained in this study, and in comparison to some reported in the literature, have 250 

been summarized in Table S1 and Fig. S6. The developed OP-SMD detector 251 

demonstrated comparable or lower limits of detection as compared to those obtained 252 

from conventional absorbance detectors.  253 

 254 

4. Conclusions 255 

Herein, a new deep-UV LED based absorbance detector has been developed to 256 

utilize the only available sub-240 nm LED (Crystal IS Optan 235 nm SMD). Optic 257 

simulations and 3D modelling have been used to obtain efficient light propagation 258 

from a wide viewing angle SMD format LED to a small optical window Z-shaped 259 

flow-cell. The SMD LEDs have high etendue, therefore a collimating lens that can 260 
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generate a large illumination spot is more compatible within these miniaturized 261 

absorbance detectors. The new generation flip-chip package SMD type LED reduces 262 

the size of traditional LEDs and provide higher robustness and spectral output. 263 

Moreover, the maximum emission of 235 nm wavelength enables the detection of 264 

the majority of organic solutes as compared to those frequently used LEDs emitting 265 

at 255 nm or 280 nm. These properties make the here-described OP-SMD LED an 266 

interesting choice for the future development of general purpose miniaturized UV 267 

absorbance detectors for portable analytical instruments. 268 
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Figure Captions 380 

Figure 1. (A) OP-SMD (Optan 235 nm LED by Crystal IS) (B) assembled detector. 1: OP-SMD 381 
on a starboard; 2: 3D-printed lens adapter; 3: full-ball lens; 4: half-ball lens; 5: adapter for OP-BL 382 
LED; 6: Agilent Z-cell; 7: adapter for SiC-PD; 8: SiC-PD; 9: Al housing; 10: cooling fan). 383 

 384 

 385 

Figure 2. Performance parameters of OP-SMD. (A) Emission spectrum (left axis, relative intensity 386 

scale 0.0-1.0; right axis, relative intensity 0.00-0.05); (B) Optical output power of OP-SMD from 387 
0-350 mA, compared with a previously described OP-BL-235 [9]. 388 
 389 
Figure 3. Light collimation results with the aid of optical lenses. (A) 3D-Modeling of optical 390 

system and irradiance patterns of a 2-mm I.D. illumination spot (Setup I: without lens, as blank; 391 
Setup II: full-ball lens; Setup III: half-ball lens; Setup IV: dual lenses); (B) In-situ optical power 392 

at the outlet of Z-cell for Setup I - IV. 393 
 394 

Figure 4. Chromatograms of bisphenol A (~2 μM) between Setup I (No lens) and Setup IV (Two 395 
lenses). Mobile phase was 60% ACN at a flow-rate of 5 μL/min. 396 
 397 

 398 
Figure 5. Separations of 13-mix compounds (1: uracil; 2: theophylline; 3: 2-acetylfuran; 4: 399 

acetanilide; 5: m-cresol; 6: acetophenone; 7: propiophenone; 8: benzofuran; 9: butyrophenone; 10: 400 
valerophenone; 11: hexanophenone; 12: heptanophenone; 13: octanophenone) using Trajan 401 
Hummingbird portable capillary HPLC system by (A) different flow-rates ranging from 10 to 15 402 

μL/min; (B) injection of diluted samples by different factors of up to 50 times dilution (Org – 403 

original concentration, other samples were diluted by the factor of stated values). Detection was 404 

based on the developed OP-SMD LED-based detector. 405 
  406 
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1. Operation of LED and PD using a Raspberry Pi absorbance 

detector. 

An operational amplifier (op-amp) circuit was designed, as shown in Fig. S1 to 

control the LED current. To modulate the LED, the desired LED current value is set 

on the graphical user interface (GUI) of the Raspberry Pi micro-controller. The set 

current is then converted to respective voltage (V1) via a digital-to-analog converter 

(DAC), which is then applied to the non-inverting input of the op-amp. A 10 Ω 

resistor is used in series with the LED so that the current flowing through the LED 

also flows through the resistor. The voltage dropped across that series resistor 

(Ohm’s Law V = I × R), namely voltage (V2), is then applied to the inverting input 

of the op-amp. The op-amp adjusts its output and thus the transistor such that V2 is 

equal to V1 to regulate the current that flows through the LED. 

 

 

Figure S1. LED current control circuit diagram. 

 

 

A Raspberry Pi 3 was interfaced with a 16-bit analog-to-digital converter (ADC) 

chip (ADS1115) using inter-integrated circuit (I2C communication bus), to serve as 
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a data acquisition module. The absorbance (AU) signal was calculated with raw bit 

values generated from the ADC and using the equation AU = – log10 (VS/VB), where 

VS was the voltage generated by the photodiode and VB was the background voltage. 

Chromatographic data were transmitted through a wireless connection to a PC and 

exported in a comma separated value (CSV) format. The frequency for all data 

collection was set at 10 Hz, and the discussed data were not treated by any digital 

filter or moving average. 

  

119



S-4 
 

2. Light transmission of different LED packages through Z-cell. 

A previously reported radiometric output measurement (ROM) method [1] was 

modified herein to measure and compare the light transmission of the two LED 

packages (OP-SMD and OP-BL) through the flow-cell. The optical bench was 

replaced by 3D-printed holders to determine the radiometric output (Fig. S2), which 

was customised for assembly of different LED packages, silicon photodiode (Si-PD) 

and/or Z-cell. The in-situ optical power transmitted out of the Z-cell was determined 

by the aforementioned ROM method [1]. The generated photocurrents (in amps) 

from the Si-PD were fed into a current-to-voltage converter, namely a Current 

Ranger (LowPowerLab, Canton, MI, USA), to obtain voltage values in mV 

corresponding to input currents ranging from nA to mA. The resultant voltage was 

transferred into a Powerchrom 280 data acquisition system (eDAQ, Denistone East, 

NSW, Australia) for recording of photocurrents generated on the Si-PD. The output 

power in Watts (W) was calculated by the measured photocurrent value (A) vs the 

responsivity (A/W) of the Si-PD at the specific wavelength. The external quantum 

efficiency (EQE), i.e. the photon conversion efficiency of the OP-SMD LED, was 

calculated by comparing the measured output power to the input electrical power. 

The 3D computer-aided design (CAD) models were designed using Autodesk 

Fusion 360 software (Autodesk, San Rafael, CA, USA). A Prusa i3 Mk3 3D printer 

(Prusa Research, Praha, Czechia) was used to print the customised parts using black 

polylactic acid (PLA) filament with a diameter of 1.75 mm. The extruder 

temperature was set at 215 °C and the bed temperature was set at 55 °C. Fill density 

of printing was set at 15% with a layer height of 0.15 mm. 
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Figure S2. 3D-printed radiometric measurement assemblies for coupling of (A) OP-BL and Si-

PD; (B) OP-BL, Z-cell and Si-PD; (C) OP-SMD and Si-PD; (D) OP-SMD, Z-cell and Si-PD. 

 

 

The Z-cell used in this study has a rectangular channel with a cross section of 

100 × 100 µm and a physical path length of 1.2 mm. Absorbance detectors based on 

this Z-cell and the OP-BL LED have been reported in recent studies [2, 3], which 

required high input current operation. However, operation at the maximum input 

current of up to 100 mA led to degraded performance due to the increase of 

temperature. A further significant problem for previously reported detectors has 

been poor light transmission through the Z-cell. Measurements made for the light 

transmission properties of detectors fitted with both the OP-BL and OP-SMD LEDs 

without additional focusing arrangements showed transmission in the range 0.001-

0.002% (Fig. S3), clearly indicating the need to improve light collimation with 

suitable lenses.  
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Figure S3. Light transmission comparison between two differently packaged LEDs by dividing 

optical power values after the Z-cell vs before the Z-cell) (Grey, OP-BL (OPTAN255H); Black, 

OP-SMD (OPTAN 235 nm)). 
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3. Optical power degradation of OP-SMD without heat sink. 

 

 

Figure S4. Temperature change (coloured in black, unit in °C) and optical power degradation 

(coloured in grey, unit in nW, monitored after light passing through the Z-cell) of OP-SMD LED 

based 3D-printed assembly at an input current of 60 mA. 

 

Heat generation of the OP-SMD LED at high current (I = 60 mA) was monitored 

by a Digitech QM1538 multimeter combined with a thermocouple. Increased power 

output of the OP-SMD led to significant temperature increase, as shown in Fig. S4. 

When operated at an input current of 60 mA the temperature increased by more than 

20 °C over a 35 min period, leading to a loss of 17% of output power (in this case 

measured at the outlet of the Z-cell). Therefore, a previously described Al-housed 

Z-cell detector [4] was slightly modified for coupling with the OP-SMD for later 

characterisation (Fig. 1B).  
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4. Effective path-length and stray light of OP-SMD LED based 

absorbance detector. 

Determination of detector performance (sensitivity, linear and dynamic range, 

stray light) was carried out as reported earlier [5]. Orange G was used as the 

absorbing probe, which was previously reported in linearity measurement of a 235 

nm LED detector by Li et al. (molar attenuation coefficient ɛ = 18,300 cm·L·mol-1) 

[5]. A sensitivity (absorbance divided by concentration) vs absorbance curve was 

then plotted to define the upper limit of detector linearity. Effective path-length (Leff) 

and percentage of stray light were calculated from the sensitivity vs absorbance 

curve. 

Optical parameters of detectors, including linearity, stray light and effective 

pathlength for the developed OP-SMD LED-based detector were determined using 

Orange G as the absorbing probe. Orange G has a high molar absorptivity (ɛ = 18,300 

L·mol-1·cm-1) at the wavelength of 235 nm. As shown in Fig. S5, the effective 

pathlength (Leff) was calculated to be 1.1 mm, and the percentage of stray light was 

determined to be 0.06%. The upper limit of linearity was found to be 1645 mAU. 

These values, together with the above lower current operational capacity, represent 

excellent performance and significantly beyond those reported previously. 
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Figure S5. Sensitivity vs Absorbance graphs for the OP-SMD (235 nm) LED-based detector. 
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5. Linearity and limit of detection (LOD) for the 13-compound 

mixture using the developed SMD LED detector. 

 

Table S1. Obtained and reported LODs for the analysed 13-compound mixtures. 

No. Compound Linearity R2 Range (mg·L-1) LOD (ng) # Reported (ng) 

1 Uracil >0.99 NA * ~0.75 0.9 (260 nm) [6] 

2 Theophylline >0.99 NA * ~3 >5 (280 nm) [7] 

3 2-Acetylfuran >0.99 10–100 ~0.6 0.3 (280 nm) [8] 

4 Acetanilide >0.99 2–100 <0.6 NA * 

5 m-Cresol >0.99 NA * ~3 >5 (215 nm) [9] 

6 Acetophenone >0.99 2–100 <1.2 12 (243 nm) [10] 

7 Propiophenone >0.99 4–200 <1.2 NA * 

8 Benzofuran >0.99 2–50 <0.6 NA * 

9 Butyrophenone NA * NA * ~30 NA * 

10 Valerophenone >0.99 4–200 <1.2 NA * 

11 Hexanophenone >0.99 4–200 <1.2 NA * 

12 Heptanophenone >0.99 4–200 <1.2 NA * 

13 Octanophenone >0.99 4–200 <1.2 NA * 

# LOD: the signal-to-noise ratio for the analysed amount corresponding to 3 times of detection noise. 
* NA: Not applicable. 
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Figure S6. Linearity of selected compounds in the 13-compound mixture. 
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Chapter 5: Portable capillary liquid chromatograph as a process analytical 

technology approach for on-site pharmaceutical reaction monitoring  

 

5.1. Introduction 

Drug development and manufacturing within the pharmaceutical industries 

are lengthy and strict processes, demanding drug products have to be safe and 

effective [1]. In 2004, PAT was termed by the United States Food and Drug 

Administration as “a dynamic approach to design, analyse and control the 

pharmaceutical manufacturing processes through monitoring of the critical 

quality attributes” [2]. Within the pharmaceutical synthetic and manufacturing 

processes, a large number of known or unknown PRIs can be generated. PRIs can 

originate from the starting materials, as by-products, optical isomers of the 

desired drug product, or degraded or cleaning-related products that have been 

generated during those processes [3]. The timely and efficient monitoring of PRIs 

during the synthetic and cleaning processes could provide immediate feedback 

for optimisation and scale-up of said processes to increase productivity and 

maximise production efficiencies. PAT involves automated sampling and 

analysis of process streams within manufacturing systems, and utilises those 

analytical approaches with on-line and in-line capability, which then reduces 

additional time and resources otherwise required for sample preparation [4]. 

For decades, LC has been considered as a gold standard for quality assurance 

and quality control within modern pharmaceutical laboratories [5]. Despite the 
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versatility and high resolving power of conventional LC, time delays arising due 

to transfer of samples from the manufacturing process to the analytical laboratory 

inevitably arise. Therefore, ideally it is preferred that the LC system is located at 

the point of sampling. However, in practical terms, to facilitate this, the size of 

the LC system needs to be compact and able to fit in confined spaces (such as 

within a laminar flow hood) where the processes to be monitored are often 

undertaken. A further limitation of conventional LC is that even when it is 

interfaced with an automated sampling device, time delays in hold-up or 

carryover between successive streams of samples can often occur. To address this 

situation, commercial LC vendors have developed benchtop LC systems housed 

within transportable frames, in order to address the need for greater mobility and 

on-site analysis. For example, an UPLC with integral process sampling and 

dilution interface, manufactured by Waters, namely the PATROL system, has 

been developed and subsequently applied to the determination of API in 

crystallisation, dissolution and degradation processes, providing excellent 

resolution and analysis times down to a few minutes [6]. The PATROL system is 

essentially a transportable version of a benchtop LC and therefore is both 

relatively large and expensive. Miniature LC systems which offer cost advantages 

and more flexible deployment possibilities can have clear benefits compared to 

such larger footprint LC systems, and also compare favourably to alternative 

spectroscopic analytical methods commonly used for in-line process monitoring, 
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which are typically unable to resolve structurally similar components with similar 

spectral characteristics [7-10]. 

Compared to conventional LC using standard and narrow bore columns, 

capillary LC operates at much lower flow-rates, such that solvent consumption 

and chemical waste production are greatly minimised [11, 12]. In additional to 

lower mobile phase consumption, the amount of sample required for analysis 

decreases, therefore sample carryover is often also reduced. Over the past few 

years, a number of developments on the miniaturisation of LC and its components 

have been reported, including the availability of small footprint and portable 

capillary/nano scale pumps [13-16] and their integration with similarly scaled LC 

components [17-20] into portable or miniaturised prototype LC systems [15, 21-

23]. In 2019, Axcend Corp. has launched a compact and portable capillary 

UHPLC product (namely Axcend Focus LC, weighing 7.3 kg, 20.1 × 23.1 × 32.0 

cm in height × width × depth) with nano-flow high pressure LC pumping system 

and LED based UV detection with 255 nm and 275 nm wavelength options [24]. 

It operates at flow-rates of 0.5-10 µL/min and pressures up to 410 bar. Most 

recently, the use of the Axcend Focus LC in the analysis of pharmaceutical and 

illicit drugs has been reported [22]. In contrast with such integrated ultra-high-

pressure LC systems, several prototype LC systems based on medium pressure 

pumps, miniaturised valves and LED-UV detection have been developed and 

applied [19, 21, 23, 25, 26]. Herein, in the previous Chapter 2, the development 

of a battery-powered and hand-portable (2.7 kg) capillary liquid chromatograph 
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in modular design based on LabSmith syringe pumps and valves, column heater, 

as well as LED-UV ‘z-cell’ detection has been demonstrated for on-site 

phytochemical analysis, with optional coupling to portable capillary mass 

spectrometry (MS) detection to provide a small LC-MS system for point-of-need 

analysis [23].  

In the current Chapter, the pumping system for this prototype instrument was 

upgraded, based upon dual high-pressure syringe pumps to enable use with 

smaller particle capillary LC columns for high-efficiency separations. Capillary 

LC columns used in the study were packed with 1.7-3.5 µm commercial LC 

particles in 1/16” O.D. PEEKsil capillary columns via a Trajan MyCapLC 

column packing kit. A novel 235 nm OPTAN 235 nm SMD LED based z-cell 

detector was also used for detection. The potential for this novel modular 

briefcase-sized LC system for delivering on-site reaction monitoring capability 

within an industrial pharmaceutical setting was then evaluated. The RMP was 

used to monitor the yield of a reaction product from starting compounds. 

 

5.2. Materials and methods 

5.2.1. Chemicals and reagents 

Analytical grade reagents were used to prepare all the solutions. Deionised 

water was obtained from a Millipore Milli-Q water purification system (Bedford, 

MA, USA). A mixture of 3 pharmaceutical compounds prepared as a ~4 mg/mL 

pharma stock solution was prepared using sulfamethazine, carbamazepine and 



Chapter 5 

 

133 

 

flavone, provided by Pfizer Inc. (Groton, CT, USA). MTBE for NP-HPLC mobile 

phases was sourced from Sigma-Aldrich (St. Louis, MO, USA). ACN and NH4Ac 

for RP-HPLC mobile phases were sourced from Fisher Chemical (Thermo Fisher 

Scientific, Waltham, MA, USA). The reaction mixture was provided by Pfizer 

Inc. (Groton, CT, USA). 

 

5.2.2. Instrumentation 

The RMP system (Fig. 5.1) used in this study was based on an advanced 

prototype modular and portable LC  system that has been previously reported 

elsewhere [27]. Briefly, the RMP system includes two Trajan MAST syringe 

pumps equipped with two 250 μL Trajan syringes, three Labsmith AV201 

switching valves with two for refilling and one for purging, and one Labsmith 

AV303 injection valve with a 50 μm I.D. loop (10 cm long, total volume of 296 

nL incl. internal valve volume). Customised lengths of Trajan PEEKsil tubing 

(1/16” or 1/32” O.D., 100-300 μm I.D.) were used for valve-valve and valve-

syringe connection. A 10/32” tee mixer for connection of both 1/16” O.D. tubing 

from the refill valves was used to merge the liquid flow from both syringe pumps. 

A titanium in-line flow-through pressure sensor (code: LVi-TI-01-10000-5V) 

was connected after the tee mixer. Control of all the pumps and valves was 

achieved by a set of integrated Arduino based master-slave configured electronics 

developed by Trajan Scientific and Medical, under control of Visual Basic based 

Trajan MASTer software. The detector used here was developed in Chapter 4, 
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and is based on an Agilent CE high-sensitivity cell (Agilent Technologies, Palo 

Alto, CA, USA) in an aluminium housing with an OPTAN 235 nm SMD from 

Crystal IS (Green Island, NY, USA), and a TOCON_ABC2 silicon carbide UV 

broadband photodetector (Sglux SolGel Technologies GmbH, Berlin Germany). 

Separations of monitored reaction mixture samples were carried out on self-

packed PEEKsil capillary columns packed with commercially available 1.7-3.5 

μm LC particles. An Agilent 1100 HPLC pump was used for packing of these 

particles into 50 mm × 530 µm I.D. PEEKsil capillary columns (Trajan Scientific 

and Medical, Ringwood, VIC, Australia). 
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Figure 5.1. Photo (A) and Schematic figure (B) of the RMP system. 

 

 

An Agilent 1290 Infinity II HPLC system (Agilent Technologies, Palo Alto, 

CA, USA) equipped with a binary pump, an autosampler, a multicolumn 

thermostat, a DAD with a 1 μL InfinityLab Max-Light cartridge cell (10 mm path 

length), was used for off-line LC analysis of samples. 
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5.2.3. Sample preparation 

Fig. 5.2 shows the schematic flow diagram of the monitored synthesis 

reaction (Track I), as well as subsequent derivatisation (Track II) of the reaction 

product. The reaction product is easily hydrolysed, while the highly unstable 

chlorodifluorocarbon (-CClF2) group is converted into a carboxyl (-COOH) 

group as shown in Fig. 5.2 (Track III). For stabilisation purposes, the reaction 

monitoring samples were kept in ACN (Track IV) and diluted to an equivalent 

concentration to ~1 mg/mL of starting compound, which was received for off-

line and at-line LC analysis.  

 

 

Figure 5.2. Schematic flow diagram of monitored synthesis reaction (I) and 

subsequent interaction of reaction product (II, derivatisation; III, hydrolysis; IV, 

stabilisation) 

 

 

The pre-diluted solution was further diluted by a factor of 4 in different 

solvent matrices prior to LC analysis. For RP-LC analysis, the pre-diluted 
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solution was diluted in 50 mM aqueous NH4Ac solution. For NP-LC analysis, the 

pre-diluted solution was diluted in MTBE.  

A sample of crude reaction solution in the form of DMSO and water solution 

(90:10, v/v) was directly extracted from the reaction tank. To demonstrate in 

which solvent matrix the sample is stable, the crude reaction solution was 

manually diluted in varying solvent matrices prior to injection for analysis. 

 

5.2.4. Reaction monitoring by LC analysis 

5.2.4.1. RP-LC analysis 

The analysis of reaction monitoring samples on the Agilent HPLC system 

was achieved using a Waters Acquity BEH C18 column (100 mm × 2.1 mm, 1.7 

µm particle) with binary gradient elution using (A) 10 mM NH4Ac in water and 

(B) ACN, which was programmed on the Agilent ChemStation software as: 0-15 

min: 5%B to 45%B, 15-17 min: 45%B to 90%B. The column was reconditioned 

at 5%B for 3 min after the gradient elution was finished. The flow-rate was set at 

0.4 mL/min, the column temperature was maintained at 55 °C, and the detection 

wavelength was set at 230 nm. 

The above LC method was translated to capillary LC dimensions for use in 

the RMP system with separation on a self-packed XBridge C18 (3.5 μm, 130 Å) 

column (50 mm × 530 μm I.D.). The capillary RP-LC separation was conducted 

with binary gradient elution of (A) 10 mM NH4Ac in water and (B) ACN, which 

was programmed on Trajan MASTer software as: 0-6 min: 5%B to 45%B, 6-7 
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min: 45%B to 90%B, 7-9 min: 90%B. For sample and chromatographic stability 

study, to achieve similar solvent compositions to the injected samples, the 

gradient elution program for capillary RP-LC was modified as: 0-5 min: 23%B 

to 40%B, 5-5.5 min: 40%B to 90%B, 5.5-7 min: 90%B. The column was re-

conditioned at 5%B for 2 min after the gradient elution was finished. Flow-rate 

was set at 12 μL/min. 

The analysis of pharma stock solution on the RMP system was achieved by 

separation on a DaisoGel C18 column (50 mm × 530 µm, 3 µm particle) with 

binary gradient elution of (A) 0.1% formic acid in water and (B) 80% ACN in 

water with 0.1% formic acid, which was programmed as: 0-1.5 min: 50% to 

87.5%B; 1.5-3 min: 87.5%B. 

 

5.2.4.2. NP-LC analysis 

A NP-LC method was developed to investigate the degradation issue of the 

reaction monitoring samples. Capillary NP-LC separations were performed on 

two 50 mm × 530 μm I.D. columns with self-packed NP particles, namely 

Phenomenex Luna silica 3 μm (100 Å) and Waters BEH HILIC 1.7 μm (130 Å) 

particles, with isocratic elution using 90:10 (v/v) MTBE-ACN. The column was 

regenerated at 100%B for 2 min, and later reconditioned at 10%B for 2 min after 

the gradient elution was finished. Flow-rate was set at 15 μL/min. 
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5.2.5. Statistical analysis 

Statistical analysis of the results obtained from the Agilent LC and the RMP 

system was performed with Origin 9.0 software (OriginLab Corporation, 

Northampton, Massachusetts, USA). Statistical significances were calculated 

using the pair-sample t-test to determine the differences between the Agilent LC 

and the RMP systems.  

 

5.3. Results and discussion 

5.3.1. At-line RMP LC – Translation from Agilent LC 

The aim of the study was to monitor the reaction process (Fig. 5.2, Track I) 

by quantification of the starting compound and the reaction product. An off-line 

method for monitoring of the starting compound and the reaction product within 

the reaction monitoring samples was based on a RP-LC separation performed on 

an Agilent LC system equipped with a Waters Acquity BEH C18 column (100 

mm × 2.1 mm I.D., 1.7 µm particles). According to RP column selectivity chart 

[28], XBridge C18 particles are equivalent to the BEH particles, therefore a 50 

mm × 530 µm I.D. capillary column packed with 3.5 µm XBridge C18 particles 

was used for reaction monitoring in the RMP system.  

A set of 7 pre-diluted reaction monitoring samples (coded as PF-01 to PF-07, 

concentration ~1 mg/mL) was provided to evaluate the optimal amount of the 

catalyst being added to the reaction apparatus, which was determined by the 

amounts of starting compounds and reaction products formed. The samples were 
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further derivatised in 50 mM NH4Ac solution to transform the reaction product 

to a relatively stable state for reaction monitoring. This derivatisation involved a 

major conversion of the reaction product to its amide form and a minor 

conversion to its hydrolysed form, while the starting compound remained in its 

original form. Fig. 5.3(A) and Fig. 5.3(B) show the overlaid chromatograms of 7 

samples that were analysed in the Agilent LC and the RMP system, respectively. 

The percentages of starting compound, hydrolysed form and amide form of the 

product in the chromatograms originating from both LC systems, corresponding 

to the relative amount of catalyst added, are summarised in Table 1. A statistically 

significant difference with the probability value p <0.001 was found in the 

hydrolysed product between the two systems, while the difference between two 

systems for the starting compound and the amide form of product were not 

statistically significant, accounting for p >0.05 and p >0.01, respectively. The 

RMP system gave significantly higher results for the hydrolysed products. The 

cause for a higher peak area for the hydrolysed product was unknown, but is most 

likely to be a co-elution of other reaction components which could not be resolved 

due to the limited peak capacity of the small bore column used in the RMP system. 

However, the monitoring of peaks other than the starting compound and amide 

form of the product was not important for indicating the progress of the synthesis. 

Based on the results, it could be concluded that when the amount of added catalyst 

reached 3.0 equivalent (eq.) of the starting compound, the synthesis of the final 

product reached a plateau as the majority of the starting compound was consumed. 
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Noting the above limitations, it was therefore also concluded that the developed 

RMP system was successfully demonstrated for use as an at-line approach for 

reaction monitoring within the pharmaceutical sector. 
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Figure 5.3. Overlaid chromatograms of derivatised reaction monitoring samples 

(PF-01 to PF-07) from (A) Agilent LC and (B) RMP system (Abbreviations: H 

and I represents hydrolysed and amide forms of the product, and S represents the 

starting compound).  

 

 

Table 1. Relative peak areas (%) of monitored peaks of the 7 samples (PF-01 to 

PF-07) in both RMP and Agilent LC systems (Abbreviations: H and I represents 

hydrolysed and amide forms of the product, and S represents the starting 

compound) 

Sample 
Catalyst 

(eq. to SC) 

H (%) I (%) S (%) 

RMP Agilent RMP Agilent RMP Agilent 

PF-01 1.0 8.4 0.8 23.2 19.5 38.8 39.7 

PF-02 1.4 10.4 1.5 32.2 29.2 26.6 29.0 

PF-03 1.8 13.5 3.2 39.1 38.7 15.3 18.0 

PF-04 2.2 12.2 4.1 45.2 45.9 6.1 7.5 

PF-05 2.6 13.6 5.6 43.5 51.0 2.5 3.2 

PF-06 3.0 14.4 5.7 45.4 49.5 1.8 2.2 

PF-07 4.0 12.1 5.5 44.4 49.8 1.3 1.6 

 

5.3.2. Peak distortion 

As indicated from the previous Section 5.3.1, the proportion of ACN in the 

sample matrix is critical to the chromatographic performance on the 530 µm I.D. 

capillary LC column. It was therefore worth investigating whether a 2.1 mm I.D. 

column would present a similar fronting peak pattern, given that the loading 

capacity of this column would be higher than that of the capillary column. When 

the injection volume was increased from 1 μL to 5 μL, a reaction monitoring 

sample prepared in high ACN matrix demonstrated a peak distortion pattern, 

which indicated mass overloading of the column (Fig. 5.4(A)). However, with an 

increase of injection volume the fronting pattern was not observed in the 
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chromatogram of a reaction monitoring sample prepared in a low ACN matrix 

(Fig. 5.4(B)). Therefore, the fronting pattern appearing in the samples prepared 

in high ACN matrix might be incompatibility between the mobile phase and the 

injected sample. 

 

Figure 5.4. Overlaid chromatograms of 1 µL and 5 µL injection volumes for high 

ACN matrix (A) and low ACN matrix (B) reaction monitoring samples. 

 

An investigation was conducted to determine whether solvent strength or 

viscosity difference between sample and mobile phase was the cause of the 

observed peak distortion. The reported viscosity data for 50 mM aqueous NH4Ac 

solution and acetonitrile were 0.84 cP [29] and 0.34 cP, respectively, while a 

minimum viscosity difference of >0.57 cP has been shown to induce a viscous 

fingering pattern [30]. A similar phenomenon to peak shapes observed in the 
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present study has been shown in a report by Layne et al. [31]. Distorted caffeine 

peaks were found in separations on fast-gradient elution performed on short LC 

columns, which was attributed to the low loading capacity of the used columns. 

Peak distortion was found when injecting large volume caffeine solutions that 

were dissolved in a high ACN matrix. It was suggested that the peak distortion 

pattern could be minimised by injecting lower volume samples and weaker 

sample solvent, i.e. preparing the sample in a low ACN matrix. 

In the present work the injection volume of the RMP system was fixed, so 

decreasing the injection volume was not feasible. The addition of 50 mM aqueous 

NH4Ac solution was used to derivatise the reaction product to a relatively stable 

state (i.e. amide form of the product), however increasing the aqueous portion of 

the injection sample solvent can also result in the conversion of more reaction 

product to its hydrolysed form. Fig. 5.5 shows a comparison of the diluted 

reaction monitoring samples for 5 solvent matrices using different proportions of 

ACN, ranging from 0-100%. When the proportion of ACN in the sample matrix 

was <25%, the peak distortion pattern of all peaks was eliminated. However, 

when the proportion of ACN was low, most of the reaction products were 

converted to its hydrolysed form, as shown in Fig. 5.5(e). Therefore, after 

consideration of both peak shape effects and hydrolysis effects, 25% ACN was 

selected as the solvent matrix for reaction monitoring samples being injected into 

the RMP system. 
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Figure 5.5. Overlaid chromatograms of reaction monitoring samples in different 

ACN matrix, ranging from 100%, 75%, 50%, 25% and 0% for (a)-(e), 

respectively. 

 

 

The short-term stability of samples in 25%ACN was validated by testing a 

derivatised sample that was stored at 4 °C for 5 days (Fig. 5.6). The amount of 

the starting compound and the amide form of the reaction product saw negligible 

change over 5 days’ storage. Therefore, the derivatised sample prepared in 

25%ACN matrix was considered sufficiently stable for off-line analysis. 
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Figure 5.6. Stability of a derivatised sample that was stored at 4 °C analysed 

every 2 days. (a) Day 1; (b) Day 3; (c) Day 5. 

 

5.3.3. Proof-of-concept study of on-line RMP LC  

For real-time process monitoring by LC, it is preferable to couple the LC 

instrument with the process stream in an on-line configuration. However, the 

concentration of the process stream sample can be excessively high, therefore 

dilution of the extracted sample is required before injection to the LC column in 

order to avoid overloading of the column and detector. For this reason a sampling 

and dilution module (SADM), manufactured by D&M Continuous Solutions 

(Indianapolis, IN, USA), was incorporated to permit direct extraction of sample 

from the process stream, followed by large-factor dilution in the range 100-1000 

times. The layout of this sampling and dilution system is shown in Fig. 5.7. 
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Briefly, for each sampling and dilution procedure, 0.3 mL of sample was 

extracted and mixed with corresponding volumes (30 to 300 mL) of diluent in the 

mixing chamber prior to the injection. The software trigger of the SADM was 

integrated into the electronic circuitry of the RMP system. A 5V analog signal 

output was sent from the RMP system to the SADM to initiate the dilution process 

once the analysis was manually triggered, while a defined pre-run time was 

reserved for whole dilution process. The flow-rate of the peristaltic pump used 

for introduction of diluent was set at 80 mL/min. The on-line HPLC analysis 

could be achieved in as little as 5 min when the lowest dilution factor (100 times) 

was used in the SADM. 

 

 

Figure 5.7. SADM setup diagram (Components: DR, diluent reservoir; ES, 

electronic switch; MZ, mixing zone; PP, peristaltic pump; PS, process stream; 

VLS, vapor-liquid separator). 
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Repeatability and linearity of the SADM-RMP system were validated by 

injection of the test compound mixture after on-line dilution by pre-defined 

factors. Relative standard deviation (%) of peak retention time and peak area (n 

= 6) were less than 3.0% (Fig. 5.8(A)), which showed highly repeatable injections 

in the RMP system. The dilution precision was validated by injecting the test mix 

at concentrations of 10-40 mg/L (corresponding to 400-100 times dilution) by the 

RMP system (Fig. 5.8(B)). The R2 value for the 3 analytes was calculated to 

be >0.99. 

 

Figure 5.8. (A) Six replicate chromatograms of test compound mixture (15 mg/L) 

(Compounds: 1, Sulfamethazine; 2, Carbamazepine; 3, Flavone); (B) Linearity 

curves of the diluted test compound mixture ranging from 10 to 40 mg/L 

(Linearity curve LN-1, LN-2, and LN-3 for compounds 1, 2, and 3, respectively). 
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5.3.4. Off-line NP-LC analysis of reaction mixture 

As described in previous Sections, there were several limitations for the 

existing RP-LC method. Firstly, the derivatisation reagent transformed the 

reaction product into two separated forms (i.e. amide and hydrolysed forms), so 

the quantity of either one or the combination of the two forms does not reflect the 

actual amount of the reaction products. Also, the RP-LC method requires strict 

control of the aqueous environment due to the undesirable hydrolysis of the 

reaction product, otherwise it could lead to the loss of target product. A NP-LC 

method was therefore developed for analysis of the reaction monitoring samples 

in the RMP system, so as to avoid the sample degradation when water was present.  

The same set of 7 samples (PF-01 to 07) previously used for off-line RP-LC 

analysis was used to optimise the NP-LC method. A binary MTBE-ACN mobile 

phase system was selected, but large baseline drift (~20 mAU) due to the 

refractive index difference of MTBE and ACN was found in gradient elution. 

Therefore, isocratic elution using MTBE-ACN (90:10, v/v) was applied. Fig. 

5.9(A) shows the influence of high MTBE (75:25 MTBE-ACN) and high ACN 

(0:100 MTBE-ACN) as sample matrices on the chromatographic performance. 

The chromatographic peaks of the injected samples in high ACN matrices were 

prone to fronting. Therefore, the underivatised reaction monitoring sample was 

diluted in high MTBE (75:25 MTBE-ACN) matrix for NP-LC analysis. 
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Figure 5.9. (A) Comparison of chromatograms obtained for different sample 

matrix compositions (prepared in MTBE and ACN) using 3 μm Luna silica 

particle column; Overlaid chromatograms of monitored underivatised 

pharmaceutical samples (PF-01 to PF-07) separated using (B) 3 μm Luna silica 

particle column and (C) 1.7 μm BEH HILIC particle column. 

 

 

Fig. 5.9(B) shows overlaid chromatograms of diluted reaction monitoring 

samples. Peak width at half maximum height (FWHM) for the reaction 

intermediate (RT = 1.0 min) and the starting compound (RT = 2.8 min) was 0.12 
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min and 0.38 min, respectively. Peak responses of the starting compound for 

samples PF-05, 06 and 07 were below the detection limit. Tailing factors for both 

the reaction intermediate and the starting compound peaks fell within the range 

of 0.9-1.2. The operating pressure for the 3 μm silica particle column was <50 

bar, which was far below the pressure limit of the RMP system, and so allowed 

the use of smaller particle size LC columns. Reduction of particle sizes of LC 

columns usually improves the separation efficiency and detection sensitivity, 

therefore a 530 µm I.D. capillary column packed with BEH HILIC (1.7 μm) 

particles was used for separation. The measured pressure for this column was 

~135 bar. Fig. 5.9(C) shows the overlaid chromatograms of the same diluted 

reaction monitoring samples using the BEH HILIC column. Higher signal-to-

noise ratios were seen for the 1.7 µm particle LC column than 3 µm particle LC 

column, resulting from the narrower FWHM of 0.06 min and 0.14 min for the 

reaction intermediate peak (RT = 1.0 min) and the starting compound peak (RT 

= 2.5 min), respectively. However, both of these peaks were prone to tailing 

issues, with tailing factors of 3.0 and 5.0, respectively. However, the NP-LC 

analysis has shown the potential and versatility of the RMP system, which can be 

used for chromatographic separations in diverse modes. 

 

5.4. Conclusions 

One of the most important requirements of a PAT approach for 

pharmaceutical reaction monitoring is to achieve real-time feedback of critical 
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quality attributes. In spite of high resolving power, benchtop LC is not 

appropriate for on-site monitoring due to its limited flexibility and 

incompatibility for many at-line or on-line setups. Compact analytical 

instrumentation and fast analysis are two significant requirements for deployment 

of LC in pharmaceutical manufacturing sites. In this study, the potential of an 

advanced prototype portable capillary LC system as an at-line- and on-line-

capable PAT for on-site pharmaceutical reaction monitoring has been 

demonstrated. The developed RMP system has been successfully used for 

monitoring of critical process parameters, such as the amounts of reaction product 

and starting compound. Fast separation with typically up to 8 min separation 

using 50 mm long and sub 3-µm particle columns was obtained with the RMP 

system. The differences in the measured amounts of the starting compound and 

the major derivatised product obtained using the RMP and a benchtop Agilent 

system were not statistically significant, which demonstrates that the RMP system 

has a high potential as an alternative to benchtop LC for pharmaceutical reaction 

monitoring. Successful on-line coupling of the RMP system with a sampling and 

dilution module demonstrated high potential and flexibility of the RMP system 

as a new PAT. 
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Chapter 6: General Discussion (Conclusion and future directions) 

 

Portable LC has been developed for point-of-need analysis within 

pharmaceutical sector. Conventional LC systems are only available as bulky 

footprint and expensive instrumentation, requiring highly trained professionals and 

precise maintenance. Also, traditional sampling methods result in long transfer 

processes, which can lead to potential sample degradation, and as a consequence the 

results could be biased in reflecting the actual situation. Smaller footprint portable 

LC moves the laboratory to sample in order to conduct real-time analysis. The 

overall goals of the study, as discussed in Chapter 1 (Introduction 1.5), have been 

fulfilled.  

In Chapter 2, a portable LC system with column heating and high-sensitivity 

UV-LED based z-cell detection was primarily developed as a blueprint for later 

development. The portable LC demonstrated the on-site flexibility, compatibility 

and point-of-need capability in coupling with a small footprint mass spectrometer. 

The portable LC in coupling to a 300 µm I.D. RP (5 µm C18) column demonstrated 

highly repeatable analysis in sub-4 min run times with satisfactory column 

efficiencies under low-pressure (~25 bar) operation. LODs for the test 

pharmaceutical compounds were within the sub-100 ppb ranges. The miniaturised 

pumps are only able to generate low pressure with no more than 100 bar, which is a 
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major bottleneck of this portable LC. Correspondingly, the developed portable LC 

system can only be coupled with a smaller range of LC columns (typically 5 µm 

particle sizes) compared to those with a pumping system with higher pressure 

capability. 

During the development processes, further attention has been paid to improve 

the performance of short-wavelength UV-LED-based detectors, as some 

impediments resulted from the limited spectral output light source, have been found 

in microscale LC applications. The short-wavelength UV-LEDs suffered from the 

low external quantum efficiency, reflecting on the degradation of detector 

performance, including extended equilibration times and reduced detection 

sensitivity, which were caused by excessive heat generated when operated at >20 

mA currents. In Chapter 3, a simple and low-cost 3D printed acrylate polymer-based 

liquid cooling interface was developed to reduce the adverse effects of miniaturised 

UV-LED detector. The liquid cooling interface used simply room temperature water 

as coolant, which saw several improvements of the detector performance, with the 

spectral output of LED increased, with LED temperature and stabilisation time 

effectively reduced, and with baseline noise and LOD decreased. For future 

improvement, the liquid cooling interface can utilise mobile phase itself as coolant 

when the material of the interface can resist the organic solvents, which can exclude 

an additional need of coolant and pump for driving the coolant. On the other hand, 
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the emitted heat from LED can be utilised in warming up separation column with a 

simple column jacket arrangement, which might be able to serve bi-functionally as 

a column heater. 

Furthermore, as LED is a light source with extended beam angle, coupling with 

a small optical window means a very small usage of its total optical power. In 

Chapter 4, a novel 235 nm SMD LED with a large viewing angle (120°) served as 

light source for a microscale LC detector based on a 1.2-mm pathlength detector 

flow cell with a 100 × 100 µm optical window. The SMD further miniaturises the 

size of traditional LEDs and provides higher robustness, better heat dissipation and 

spectral output generation. Increase of light propagation has been achieved with the 

aid of collimation lenses in specific alignments, with 3D models and the 

corresponding light trajectory simulated. Light transmission with the inclusion of 

UV transparent fused-silica spherical and hemispherical lenses into the detector 

arrangement has improved by up to 9 times and the sensitivity has enhanced by a 

factor of 2.2. Future development may expect the introduction of new SMD product 

with built-in ball lens and the integration onto similar detection units, which might 

enable higher light transmission through miniaturised format optical cell and ease 

the requirement for complicated focusing alignment. 

Following by Chapter 2, a portable LC with higher pressure capability and the 

improved 235 nm SMD detector (developed in Chapter 4) was exploited as a PAT 
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approach for pharmaceutical reaction monitoring in the study of Chapter 5, in order 

to respond to the requirement for real-time feedback of critical quality attributes in 

pharmaceutical manufacturing processes. An effective PAT approach should have 

at-line or on-line capability. A benchtop LC was compared with the portable LC for 

at-line monitoring of the starting material and the product within a synthetic reaction 

in reversed-phase mode of LC. The product of the synthetic reaction was highly 

instable in the aqueous environment, and therefore the reaction monitoring samples 

were derivatised to obtain a stable form of product. By comparing the amounts of 

starting material and the product between the benchtop LC and the portable LC, 

differences between two systems were demonstrated to be statistically insignificant, 

which shows that the portable LC has a high potential as an alternative to the 

conventional LC for at-line pharmaceutical reaction monitoring. Furthermore, on-

line potential of the portable LC was demonstrated by coupling with a sampling and 

dilution module. Future works on implementation of the portable LC within the 

pharmaceutical setting will be the ability to operate on fully integrated interface, as 

well as the accessibility of portable LC for unmanned and fully automated analysis. 


