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Abstract

There is a growing need for chemical analyses to be performed in the field, at the point of need. Tools and techniques often 

found in analytical chemistry laboratories are necessary in performing these analyses, yet have, historically, been unable to 

do so owing to their size, cost and complexity. Technical advances in miniaturisation and liquid chromatography are enabling 

the translation of these techniques out of the laboratory, and into the field. Here we examine the advances that are enabling 

portable liquid chromatography (LC). We explore the evolution of portable instrumentation from its inception to the most 

recent advances, highlighting the trends in the field and discussing the necessary criteria for developing in-field solutions. 

While instrumentation is becoming more capable it has yet to find adoption outside of research.
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Introduction

Field‑Based Chemistry

The miniaturisation and translation of laboratory-based ana-

lytical methods to the field is a major endeavour in instru-

mentation development. Researchers from various fields 

have made significant progress towards this goal with a 

variety of technologies. The aim of this review is to bring 

attention to the advances in miniaturised high-performance 

liquid chromatography (HPLC) systems and the endeavours 

to bring the laboratory to the sample.

The realisation of other field-based chemistry has 

made a major impact on a variety of societal challenges. 

For instance, outbreaks of foot-and-mouth disease virus 

(FMDV) infect livestock globally resulting in extreme eco-

nomic loss [1]. Wildlife disease surveillance focusses on 

early detection, vital to minimise the damage caused by 

FMDV outbreaks. The evolution of portable platforms capa-

ble of real-time reverse transcription polymerase chain reac-

tion (RRT-PCR) and amplification assays for FMDV elimi-

nate the delays associated with transportation of samples 

to the laboratory [2]. The Biomeme range of instruments 

(Biomeme Inc., Philadelphia, PA, USA), and similar, have 

revolutionised surveillance in sectors ranging from aquatic 

ecology to industrial quality control, allowing informed 

decision-making based on developments in real-time. Frank-

lin™ by Biomeme (Fig. 1) is a handheld quantitative PCR 

thermocycler able to deliver results from multiple samples 

in less than an hour and display these on a mobile-based app 

for rapid identification. This instrument, weighing around 

only 1 kg, is a striking example of modern analytical devices 

with designed for field applications.

Groundwater extracted from tube wells in Bangladesh 

acts as the main source of drinking and irrigation water 

for millions of residents. This has mainly been due to the 

severe issues with infectious diseases arising from contami-

nants in centralised water supplies. While the number of 

water-borne infections decreased, several forms of cancer 

were characterised resulting from arsenic contamination of 

groundwater from the tube wells [4]. Accordingly, accurate 
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and efficient arsenic testing methods that can be carried out 

by civilians is required. The digital arsenic testing kit from 

Palintest (Palintest, Gateshead, United Kingdom), known 

as the Arsenator, enables arsenic detection in liquids with 

sensitivities in the parts-per-billion (ppb) region. The kit 

consists of reagents which reduce arsenic to arsine gas trans-

forming the colour of a mercury bromide filter strip on reac-

tion. The Arsenator serves as a digital spectrophotometer to 

determine the arsenic levels based on the hue of the filter 

strip. The complete procedure can be performed in 20 min 

[5]. The availability of this technology represents a shift in 

the scientific knowledge required by the end user. By mak-

ing the chemistry behind arsenic testing more accessible and 

packaging the solution into easy-to-follow steps, the civilian 

population can access clean drinking water with total arse-

nic content within the World Health Organisation guideline 

concentrations.

Numerous high impact food fraud and contamination 

cases have occurred worldwide, a selection of which include 

the horsemeat scandal in 2013 which spread across Europe; 

China’s melamine-laced milk scandal in 2008; and the con-

tamination of Irish pork products with dioxins in animal 

feed in 2008 [6]. These represent only a small number of 

the major incidents within the ongoing crisis around adul-

terated and contaminated food. Adulterated food products 

are a global health hazard and are the cause of billions of 

pounds in lost revenue every year in the UK. Fourier Trans-

form–Infrared Spectroscopy (FTIR) is a standard addition to 

any research laboratory and has contributed to ongoing food 

ingredient authentication [7–10]. Handheld Attenuated Total 

Reflectance (ATR) FTIR spectrometers have steadily been 

commercialised over the past decade, an example of which is 

the Agilent 4300 Handheld FTIR (Agilent, Santa Clara, CA, 

USA). This device has become increasingly popular as an 

analytical tool due to the light weight (2 kg) and ergonomic 

design (Fig. 2) [11].

Similarly, near infrared (NIR) spectrometers have also 

become commercially available in portable and handheld 

designs. One such example is the MicroNIR family of spec-

trometers (VIAVI Solutions Inc, San Jose, CA, USA) with 

the smallest offering weighing less than 400 g and a footprint 

similar to a tennis ball. Two notable application areas are 

as part of quality control testing; and to identify counterfeit 

pharmaceuticals. One such example is the ongoing strug-

gle to discriminate between authentic and illegal erectile 

dysfunction medication at border control. The MicroNIR 

spectrometer can be used to effectively differentiate between 

genuine and counterfeit pharmaceuticals (Fig. 3) [12, 13].

Raman spectroscopy has also kept up with the trend 

towards miniaturisation in the field of analytical chemistry. 

Several handheld Raman spectrometers have been developed 

and commercialised in recent years (Fig. 4) [14–17]. Over 

the past two decades, tragic terrorist attacks have created 

the need to identify locations where explosives, chemical 

warfare agents, and precursors to these materials are manu-

factured and stored. Law enforcement agencies, forensic 

investigators, and the military require rapid identification 

Fig. 1  The Franklin™ by Biomeme handheld quantitative PCR plat-
form (Biomeme Inc., Philadelphia, PA, USA). Reproduced from 
Biomeme [3]

Fig. 2  Agilent 4300 Handheld 
FTIR spectrometer (Agilent, 
Santa Clara, CA, USA) a image, 
b practical use in geological 
studies.  Reproduced from 
Agilent [11]
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of unidentified materials within clandestine laboratories 

and military operations as well as crime scenes to deter-

mine threats in a timely manner [18]. This class of situations 

demand fast qualitative results to identify the presence of 

dangerous materials. Less emphasis is placed on quantitation 

since the identification of such threats will determine if fur-

ther sampling is necessary or if the operator should retreat to 

safety immediately. With the advantage of minimal sample 

preparation, the commercial availability of handheld Raman 

spectrometers has transformed the ability of law enforce-

ment to ensure the safety of the public.

Microfluidic devices are another example of the min-

iaturisation of bench-top methods and instrumentation. 

By exploring the properties of liquids at the microscale, 

researchers are able to exploit large scale applications within 

a portable footprint. Ngamsom et al. [19] developed a micro-

fluidic system for the screening of E. coli O157:H7 in water 

analysis. E. coli O157:H7 is a foodborne pathogen thriv-

ing within cattle and causing widespread disease in humans 

[20]. Laboratory-based PCR methods are the common route 

to detection of this bacterial strain; however, high capital 

costs for instrumentation and qualified personnel impede 

the application of these methods in resource-poor regions. 

The portable and inexpensive microfluidic system developed 

in this research allows semi-skilled personnel to detect the 

strain within 20 min using a fully integrated system which 

can be used at the point-of-sampling.

In some cases, demands on field instruments can be 

extreme. In the coming years, the ExoMars mission, a joint 

project between the European and Russian space agen-

cies, will be pioneering the investigation into the molecular 

signs of life on the red planet. The Rosalind Franklin rover 

(Fig. 5) will house the Mars Organic Molecular Analyzer 

(MOMA), a combined laser desorption/gas chromatogra-

phy–mass spectrometry system [21]. The primary goal of 

the rover’s mission will be to uncover the presence of com-

plex organic compounds, molecular signs of past or present 

life on Mars. Of course, this review will focus on MOMA’s 

terrestrial counterparts; however, the robotic exploration of 

other world’s in our solar system is an incredible example to 

illustrate what is possible for the portability and miniaturisa-

tion of analytical instrumentation. Furthermore, staying on 

the Red Planet, what is equally, if not more, important is to 

consider the analytical process in the field as a whole; in 

the case of MOMA, an important complication is sample 

preparation. Organic molecules exposed on the surface of 

the Martian terrain can be gradually destroyed from the thin 

atmosphere, with no magnetic field to protect them from 

solar radiation. Therefore, the rover will acquire samples 

below the surface with a coring drill. Rock fragments and 

powder are dropped into a crushing station which grinds 

the sample to a powder with a desired particle size distribu-

tion. The dosing mechanism then feeds one of the on-board 

analysers, including MOMA. In far-flung ‘fields’ there is 

no opportunity to repair or replenish either the instruments 

or reagents: everything, including blank (organically inert) 

samples, must be accounted for and on board. Robotic 

explorers are becoming increasingly capable analytical 

Fig. 3  a The MicroNIR 
spectrometer used in the study 
(VIAVI Solutions Inc, San Jose, 
CA, USA). b The absorbance 
NIR spectra of the authentic and 
counterfeit (CF) Alli® drug.  
Reproduced from Alcalà et al. 
[13]

Fig. 4  Images of a Anton Paar 
handheld Raman spectrometer: 
Cora 100 (Anton Paar GmbH, 
Graz, Austria) [15], b Mira DS 
handheld Raman spectrometer 
(Metrohm UK Ltd, Runcorn, 
United Kingdom) [17]
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laboratories. Perhaps, they may even foreshadow an era of 

increasingly autonomous sample collection and testing here 

on Earth.

The Case for Portable LC

As analytical instruments reduce in size, they are becoming 

ever more capable and versatile. Techniques, traditionally 

requiring larger systems and infrastructure, such as high-

performance liquid chromatography and mass spectrometry 

(MS) are no exception. The pursuit of portable LC has a long 

history with roots in the early 1980s and their capability 

continues to advance.

Before we explore the field of portable LC, we must be 

aware of where it sits in the wider ecosystem of analyti-

cal testing and develop a framework by which to assess the 

various instruments. Laboratory based systems, unfettered 

by portability considerations, are technologically the most 

capable, so analytically running samples on these instru-

ments would seem to be the preferred choice. We are all 

aware how substantial the footprint of an LC system is and 

how it is restricted to laboratory benches. Perhaps, the most 

straightforward approach is to recognise that these systems 

are not hand portable but can be loaded in their entirety onto 

specialised response vehicles; the most well-known of these 

being the Agilent Mobile Laboratory, not too conceptually 

dissimilar to MOMA. The associated costs, though, prohibit 

deployment outside emergency incidents to sites to detect 

chemical and biological warfare agents. The vast majority 

of field samples are routinely transported to centralised ana-

lytical laboratories. By doing so, there invariably exists a 

disconnect in both time and location between sampling and 

analysis [22], that has several important consequences with 

which to contend: (1) samples may transmute or degrade; 

(2) delays due to logistic turn-around times mean a delay in 

response or action.

Direct to consumer genetic testing have exposed the 

wider public to effective field sampling. Many became avail-

able in the late 2000s as novelty genealogical services but 

more recently are able to provide FDA-approved genetic 

health-risk reports, such as for BRCA mutations, pharma-

cogenetics of selected variants, and late-onset Alzheimer’s 

[23–27]. Consumers receive a saliva collection kit and post 

the sample to a laboratory for sequencing. DNA is a robust 

macromolecule which permits this form of sampling but, in 

general, liquid sampling and handling of less stable analytes 

and matrices is particularly challenging in the field. A vari-

ety of strategies have been developed including dried blood 

spot (DBS) testing, swab testing, and lateral flow immuno-

assays. For instance, DBS sampling is a method that offers 

logistical advantages when extending the reach of medical 

surveillance programs, particularly to hard-to-reach popula-

tions. Blood samples, such as heel or finger-pricks, are dried 

onto cellulose paper for storage and transport [28–30]. Once 

in a laboratory, DBS cards are processed, and the eluate is 

analysed with conventional instrumentation. As with saliva 

sampling for consumer genetic testing, these methods are 

compatible with population-level screening programs due 

Fig. 5  The Rosalind Franklin 
rover with MOMA instru-
mentation to be used in the 
ExoMars 2022 mission. The 
different parts of MOMA and 
their contributors (France (F), 
Germany (D), United States). 
The LPU that controls the 
LH is mounted as a slice on 
the MEB (top right). Sample 
carousel (SC) and refillable 
sample container are not part of 
MOMA. LH, Laser Head; LPU, 
Laser Pump Unit; MEB, Main 
Electronic Box; MOMA, Mars 
Organic Molecule Analyzer.  
Reproduced from Goesmann 
et al. [21]
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to their ease of transportation and storage. While, delays 

between sampling and analysis will inevitably remain, an 

important development toward utilising the ‘dead’ time 

while clinical samples are in transit was recently reported. 

Nanthasurasak et al. [31] developed an electrokinetic plat-

form for extracting small-molecule pharmaceuticals from 

DBS (Fig.  6). This approach is anticipated to not only 

streamline laboratory workflows once samples are received 

but may also have potential in limiting sample degradation 

by limiting matrix interference toward target analytes.

There are applications where sampling and testing onsite 

is the only route forward, such as those that are extremely 

time-sensitive or where removal of material from a site is 

prohibited for safety or regulatory reasons. Traces of bodily 

fluids, for instance, discovered during forensic investigations 

at crime scenes are of the utmost importance in order to 

identify suspects and potentially vindicate innocent parties 

[32]. Traditionally, both LC and GC are chosen for this type 

of analysis. Besides body fluid traces, chromatography has 

also found use in the detection of illicit drugs and explo-

sives [32–40]. However, the requirement to transfer samples 

and wait for results imposed by traditional LC impedes the 

efforts of law enforcement agencies. Sample degradation and 

limited sample size are also restricting factors within the 

forensic field.

One ongoing research focus is monitoring the levels of 

herbicides, pesticides, and fungicides and their persistence 

in the environment following their application [41–48]. 

Environmental and agricultural analyses require dedicated 

analytical laboratories for sample testing. It is evident that 

tools to test factory waste would be ideal in order to mini-

mise the contamination of nearby natural water sources. A 

portable device capable of making relevant measurements 

would be invaluable to bodies such as the Department for 

Environment, Food and Rural Affairs in the UK. Beyond 

regulation, field testing of wastewater samples would accel-

erate the implementation of preventative measures to reduce 

the environmental and human impact of residual toxins.

While the field has yet to fully mature, there is a growing 

list of compelling applications for portable LC. As sectors 

become more consumer-focussed, the need for convenient 

and routine testing will expand. What is likely to help the 

translation of portable LC out of laboratories is the existing 

wealth of applications. Portable LC is a disruptive innovator 

and as such can substantially change industries over time 

and new applications will certainly open up on-site testing 

within a variety of new sectors.

Development Considerations for Portable LC

Suitability for field-portability is not a one-dimensional 

property and encompasses a wide range of often near-

orthogonal considerations. Here we discuss the major con-

siderations and ideal scenarios, then propose a framework 

for their objective assessment.

For a system to be portable, it must be able to be easily 

carried or moved. This can, of course, be very subjective but 

objective frameworks exist: Health and Safety Executive of 

the UK sets out a number of helpful guidelines for safe lift-

ing capacity [49], depending on the task at hand and posture 

of the individual. We can define a portable system as that 

being ideally weighing less than 3 kg but no more than 5 kg. 

It follows that the instrument should be a monolithic system, 

integrating all the necessary computers and electronics into a 

single housing. We would also contend that this weight limit 

should include on-board solvent and consumable reservoirs 

at maximum capacity.

For field use, systems are likely be battery operated 

but should be able to be recharged in the field. In remote 

regions, petrol-generator or solar charging is likely to be key 

Fig. 6  Illustration depicting in-
transit DBS sample preparation. 
While in transit, the analytes are 
electrokinetically extracted from 
the membrane powered by two 
12 V batteries connected prior 
to mailing. On arrival in the 
lab, manual processing of the 
sample is significantly reduced, 
and quantification is achieved 
rapidly.  Reproduced from 
Nanthasurasak et al. [31]
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in extending the operation time of the device when access 

to infrastructure is limited or even non-existent. Research-

ers should also be aware of other forms of renewable energy 

generation that can be deployed for ultra-remote settings. 

They must be capable of operating in a broad range of envi-

ronments, as measured by their ability to withstand extremes 

in temperature and humidity as well as resistance to particu-

lates such as dust. Instruments must also be designed to be 

rugged and capable of withstanding a variety of mechanical 

shocks while in operation.

We believe one of the most important considerations for 

portable LC is cost. The growing need for field-based or 

point-of-care measurements is best supported by miniatur-

ised systems that not only maintain or exceed the typical per-

formance of their laboratory-based counterparts but to do so 

in an affordable and therefore accessible manner. Arguably, 

at a minimum, the cost per test/run in the field should strive 

to be no more than, or competitive with, returning samples 

back to the laboratory. Depending on turn-around time, 

HPLC tests in centralised laboratories are on the order of 

$10–$100 s US. For perspective, the cost of on-site analysis 

per test using colorimetric test strips or more capable paper 

microfluidics is on the order of $0.01 US or less. Pioneer-

ing approaches that adopt rapid and additive manufacturing, 

such as 3D printing, are likely to become critical to reducing 

costs in successive generations of portable LC [50–52].

Another criterion in the framework, important for wide-

spread adoption and validation of platforms, is how open 

the hardware, software and protocols are to the community. 

Foundations, such as the Open Source Hardware Associa-

tion (OSHWA) have published a well-defined standard for 

open-source compliance, which aims to foster technological 

knowledge and encourage research that is accessible and col-

laborative. Given the commercial potential of these systems, 

players may take some convincing. However, the prevalence 

of prototype instrumentation being reported that themselves 

incorporate open source components, e.g. single board com-

puters, ought to be sufficient encouragement to adopt open 

initiatives, as much as possible.

An often overlooked or underestimated aspect to field 

chemistry is the unintended environmental impact it may 

have on ecosystems. Primarily, LC method development is 

focussed on precision, accuracy and repeatability. Greener 

practise is growing in laboratories seeking to reduce their 

environmental burden, of which large amounts of chemi-

cal waste often represent an important part. Encouragingly, 

while portability can make some criteria harder to achieve, 

miniaturised portable systems typically require dramatically 

lower solvent consumption. Welch et al. [53] recognised that 

while portable analytical instruments are breaking free of the 

traditional boundaries of the laboratory, the dependence of 

techniques on regulated organic solvents remain. They inves-

tigated the use of liquids readily available in supermarkets, 

such as spirits, as mobile phases and additives for field-

based LC and liquid chromatography–mass spectrometry 

(LC–MS). Green solvent replacements that can be disposed 

in ordinary waste or recycling streams should be actively 

pursued and their performance reported alongside more 

conventional methods (Fig. 7). Given the supply chain for 

unregulated liquids is naturally more ubiquitous, this will, 

where possible, have the added benefit of prolonging deploy-

ment times without the need to return to centralised facilities 

to replenish such consumables and help drive down costs. 

A simple and efficient approach for profiling the greenness 

of HPLC methods has been put forward by Gaber et al. [54] 

To aid researchers, they developed a software based envi-

ronment assessment tool (HPLC-EAT) to score and rank 

the greenness of methods in an accurate and logical way. 

Therefore, we encourage the use of green solvent replace-

ments for field applications.

Chromatographic performance is both the single most 

important question regarding any chromatographic sys-

tem, and also the hardest to define, particularly as it is 

typically dependent on the methods being employed. The 

performance of conventional LC instruments has improved 

through microbore and capillary columns, the chemistry 

of the stationary phase, and, of course, the pumps that can 

overcome the increased back pressures demanded by these 

advanced methods. Detection strategies such as multispec-

tral detectors and hyphenated mass-spectrometry techniques 

have been critical in the adoption of LC. Given the multitude 

of factors that contribute to an LCs performance, it is the 

trickiest element to reduce to simple commensurate param-

eters. It is, perhaps, even detrimental. It should be expected 

that portable LC would have the requisite accuracy, preci-

sion and repeatability that any application requires. The field 

can run the risk of engaging in a technological arms race 

and forget the underlying principle of what it is trying to 

achieve—delivering HPLC anywhere it is needed through 

innovation.

Frequently the requirements for LC portability we have 

outlined above are discussed in the literature [55, 56], yet 

there is currently no general framework to allow comparison 

of advances in the field, and reporting is often not consist-

ent/commensurate the in primary literature. To overcome 

this, here we propose a set of criteria to assess a system’s 

portability/field-suitability. The BETTER (portaBle fiEld 

Testing sTandard framEwoRk) criteria 2020 (Table 1) pro-

posed here are intended to act as a framework to facilitate 

more objective comparison, encourage better reporting, and 

act as a development framework for the community. BET-

TER 2020 endeavours to account for non-chromatographic 

characteristics (e.g. costs, robustness), along with often-

neglected requirements with considerable impact on a sys-

tem’s field-applicability (portability, solvent requirements, 

etc.). Levels are often defined by usability: for example, it 
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is more relevant to a user whether a system can realistically 

be carried on a scrambler bike or by a hiker, than any more 

specific variable. BETTER grade levels (each ranging from 

1 to 5) are selected both to represent the current range of 

developments, and community goals. To date, portable LC 

systems meet some of the grade 2 and 3 criteria. The grade 

4 and 5 criteria, then, may be seen as a challenge to be met 

by next generation devices; indeed, no instrument reported 

to date reaches Grade 5 in any category (see SI). While cur-

rently stretching to Grade 5, The BETTER criteria 2020 

are designed to be open-ended. We intend to improve the 

framework, as technology advances, and capturing interac-

tion with the community.

In our review of portable LC technology, we endeavour to 

assess previously reported instruments using the BETTER 

criteria 2020 (see below, and SI for details). Crucially, these 

ratings are intended to assess the whole system required to 

perform chromatography. In estimating ratings, we note 

that many factors are not addressed in original publications. 

These “externalities” often include: solvent reservoirs; 

computer/controller; power source; and consumables. For 

example, in the case of a miniature instrument which weighs 

250 g, but which requires a robust power supply to operate 

in the field, the weight should not be assessed purely on the 

basis of the instrument, but the whole system. Lacking the 

relevant data, and to allow objective comparison, we would 

estimate this by adding the weight of a petrol generator and 

fuel required to maintain the instrument in operation for the 

stated “operation time away from the laboratory”, along 

with the mass of solvent required. Our standard approach to 

these calculations is listed in the SI. We have used informa-

tion that is available in the relevant academic publications 

and where information is missing or not reported we have 

endeavoured to make assumptions in good faith. A public 

GitHub repository of the current BETTER standards, and 

notes on assessment, will be maintained to make this a sus-

tainable endeavour, as can be seen at https ://bette r-hplc.githu 

b.io. Additionally, we encourage the submission of accurate 

and complete data to the repository.

Importantly, we must note that these ratings are not 

intended for addition to produce an overall score: the impor-

tance of different attributes and the practicality of a system 

depends heavily on the requirements of the intended appli-

cation, and the degree of flexibility required. As such, more 

BETTER is not always best, and we eschew any attempt to 

further simplify to a single numerical assessment.

The Components of a Portable LC

High performance liquid chromatography (HPLC) instru-

mentation are typically made up of four main components—

an injection system to introduce the sample; an eluent pump 

to generate a specific flow rate; an analytical column which 

Fig. 7  The current state and future alternatives for environmentally 
friendly HPLC analysis in which a existing procedure involves high 
flow rates of approx. 1.5 mL/min with large bore columns (4.6 mm 
I.D. × 25 cm) producing and consuming over 1 L of fresh and waste 
solvent daily per instrument. b Switching to greener solvents such 
as distilled ethanol available from local markets reduces the running 

costs and reduces the need for disposal of hazardous waste solvents. 
c The trend towards shorter narrow-bore columns lowers solvent 
consumption and waste generation to a few millilitres per instrument 
per day with the potential to encapsulate within a handheld platform.  
Reproduced from Welch et al. [53]

https://better-hplc.github.io
https://better-hplc.github.io
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separates the analytes within the sample based on physi-

cal and chemical parameters; and a detector to identify and 

quantify the analytes as they elute. The driving force behind 

portable HPLC instruments has been the miniaturisation 

of these components, the idea being to reduce the physi-

cal dimensions and weight while ensuring that all elements 

retain their analytical capability. This introduces increased 

cost and complexity in manufacturing and has potential 

impacts upon reliability and consistency.

Injector

Injection assemblies have not changed significantly for port-

able liquid chromatography (LC) instrumentation. Injectors 

are inherently small and are designed to introduce samples 

with high precision and minimal flow disturbance. They 

are critical to reproducibility and so it is understandable 

researchers have relied on tested designs. However, they 

are expensive components and LC systems can incorporate 

one of two injectors depending on whether the mobile phase 

(MP) flow is halted during injection. For stop-flow injec-

tors, the sample is introduced while the MP flow is stopped, 

whereas continuous-flow injectors do not disrupt the flow. 

Both systems require narrow tubing connections and low 

dead volumes to reduce band broadening and peak tailing, 

respectively. It is worth noting that stop-flow injectors pro-

vide significantly lower dead-volumes and are, therefore, 

being found in a large number of prototypes in recent years 

[57–59]. Six-port valve injection systems are widely used in 

LC systems to introduce the sample without interrupting the 

flow of MP. By rotating the valve, either manually or using 

an automated system, the sample loop is interfaced with the 

high-pressure MP and the sample flows to the column via 

the pump. These automated setups immensely increase the 

ease-of-use of the system since operator input is minimised 

but do so at considerable cost.

Microfluidic injection systems that mimic the operation 

of standard six-port valves have been reported [60, 61]. 

These are traditionally based on the deformation of a flex-

ible poly(dimethylsiloxane) (PDMS) membrane to provide 

a means of flow control [62]. Integrating on-chip valving 

can help to avoid large dead volumes and external actuating 

components. However, they predominantly focus on biologi-

cally compatible, low-pressure applications. High pressure 

variants have been reported [63]. For example, Sharma et al. 

[64] developed a microvalve able to withstand back pres-

sures of 20 MPa, limited by the rigidity and fluid connec-

tions of their device (Fig. 8). Although, only tested with 

air and water, the only materials in contact with liquid are 

parylene and stainless steel and so should afford it good 

chemical resistance to aggressive solvents. Sample injection 

and switching valves for LC are incredibly reliable and so 

newer classes of microvalve will need to be proven to offer 

similar performance over extended use.

The High Pressure Pump

The miniaturisation of LC pumps is critical to successful 

portable LC equipment. Encouragingly, this a very active 

area of research with several very different approaches. Min-

iature pressure-generating pumps based on piston pumps; 

syringe pumps; latent energy pumping; and electroosmotic 

pumps (EOPs) have all been reported [58, 65–67]. There 

are certain features which the ideal portable pumping sys-

tem should possess: it should be lightweight and battery-

operable; capable of a wide range of flow rates (nL–µL–mL/

min); provide high flow rate accuracy and precision; gener-

ate a constant flow rate independent of back pressure; capa-

ble of gradient elution with high reproducibility; simple to 

Fig. 8  a Schematic of a thermohydraulic actuator activated by the 
high hydrostatic pressure of paraffin wax upon melting. The volume 
decrease experienced on solidifying the paraffin is compensated by a 
membrane deflection from the valve seat resulting in an open fluidic 

channel from the inlet to the outlet. b Image of a nanoport microflu-
idic interface attached to the microvalve using epoxy glue.  Repro-
duced from Sharma et al. [64]
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operate and repair when needed; and produce minimal pul-

sation noise [56]. While achieving a pumping mechanism 

incorporating all of the above capabilities is a challenging 

venture, this must also be delivered in a portable form-factor.

Solvent reservoirs are either upstream of the pump, and 

at atmospheric/low pressure, or downstream, and at high 

pressure. This has a few critical consequences to the design 

and performance of a system overall and how it is operated 

in the field. Solvent reservoirs upstream of the pump may 

be replenished during runs and needn’t be of a special con-

struction e.g. piston pumps that are multi-stroke systems and 

draw solvent from glass vials. Pumps that require the sol-

vent reservoir to be downstream are typically single stroke 

systems e.g. syringe pumps driving mobile phase from a 

syringe. In this case, the reservoir of solvent dictates the 

maximum operating time before analyses must stop and 

requires replenishing. Due to the reciprocal relationship 

between the volume of these reservoirs and the pump pres-

sures that can be achieved, achieving higher and higher pres-

sures, a syringe pump inevitably tends to the characteristics 

of a piston pump that is limited to a single stroke. Inevitably, 

a trade-off must be struck.

Piston pumps are the predominant form of pump in mod-

ern LC systems. The main disadvantage of these pumping 

systems is pulsatile flow due to the non-continuous manner 

in which the liquid is delivered. This class of pumps com-

prise multiple moving parts which require careful mainte-

nance and upkeep. Well maintained LC pumps are known 

for their longevity; however, it is not clear how robust they 

are to field use over an extended time. In the early days of 

LC, syringe type pumps were commonly used in driving 

solvents, particularly as part of isocratic methods. Syringe 

pumps comprise a stepper motor which drives the plunger 

of a syringe filled with solvent along worm gears. The major 

drawback of syringes are their finite volume which neces-

sitates continual refilling and can be problematic if the 

separation is not completed before the syringe volume is 

consumed, particularly if samples are precious.

Syringe and piston type pumps are similar in the type of 

flow they generate. Characteristic fluctuations or oscillations 

in flow rate originate from their mechanical operation. For 

piston pumps, pressure pulses arise due to the action of the 

piston. The waveform of these pressure oscillations may be 

flattened by modifications in the design of the cam or modi-

fying the speed of the motor during the intake and delivery 

strokes [68]. However, pulses are inevitable and pulse damp-

eners are used to reduce fluctuations further.

Pressure-driven pumps control flow rate by applying a 

pressure to a sealed reservoir. The pressure applied to the 

fluid, drives it through the system. Latent energy pump-

ing and pneumatic pumping systems represent a branch 

of mechanisms that use the force of compressed gases to 

generate mechanical effects. Due to the high precision with 

which gas may be regulated, pulseless flows with incredibly 

high stability may be achieved. High pressures of several 

hundred bar may be achieved using compressed gases and 

with pneumatic amplification pressures of several thousand 

bar are possible. A major advantage of pressure-driven 

pumps is their compatibility with a wide range of solvent 

reservoir volumes. Pressure-driven pumps are not unlike 

syringe pumps in that they can be considered to apply force 

upstream of the solvent reservoir. While this does mean 

analyses must be stopped as the solvent reservoir is replen-

ished, the compatibility with large reservoir volumes means 

this is not a major issue in practical terms. One of the major 

factors limiting portable LC is the overall electrical energy 

budget of the system. Pressure-driven pumps incorporating 

pre-pressurised sources of gas are capable of significantly 

reducing, or removing entirely, the electrical energy cost 

of the pump and so are attractive toward enabling extended 

field operation.

Metering flow rates for pressure driven flow requires a 

flow rate sensor and feedback control; whereas for syringe/

piston pumps, the flow rate may be easily controlled by set-

ting the speed of the motor. However, it is important to note 

that flow rate sensors are still necessary during the transient 

period as flow rate is altered. The responsiveness of piston 

and syringe pumps for high pressure applications can be 

slow and is measured on the order of tens of seconds to 

minutes. Pressure-driven pumps are well known for their 

responsiveness and are measured on the order of millisec-

onds to seconds.

The field of microfluidics and µTAS (micro total analysis 

systems) has driven advances in other pumping systems such 

as EOPs [69, 70]. Alike pressure-driven systems, EOPs are 

capable of generating pulse-free flow and have no moving 

parts. By way of their operation, they are inherently capable 

of sensing the magnitude and direction of flow without the 

need for additional sensors [71]. Back pressures are over-

come by the phenomenon of electroosmosis in which bulk 

liquid flow is produced by applying an electric field across 

a porous dielectric media (Fig. 9) [69]. The major benefit is 

that the pumps are readily miniaturised and do not involve 

any moving parts.

There are concerns over the reliability and compatibil-

ity of EOPs for HPLC. For example, while both polar and, 

recently, non-polar solvents may be used—as seen within 

non-aqueous capillary electrophoresis [72–77], and the 

flow generated can change due to the adsorption of analytes 

from the sample or sample matrix onto the elements of the 

pump. Although, this can be avoided by isolating the pump 

from the downstream fluidics, it has the effect of constrain-

ing EOPs from being a continuous pumping system to one 

limited by a solvent reservoir akin to a syringe pump. The 

main drawback of EOPs lies in how they are powered. They 

are required to be operated under high electric fields which 
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results in bubble formation and variations in pH as a result 

of electrolysis at the electrodes [22]. The development of 

alternating current-powered (AC) EOPs address this but 

the necessity of bulky power supplies which are not easily 

implemented into portable systems remains.

Gradient elution LC systems are usually developed in one 

of two ways: (1) Multiple pumps are combined each tasked 

with driving a proportional amount of a different solvent, a 

common example would be binary pumping; and (2) single 

pumps driving a plug of fluid pre-mixed upstream. Only 

binary and electroosmotic pumps are compatible with either 

approach. Whereas, syringe and pressure-driven pumps may 

only achieve gradient elution by driving mobile phase that is 

mixed downstream but before entering the analytical system.

Column Technologies

Column miniaturisation has had a significant impact on the 

development of portable LC. Column dimensions, the size 

and chemical properties of packing materials, and in par-

ticular internal diameters (I.D.), have progressively reduced. 

This has decreased the solvent consumption and required 

sample volumes, and increased the detector sensitivity. 

By decreasing the I.D. of the column, the eddy diffusion 

term of the Van Deemter equation is reduced since there 

are less paths through the column; therefore, there should 

be less opportunity for band broadening to occur. Conven-

tional columns (4.6 mm I.D.) were superseded by micro-

columns (0.5–1.5 mm I.D.) followed by capillary columns 

(0.01–0.5 mm I.D.), and LC miniaturisation has improved as 

a result. Decreased solvent consumption enables lower vol-

ume solvent and waste reservoirs and subsequently a more 

compact and portable LC. On the other hand, decreasing 

column I.D. has been challenging for portable pumping sys-

tems to counteract the rise in backpressures.

The tendency to decrease particle size has led to very 

high efficiency columns. While this can improve the resolu-

tion and separation ability, LC systems can suffer from high 

backpressures currently unattainable by miniaturised pumps. 

The advent of silica monolith columns provided a solution in 

which low backpressures and high efficiency columns were 

the new trend.

Within the past two decades, the field of microfluidics has 

excelled in realising novel and unique platforms for studying 

chemical and cell-based analyses. So too have advances in 

LC column on chip technology; microfluidic alternatives to 

tubular columns have been presented in the form of planar 

geometries comprising micro-pillar arrays. These micro-pil-

lar array columns (µPACs) are fabricated via a lithographic 

etching process onto a silicon chip creating a completely 

ordered separation bed (Fig.  10a). µPACs benefit from 

high permeability and low dispersion due to the structured 

framework. Also, lower backpressures are possible resulting 

from the freestanding character of the pillars. These inherent 

properties generate the potential for LC performance with 

high resolution and sensitivity [78].

In recent years, the opportunity to drastically improve the 

performance of chromatographic separations beyond what 

is currently possible has been realised. The advance of 3D 

printing technologies present a newfound ability to fabricate 

precisely ordered stationary phases of varying shapes which 

have the potential to increase the efficiency of chromato-

graphic columns [80, 81]. The developments in this research 

are impressive and may, in the future, improve the analytical 

sector significantly.

The Detector

Effective detection systems have been the focus of numer-

ous research groups for decades. A considerable number of 

research articles and reviews have directed their attention 

to the potential of developing mobile and handheld devices 

based on various detection methods. Some of these include 

Raman [82–87], ultraviolet (UV) [88], visible [89], ultra-

violet–visible (UV–vis) [90–92], near-infrared (NIR) [93, 

94], Fourier-transform infrared spectroscopy (FTIR) [95, 

96], induced fluorescence [97–99], electrochemical detec-

tors (ECDs), and X-ray fluorescence [100–102]. The vast 

majority of these methods can be adapted to detect and quan-

tify eluting analytes in an LC instrument. Thus far, however, 

absorbance detectors have found common use in portable 

HPLC systems mainly owing to the ease of miniaturisation 

and integration.

Moreover, the coupling of portable LC to a variety of 

detection methods provides the opportunity to develop a 

µTAS. This would be achieved with a portable system which 

Fig. 9  Schematic of the electrical double layer and electroosmotic 
flow generated by the application of voltage at the terminals of the 
capillary. The electric field generated forces an excess of cations in 
the diffuse layer. This, in turn, forces a movement of the diffuse layer 
towards the cathode, creating a flow of the bulk solution in the same 
direction
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is able to perform the entire analytical process from sam-

ple handling to electronic output of results at the point of 

sampling in a smaller footprint compared to a conventional 

system [103].

Quantitative analysis is traditionally achieved using 

ultraviolet–visible (UV–Vis) spectrophotometry methods. 

In conventional systems, broadband spectra are delivered 

by lamps. Given their fragility, long warm-up times and 

demanding power requirements, these have limited appli-

cability in a field setting. Instead, systems have exclusively 

adopted light-emitting diodes as light sources.

Previously, the sensitivity and limits of detection (LOD) 

of UV–Vis detectors were improved by increasing the path 

length of the sample along the detection path. However, in 

applications where the elution volume is low, the I.D. of 

the flow cell should be reduced accordingly. The conse-

quence of this is the increased noise levels resulting from 

the decreased optical transmittance. The advent of Z-shaped 

flow cells (Z-cell), see Fig. 11a, decoupled the dependence 

of the LOD to the width of the flow cell. Chervet et al. 

[104] experienced a 14 fold signal increase resulting from 

a theoretically 80 fold path length increase. The resultant 

sacrifice in time resolution can result in peak broadening; 

however, this occurs on a millisecond to second timescale 

which would only have minimal impacts on anything other 

than fast ultra-high performance liquid chromatography 

(UHPLC) instruments. In addition, the backpressures that 

can be achieved are restricted by the glass windows of the 

Z-cell. However, given that the pressures achieved by the 

pumping mechanisms in portable LC’s often fall below com-

mercial HPLC or UHPLC systems, this issue can be eas-

ily overcome using a pressure regulator. This highlights an 

important question which is often overlooked when selecting 

appropriate detectors as well as other components; are the 

analytical capabilities sufficient for the intended purpose? As 

such, components considered unsuitable for benchtop HPLC 

instruments may perhaps find use in portable LC devices.

Fig. 10  a Scanning electron microscope image of the micro-pillar 
arrays in μPAC devices. b Porous beds with three geometric designs: 
(a)-(c) simple cubic arrangement of beads, (d)-(f) parallel channels 
of a monolith, and (g)-(i) herringbone-shaped channels. The first 
column shows the CAD designs, panels (a), (d) and (g), while the 

second and third columns display the printed models, panels (b), (e) 
and (h), and 20x magnification of the channels, panels (c), (f) and 
(i), respectively.  Reproduced from Pharmafluidics [79]. Reproduced 
from Fee et al. [80]

Fig. 11  a Schematic of 
(A) Z-shaped flow cell and 
(B) standard flow cell. The 
increased optical path length 
of the Z-cell is indicated by 
the double headed arrow. b 
Schematic of a total internal 
reflectance (or light-pipe) UV 
detector cell, as used in UHPLC 
applications
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With the introduction of UHPLC systems, peak broaden-

ing due to high volume flow cells became a more pressing 

issue. Reduction of the cell I.D. was necessary to overcome 

this issue; however, by doing so, the amplified effect of 

refractive index brought about another issue of light scat-

tering. The solution to this was achieved with the design 

of the total internal reflectance (TIR) cell (Fig. 11b). The 

cell walls are coated with a reflective material such that any 

light that hits the walls of the flow cell is reflected along 

the walls several times before reaching the other end. TIR 

takes the concept of the Z-cell a step further and signifi-

cantly increases the path length of the cell enabling the use 

of longer flow cells with better sensitivity and reducing peak 

broadening in comparison to shorter length and larger I.D. 

flow cells [105]. While TIR cells may appear to be the one-

stop solution for UV–Vis detection, uncertainties remain 

with respect to their fragility. Reports have emerged of dam-

age to the cell coating once the cell has dried out and then 

exposed to UV light [106]. Although certain safeguards can 

be put into place to prevent this event occurring, the robust-

ness of the cell remains a concern. This leads to a more 

nuanced point regarding detection systems, how does one 

design a system based on current detection methods that is 

robust and stable in the field. By addressing this, as well as 

prior and subsequent points, the LC community will better 

accomplish a portable LC system relevant to the needs of 

field-researchers.

Thus far, the UV–Vis detection methods discussed have 

been examples of end-column detection. In recent years, 

on-column methods have become the preferred method 

for capillary columns. This is mainly due to the elimina-

tion of additional band-broadening from tubes connecting 

the column and detector, ultimately, preserving the separa-

tion efficiency [58]. It should be taken into consideration 

that for effective on-column detection, accurate and narrow 

focusing of the light beam into the capillary is essential. In 

addition, slits are used to eliminate stray light. However, 

this reduces light throughput and can, as a result, reduce 

the signal-to-noise ratio (SNR) of the detector [107]. For 

a portable system operating in the field where shocks and 

vibrations are commonplace, sensitive optical arrangements 

are likely to be quite problematic and will require persistent 

adjustment and troubleshooting. As a result, the previous 

question is very applicable to on-column detection; how can 

an on-column detection system be designed such that it is 

robust in the field.

By definition, a handheld device refers to a highly com-

pact device able to be held with one hand. While, a portable 

device is one which is adequately light and small to allow 

it to be easily carried or moved [108]. As mentioned pre-

viously, several handheld UV–Vis instruments have been 

prototyped and successfully made available to the market. 

The miniaturisation of LC equipment, and more broadly, the 

evolution of µTAS has accelerated the need for miniaturised 

detectors and in particular UV–Vis. To date, modern appli-

cations of these instruments include a novel spectrometer 

designed to provide measurements of ozone profiles, aerosol 

optical depth, Volatile Organic Compounds, and other key 

air quality parameters [109]; a portable, liquid core wave-

guide photometer used for the analysis and determination of 

DNA samples and cholesterol, respectively, in human-serum 

[110]; and most interestingly, an inexpensive 3D-printable 

smartphone spectrophotometer which can be used to teach 

students concepts such as the Beer−Lambert Law with 

appropriate functionality and analytical accuracy [111].

These modern-day applications showcase the on-going 

potential of spectroscopic detection, and the growing move-

ment for robust handheld and portable equipment. One may 

identify an underlying trend towards more rugged equipment 

with the ability to withstand shocks and vibrations common 

in the field. Consequently, some may argue that there is a 

direct trade-off between robustness and analytical capac-

ity. However, it is important to consider the type of results 

needed in outdoor operation. In many cases, researchers 

desire rapid identification and detection as opposed to highly 

accurate quantitation. As a result, the question that needs 

to be addressed is does the ability to conduct confirmation 

tests in remote locations justify the constraint on analyti-

cal accuracy. The likelihood is that until there are further 

improvements and advances in the detection, the scientific 

community would greatly benefit from a device which meets 

the majority of the requirements.

Whether these novel UV–Vis applications are suitable 

for implementing into a portable LC system is yet to be 

revealed. Challenges may hinder adequate performance of 

the UV–Vis detector, namely the requirement for a chromo-

phore within the analyte sample to allow light absorption, 

and the sensitivity of the detector to bubbles—in particular, 

the issue of outgassing. Limitations of absorption detection 

arises from the need for the analyte to absorb in the ultravio-

let or visible region. While derivatisation steps can be intro-

duced for analytes which do not absorb in these regions, this 

can be difficult for point-of-sampling analysis in the field.

The developments of miniature mass spectrometers are 

proceeding quickly and highlight the potential for a minia-

turised hybrid instrument based on MS and LC [112–121]. 

In contrast to UV–Vis, mass spectrometry possesses the 

ability to provide a significant amount of quantitative and 

qualitative information free from complex derivatisation 

protocols. MS serves as a valuable detector since high sen-

sitivity and mass accuracy can be obtained, as well as the 

added benefit of structural information which is often used 

for characterisation purposes.

The trend towards miniaturisation of LC components has 

meant that liquid flows have become more suitable for MS. 

While other ionisation techniques, such as matrix-assisted 
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laser desorption/ionisation (MALDI), are available for MS 

analysis, electrospray ionisation (ESI) sources are now the 

method of choice for a variety of hyphenated LC applica-

tions due to the ease of analysis of involatile, thermally 

labile biomolecules [122]. Interfacing LC with MALDI-MS 

requires offline methods that are labour intensive and may 

result in sample loss [122]. ESI is an example of a soft-

ionisation approach in which molecular ion fragmentation is 

kept to a minimum. Large, fragile biomolecules and proteins 

can be analysed with no dissociation and the opportunity 

to generate multiply charged ions, making ESI a popular 

ionisation technique within proteomics.

Recently, Zhao et al. successfully interfaced a miniatur-

ised UHPLC instrument with a commercial ESI–MS system 

and demonstrated the analysis of trypsin-digested bovine 

serum albumin [123]. The coupling was achieved by fabri-

cating a capillary column with an integrated ESI tip in which 

one end of the column was melted and made into a narrow 

tip (approximately 25 μm I.D.). Further work focussing on 

interfacing this miniaturised UHPLC system with minia-

turised ESI–MS systems has the potential to revolutionise 

field-based proteomics research as well as clinical disease 

diagnosis.

In recent years, the efforts of developing miniature MS 

systems have been characterised in the form of the ‘Mini 

12’. Li et al. aimed to develop a proof-of-concept system 

(Fig. 12) with tandem-MS (MS/MS) capable of direct sam-

ple analysis in complex matrices without prior separation or 

traditional pre-treatment. The benchtop system weighs 25 kg 

and has outer case dimensions of 49.8 × 56.1 × 41.9 cm. In 

a similar space, Giannoukos et al. have developed a quad-

rupole mass analyser based miniature mass spectrometer 

capable of human volatile organic carbon detection for the 

investigation of illegal human trafficking in border check-

points [124, 125]. This field is further summarised in several 

reviews to which the reader is referred to [116, 126].

As previously discussed in "Development Considera-

tions for Portable LC" section, it is important to establish 

the difference between field portable and field transportable. 

Field portable refers to systems which can be moved by all 

users with ease and without necessitating dedicated travel 

protocols. Whereas, field transportable alludes to benchtop 

systems which can be readily deployed as field laboratories 

with great care to avoid damage from impacts and jolts. The 

miniaturised MS systems currently undergoing development 

within research and commercial entities resemble field trans-

portable rather than field portable systems.

Great efforts have been made to miniaturise and imple-

ment UV–Vis detection systems into portable LC. However, 

the question that remains is whether this detection technique 

can provide suitable coverage in comparison with MS and 

should our attention collectively be directed at miniature 

MS as the primary detector for in-field LC. This discus-

sion becomes more intriguing as our attention is focused on 

the typical performance indicators of a detection system: 

sensitivity and selectivity. The chromatogram provided by 

UV–Vis detectors are a result of the absorption spectra of 

compounds excited in the ultraviolet and visible regions. It 

can be very difficult to differentiate between analytes eluting 

with similar retention times without incorporating multi-

wavelength detection. However, with MS and UV–Vis detec-

tion used together in a workflow, analyte separation based on 

molecular weight in real-time enables improved selectivity 

since it is highly unlikely that a pair of analytes will possess 

identical UV–Vis spectra and m/z ratios. It is worth remem-

bering that traditional MS is impeded by its inability to dis-

tinguish between enantiomers of a chiral compound. Chiral 

analysis can be achieved using a hyphenated technique such 

as LC–MS. This approach utilises an enantioselective col-

umn or a chiral reagent to produce diastereoisomers [127].

As previously mentioned, adequate sensitivity in UV–Vis 

detection requires good chromophores to absorb the light 

from the source. For those compounds which contain poor 

chromophores, this detection method becomes more labo-

rious and less useful. On the other hand, MS detection is 

not hindered by the same requirements, and can therefore, 

Fig. 12  Mini 12 paper-spray (PS) MS developed by Li et al. [118] a Simplified user operation for point-of-care (POC) applications. b Overview 
of system components
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be considered as a more sensitive detection method. It is 

important to note that this debate links back to an earlier 

point; one must establish the intended purpose and the mini-

mum requirements for satisfactory results. Besides improv-

ing separation efficiency, a parallel objective should be to 

validate minimal separation efficiencies that can maintain 

accurate results [128].

Portable LC Platforms 1980–2020

The pursuit of portable systems has a long and varied his-

tory, both capitalising on advances in the wider field while 

also driving its own. A timeline of the portable LC instru-

ments to date is shown in Fig. 13 differentiated by their 

weight, an integral measure of their portability. Here on in, 

we will explore these systems, evaluating their capabilities 

and highlighting their unique contributions to the field. In 

addition, a radar chart is presented for each assessing the 

system according to key aspects of the BETTER criteria.

Otagawa et al. (1986)

Otagawa et al. were among the first to report the use of a 

portable HPLC [134]. However, this is not straightforward to 

confirm since details of the system are sparse and the overall 

dimensions, weight and power requirements of the system 

were not reported. An isocratic system was used for the 

analysis of primary aromatic amines (PAA) in coal-derived 

materials onsite. The system comprised a direct current (or 

6 V battery) powered dual-piston isocratic pump capable of 

flow rates between 0.22 and 0.58 mL/min; a pulse dampener 

with built-in pressure gauge; an automatic continuous-flow 

sample injector (20  μL); a reverse-phase (RP) column 

(10 µm, 3 cm × 4.6 mm I.D.); and a thin-layer transducer cell 

containing a glassy carbon working electrode as part of the 

ECD system outputting to a strip-chart recorder (Fig. 14a).

The system’s analytical capability was assessed analys-

ing a 600 ppm raw coal oil sample. The system identified 18 

peaks with no baseline separation and poor resolution, limit-

ing the ability to quantify components (Fig. 14b). Otagawa 

et al. recognised this in comparing data GC or GC–MS sys-

tem in which the identification of over 130 components was 

possible. The reported detection limits for the PAA’s were 

in the 2.4–3.3 ppb range, indicating respectable sensitivity 

and specificity. However, the ECD was highly sensitive to 

changes in flow rate, temperature, pH and electrode contami-

nation. Sensitivity to changes in these factors indicate low 

data reproducibility and suggest that the detector is unsuit-

able for use in a portable device designed for field testing 

[56]. In addition, the analytical capability of the instrument 

is limited by the low attainable pressure (< 10 bar) and con-

sequently restricts the choice of chromatographic columns. 

Low pressure pumping systems constrain the flow rates 

resulting in extended analysis times. Therefore, narrow bore 

high efficiency columns cannot be used since the flow rates 

achieved by the pump are too low.

This early iteration of portable HPLC showcased the 

likely potential and apparent limitations which would later 

be overcome. The applicability of the system for field or 

point-of-sampling analysis is restricted by the use of a 

conventional RP column found in commercial laboratory 

instruments, as well as the use of an ECD system. Incor-

porating a 4.6 mm I.D. conventional column reduces the 

Fig. 13  Timeline of portable HPLC devices from 1980 to present accounting for emergence of new technologies [58, 129–133]



1180 F. Rahimi et al.

1 3

portability of the device due to increased solvent consump-

tion and waste generation, subsequently increasing the size 

and weight of the system. The majority of HPLC detectors 

are concentration dependent. Therefore, the detector signal, 

and consequently the maximum peak height for an analyte, 

is directly proportional to the concentration of the analyte in 

the detector cell [135]. This means that by using a 4.6 mm 

I.D. column as compared to a micro or capillary column, the 

analyte dilution is greater and therefore, the resulting peaks 

are smaller. This is because the dilution factor is directly 

proportional to the volume of the column, overall resulting 

in lower sensitivities. This could consequently pose prob-

lems when analysing samples where analytes are present at 

trace concentrations.

No comments were made on cost or the robustness of the 

systems. The device made use of an ECD—this detection 

system has high power requirements and most likely needed 

a heavy battery pack to power it for any reasonable length of 

time. Conventional wide bore columns (4.6 mm I.D.) were 

used with comparatively greater solvent consumption neces-

sitating large solvent reservoirs.

Baram et al. (1996)

The first LC system sold commercially as a portable solu-

tion was the OB-4 or MiLiChrom (Micro Liquid Chroma-

tograph), reported by Baram et al. in 1983; this device is 

better referred to as a lab-station portable system since 

the system weighed approximately 42  kg and required 

a regular AC power supply. The system had dimensions 

of 70 cm × 30 cm × 50 cm (L × W × H) and employed a 

multi-wavelength photometric detector. The portability 

of the OB-4 may be questioned with respect to today’s 

definition, however, it is important to note that the OB-4 

was commercially sold until 1996 with over 5000 devices 

produced [55, 136]. In the decade following its concep-

tion, Baram et  al. reported a follow-up field chromato-

graph, the MiLiChrom-4, weighing 14 kg with dimensions 

53 cm × 20 cm × 30 cm (Fig. 15a) [55]. The weight and size 

achieved by the device is commendable given the limited 

availability of miniaturised components at the time of con-

ception. Currently, for an LC system to qualify as portable, it 

must weigh < 7 kg. [56] Since this system nominally weighs 

twice what is expected from a portable system and is not 

battery-operable, it is difficult for the MiLiChrom-4 to be 

considered a portable LC. Nevertheless, the MiLiChrom-4 

was a significant step forward for portable LC at the time 

and, although now clearly dated, its performance would still 

stand up reasonably well to its contemporaries.

The gradient enabled system comprised two syringe 

pumps capable of flow rates between 5 and 1000 μL/min; 

an automatic stop-flow injector; RP column (6–8 cm × 2 mm 

I.D.). The detector was a deuterium UV-lamp based micro-

spectrophotometer (Fig. 15b). Single wavelength detec-

tion hampers modern portable instruments that use LEDs, 

whereas the instruments reported by Baram et al. could scan 

190–360 nm. Of course, their setup required a number of 

optical elements that would make portable operation chal-

lenging. Similar to its predecessor, the MiLiChrom-4 was 

limited in its requirement for mains power, restricting its use 

to mobile laboratories with such capability.

Baram used the device to demonstrate the separations of 

various environmental contaminants including pesticides, 

polynuclear aromatic hydrocarbons, phenols, and phthalate 

esters as well as rapid separations (< 4 min) of polynitro 

explosives (Fig. 16) [55]. Chromatographic peaks appear 

well-resolved with good baseline separation and high SNR.

Fig. 14  Portable HPLC system by Otagawa et al. [134] a Schematic b Chromatogram of 600 ppm raw coal oil sample at a flow rate of 0.22 mL/
min. c Radar chart assessing the system according to the BETTER criteria
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Baram set out a number of criteria (as per the BETTER 

criteria above) considered to be requirements for LC instru-

ments in the field, including resistance to vibration [55]. 

However, no comment or tests were made in support of the 

robustness of the MiLiChrom-4. From the components and 

their construction, it is unlikely to have been resistant to 

mechanical shocks typical of field use and transportation.

Tulchinsky, St. Angelo (1998)

Towards the end of the twentieth Century, another port-

able HPLC device known as “Minichrom” was reported 

by Tulchinsky and St Angelo [137, 138]. It marked a step 

change from its predecessors in that it attempted to unify 

components into a single casing (Fig. 17a). The system is 

enclosed in an aluminium case reported to be capable of 

withstanding shocks and vibrations common in field testing. 

It is crucial for measures to be put in place to protect the sen-

sitive components of the system. Since there were no pub-

lished results of mechanical stability or impact analysis for 

Minichrom, the robustness of the system was not confirmed.

The Minichrom incorporated a fixed-wavelength UV 

detector using various light sources including Zn, Cd and 

W lamps; two dual-piston reciprocating pumps with damper 

capable of isocratic and gradient elution and a maximum 

pressure of 350 bar (5000 PSI); and a conventional RP col-

umn (4.6 mm I.D.). The flow rates achieved by each pump 

were between 0.1 and 2.5 mL/min. The system shown in 

Fig. 17a does not include the power source, a lead-acid bat-

tery; typically, these weigh 15 kg alone.

The system was used to demonstrate the separation of 

phenolic pollutants in lake water near industrial areas of 

Leipzig, Germany. Both chromatograms present limited ana-

lytical performance resulting from low resolution and a lack 

of baseline separation of the peaks (Fig. 17b).

The Minichrom system presented an important advance 

in portable HPLC with the 350 bar maximum pressure 

achieved. Analytical drawbacks of the system exist, nonethe-

less. The dual-piston reciprocating pumps, while robust and 

able to produce gradients, produce pulsations at low flow 

rates. Although this effect is marginally reduced by program-

ming the pumps 180° out of phase from one another, pulsa-

tions persist. The pump arrangement adopted in Minichrom 

Fig. 15  a Schematic of portable HPLC system by Baram et  al. [55] 
b Optical setup of the detection system in the OB-4 chromatograph 
with (A) top view, (B) schematic of the electromagnetic drive of the 

mirror, and (C) side view. c Radar chart assessing the system accord-
ing to the BETTER criteria Reproduced from Baram et al. [136]

Fig. 16  a Gradient separation of phthalate esters b isocratic separa-
tion of polynitro explosives. Peak identification: a (1) dimethyl phtha-
late; (2) diethyl phthalate; (3) di-n-butyl phthalate; (4) butyl benzyl 
phtha-late; (5) bis(2-ethylhexyl) phthalate; (6) di-n-octyl phthalate. b 
(1) HMX; (2) RDX; (3) TNB; (4) tetryl; (5) TNT; (6) 2,4-DNT; (7) 
2,6-DNT; (8) picric acid. Reproduced from Baram et al. [55] 
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allows a lower flow rate range for the pump [139]. Low 

LODs were achieved for phenol (0.2 ppm) and anthracene 

(0.015 ppm) demonstrating the sensitivity of the system.

This device is smaller and reportedly lighter (9.5 kg) 

than previous generations introduced by Baram or Otagawa, 

mainly owing to use of a more compact fixed-wavelength 

detector. It is worth mentioning that the reported size and 

weight of Minichrom does not account for the solvent bot-

tles, computer and battery necessary for its operation.

Tulchinsky et al. discussed the cost of the system briefly. 

Utilising a fixed-wavelength UV detector reduces the overall 

cost of the device, allowing the demands of modern field-

monitoring to be met with economic cost of the system in 

mind. However, this brief discussion does not provide a con-

clusive idea of the likely capital or running cost of the sys-

tem. Therefore, it is difficult to discern whether Minichrom 

satisfies the cost criterion of a portable system. The purpose 

of Minichrom was to be commercialised, however, no evi-

dence of large-scale commercial fabrication can be found. A 

possible theory may be that the decreasing size and weight 

of commercial laboratory LC systems as well as substantial 

advances in the form of UHPLC in the decade following the 

conception of Minichrom meant that this device appeared 

less attractive.

Perhaps these are overly critical assessments if we are 

to consider the times in which the systems discussed thus 

far were developed. They precluded the advent of technolo-

gies such as capillary columns, microfluidics, miniaturised 

high-pressure pumping systems, and deep UV-LED detec-

tors, to name a few. The introduction of these components 

transformed the development of portable HPLC equipment, 

as will be evident as we proceed through this review.

Ishida et al. (2015)

Ishida et al. reported a compact system comprising an EOP; 

microfluidic-chip based RP column (3 cm × 0.8 mm I.D.) 

packed with C18 silica particles; manual injector; USB-

powered potentiostat; and an ECD [22]. Notably, this device 

was the first of its kind with a fully integrated system fea-

turing a microfluidic chip (Fig. 18). The size (18 cm × 26 

Fig. 17  a Standard Minichrom setup. b Isocratic separation of phenolic pollutants in lake water. c Radar chart assessing the system according to 
the BETTER criteria. Reproduced from Tulchinsky et al. [138]

Fig. 18  a Portable HPLC system b microfluidic chip device by Ishida et al. [22] c Radar chart assessing the system according to the BETTER 
criteria
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cm × 21 cm—L × W × H) and weight (2 kg) of the fluidic 

system were significantly smaller/lighter owing to the use of 

a microfabricated EOP, column and ECD. The microfluidic 

LC, not including the requisite computer system (approx. an 

additional 2–3 kg inferred from Fig. 18a), remains one of the 

lightest instruments to date.

The detection method used by Ishida has previously 

been employed in a portable LC [134]. One of the main 

issues in the previous device was related to the size of 

commercial ECDs, and the impact on the overall dimen-

sions and weight of the device. By fabricating the ECD 

onto the microfluidic chip, a substantial reduction in size 

could be accomplished. As a result, ECDs are becom-

ing commonly used in lab-on-a-chip technology [56, 

140–142].

The advent of microfluidics has enabled substantial 

miniaturisation of instrumentation as well as integration 

of key components onto a single chip. These systems offer 

low dead-volume connections, ease of automation, and are 

appropriate for low sample volumes [143]. The battery-oper-

ated system was used in the isocratic separation of alkylphe-

nols, catechin, catecholamine, and amino acids. However, 

the system was restricted by the inability to achieve LC pres-

sures (< 10 bar) resulting in low flow rates (5 µL/min) and 

long separation times (15–40 min). While gradient-elution 

can be achieved by the EOP, only isocratic separation was 

demonstrated. The chromatograms of the alkylphenol and 

catecholamine separations presented show signs of band 

broadening and limited baseline separation (Fig. 19).

EOPs certainly have the potential to support miniatur-

ised high-pressure pumps. The pumping system designed by 

Ishida has low power consumption in comparison to other 

EOPs but cannot achieve pressures necessary for HPLC. The 

pump presented here could not exceed 10 bar. While EOPs 

have been reported which can generate pressures exceeding 

1200 bar, these require several kilovolts to power neces-

sitating bulky external power supplies, currently difficult to 

achieve in a portable system [66, 67]. However, Ishida et al. 

believe that their EOP system can be operated on battery for 

up to 24 h at a flow rate of 5 μL/min.

The cost of the system was not discussed, however, the 

system benefits from the use of a microfluidic chip-based 

LC. Microfluidic methods traditionally employ cost-effec-

tive, and compact chips intended for fast and precise analysis 

of small sample volumes [144]. Similarly, the robustness and 

ease-of-use of the device were not discussed; however, some 

sensible conclusions can be drawn based on the components 

used. As mentioned previously, the monolithic advantage 

that integrated microfluidic bring can also be a major flaw if 

a breakdown of a single component occurs; often compelling 

the replacement of the entire device.

The stability of the portable LC within a field environ-

ment was not part of the tests conducted with this device. An 

issue that may be encountered is related to the stability of the 

EOP in response to shocks and vibrations. Flow rate fluctua-

tions remains the main limitation to the commercialisation 

of EOP-based portable devices. Variations can arise from 

unstable voltage sources, and chemical breakdown within 

the pumping element [139]. Despite this, since EOPs do not 

contain moving parts, one could expect a degree of resil-

ience to mechanical damage.

Fig. 19  Gradient mode separations of a alkylphenols, and b catecho-
lamine using the portable HPLC system by Ishida et  al. [22] Peak 
identification: a (1) phenol; (2) 2-methylphenol; (3) 2-ethylphenol; 
(4) 2-propylphenol. b (1) noradrenaline; (2) adrenaline; (3) dopa-
mine. Analytical conditions; a mobile phase: A: 0.1 M NaClO4, B: 

methanol; A:B = 1:1 (v/v); flow rate: 5 μL/min; detection: + 0.6 V vs. 
Au. b mobile phase: A: 50 mM phosphate, 50 mM citrate, 100 mg/L 
octanesulphonate, 40  mg/L EDTA-2Na (pH 3.0) B: methanol; 
A:B = 95:5 (v/v); flow rate: 5 μL/min; detection: + 0.6 V vs. Au
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Sharma et al. (2015)

Two prototype portable LC devices were produced by 

Sharma et al. in 2014 and 2015. The first system reported 

an isocratic piston-based pumping system integrated with a 

stop-flow injector and an on-column Hg lamp (fixed-wave-

length) UV-absorption detector. Separation of six benzene 

compounds (uracil, toluene, ethylbenzene, propylbenzene, 

butylbenzene and amylbenzene) using an isocratic method 

was demonstrated within an analysis time of 19 min. The 

system displayed good separation ability with low LODs 

achieved using the on-column detector (40 ppb), and the 

pumping system produced low flow rates in the nL/min flow 

range in combination with capillary columns. The lamp-

based detector limited the potential of the instrument and so 

in a follow-up paper, Sharma et al. miniaturised the detector 

by employing a deep UV-LED (260 nm) and led to a reduc-

tion in LODs by up to two orders of magnitude. With the 

advantages of low power requirements, stable light output 

and portability, LED-based detectors have earned significant 

attention, especially in portable LC instrumentation.

The second, and most recent, system reported a gradient 

nanoflow pumping system combined with the on-column, 

fixed-wavelength, and UV-LED detector (Fig. 20a). The 

main modification from the previous prototype involved 

modifying the pumping system from a single to a dual pump 

system enabling programmable gradient elution. The system 

comprised two commercial nanoflow pumps constructed by 

VICI Valco Instruments (Houston, TX, USA) capable of 

up to 550 bar pumping pressure controlled by micro step-

per motors; a three-way static mixing tee connected to a 

serpentine tube (1.3 cm × 0.025 cm I.D.) for solvent mix-

ing; a high-pressure valve; a RP monolithic PEGDA column 

(13 cm × 150 μm I.D.); and a stop-flow injector (60 nL). 

The high pressures that can be reached are impressive given 

the size of the system, 31 × 18 × 14 cm (L × W × H). It is 

important to mention that this is the first portable LC to 

use a capillary column. Despite the introduction of capil-

lary columns in the early twenty-first century [130], previous 

LC systems due to their pumping limitations have relied on 

wide-bore columns.

This system fabricated by Sharma et al. successfully ful-

fils the majority of the essential requirements set out previ-

ously, with the exception of integrating all components into 

a single unit, and the durability of the device since no testing 

was conducted into the stability following environmental 

fluctuations. However, it must be noted that the system was 

a prototype designed to demonstrate the performance of 

the pumping system. Its chromatographic performance was 

characterised using a three-component pesticide mixture as 

well as a mixture of five phenols. The chromatogram shows 

good peak shapes with baseline separation achieved in under 

20 min (Fig. 20b).

The separation of complex mixtures of compounds with a 

wide variety of polarities is difficult to achieve with isocratic 

methods. Therefore, more powerful gradient modes are used 

to expand the capabilities and applications of portable LC 

systems. The performance of a gradient LC system is defined 

by the gradient accuracy and precision which establishes the 

separation reproducibility. Within day-to-day experiments, 

the gradient step accuracy (< 0.74% deviation from pre-

dicted values); gradient step precision (RSD < 1.2%, n = 4); 

and comparison of the retention times of a pesticide mixture 

revealed high reproducibility (RSD < 1.2%, n = 4). Previous 

systems have reported gradient capability, however, these 

Fig. 20  a Hand-portable HPLC system developed by Sharma et  al. 
[58] utilising a miniaturised LED detector. b Gradient separation of 
a mixture of phenols. Peak assignments are a: phenol, b: 2-nitrophe-

nol, c: 4-nitrophenol, d: 2,4-dichlorophenol, and e: 2,4-dinitrophenol. 
c Radar chart assessing the system according to the BETTER criteria. 
Reproduced from Sharma et al. [58]
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systems reported limited information on gradient perfor-

mance [22, 138].

The LC system weighed around 4.5 kg, which is con-

siderably less than the requirements outlined previously 

for a portable device. However, batteries and a tempera-

ture control device are missing from the system; these will 

undoubtedly increase the size and weight. The system was 

battery-operable using a 10 A-h 24 V DC battery, weighing 

around 2–3 kg, capable of powering the device for up to 8 h. 

This battery type also finds use within electrically powered 

bicycles. The demanding power requirements are likely a 

result of the custom pumps used for precise gradient control. 

While the system can be battery-powered, a regular 120 V 

AC power line and voltage converter was used during the 

tests reported.

The cost of the device was not part of the instrumentation 

discussion; therefore, while no definitive conclusions can be 

formed, some speculative statements will be debated. The 

pumping system employed is a custom design from VICI 

Valco Instruments; this is likely to be expensive and where 

the bulk of the prototype cost lies. Although the pumps pro-

vide excellent performance in a compact design, the cost of 

the commercialised portable device will likely exceed that of 

modern laboratory-based instruments as a result. Of course, 

as discussed previously, instruments with high capital costs 

will find it hard to find widespread adoption.

Li et al. (2015)

In the same year, Li et al. endeavoured to develop a port-

able LC system, capable of gradient elution, by exploring a 

different strategy. The majority of portable LC designs dis-

cussed so far, while progressive and unique, have generally 

been constructed in-house using parts and components 

with limited availability to the end-user. An open-platform 

modular design taking advantage of off-the-shelf micro-

fluidic components provides the opportunity to alter and 

improve specific features, without sacrificing portability 

and cost. In recent years, considerable progress has been 

made in the field of miniaturisation of pumps applicable 

to liquid chromatography resulting in several commercial 

entities emerging including LabSmith Inc. (Livermore, 

CA, USA) [145], The Lee Company (Westbrook, CT, 

USA) [146], and Sciex (Framingham, MA, USA) [147]. 

The arrival of these miniature pumps has enhanced the 

potential of portable HPLC instrumentation closer to the 

concept of µTAS.

The Li system was constructed using off-the-shelf Lab-

Smith pumps; a VICI valco nano-injector (20 nL); an on-

column LED-based photometric detector; and a Chromolith 

CapRod RP-18 monolith column (180 mm × 100 µm I.D.). 

The non-splitting pumping system comprised four program-

mable microsyringe pumps (5 μL volume each); two four-

port switching valves; and a pressure sensor assembled on 

a breadboard. Two sets of micro-syringe pumps were each 

connected to an automated microfluidic four port switching 

valve such that one pump injects the mobile phase while 

the other replenishes. This overcomes the limited volumes 

syringes can dispense, enabling a near uninterrupted flow 

of eluent to be delivered more akin to a conventional dual-

piston pump. Each mobile phase is dispensed by a pair of 

these pumps, resulting in four pumps with fixed volume 

capacities coupled using an interconnect cross to combine 

microfluidic flows (Fig. 21a). The system was reported to 

achieve high pressures. However, these syringe pumps are 

not designed for precision flow or high-pressure applications 

Fig. 21  a Schematic and photograph of the portable medium-pressure 
LC system. b Isocratic separations of a parabens mixture: 4-hydroxy-
benzoate (MHP), ethyl 4-hydroxybenzoate (EHB), propyl 4-hydroxy-

benzoate (PHB), and butyl 4-hydroxybenzoate (BHB). c Radar chart 
assessing the system according to the BETTER criteria
 Reproduced from Li et al. [65]
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since there is considerable variation between pumps in man-

ufacture and all suffer from pronounced oscillatory flow pro-

files. These issues are not covered in published accounts. 

In our laboratory, they find use in low pressure (< 10 bar) 

microfluidic applications; when tested with a commercial 

monolith column (150 mm × 100 µm I.D.; Merck Chromo-

lith) the syringes (20 µL and 80 µL volume) had a high ten-

dency to stall, making this technology unsuitable for our 

field applications.

The analytical capability of the system was assessed 

by characterising the maximum operating pressure of the 

miniature pumps, and their performance in isocratic and 

gradient separations. The actual flow rates were deter-

mined experimentally in relation to the set flow rate. Nev-

ertheless, the system is compatible with short, low back 

pressure columns. The systems performance to isocrati-

cally separate food dyes and parabens, as well as using a 

gradient for the dyes, was assessed (Fig. 21b). Four para-

bens were separated with baseline resolution within 6 min. 

Over six consecutive runs, the RSDs of retention times 

were between 0.1 and 0.2%, and the peak areas between 

0.5 and 1.0%. Gradient mode separations were performed 

with either methanol or acetonitrile mobile phases. Satis-

factory resolution and SNR were achieved in 8 min with 

a mixture of up to seven dyes as well as a void volume 

marker. The complete selection of dyes was identified 

with the acetonitrile mobile phase. Comparison with the 

isocratic separation highlights narrower peaks and higher 

peak capacity using gradient mode. Over eight consecutive 

runs, the RSDs of retention times were between 1.2 and 

4.6%, and the peak areas between 3.2 and 4.6%.

This system was laudable for its use of open hardware 

and discussion of the overall cost of the system. The cost of 

the system is an essential factor that must be considered; Li 

et al. specified a cost of $6871 for the modular LC platform. 

This is considerably less expensive than a commercial labo-

ratory HPLC system which can cost in a region exceeding 

$50,000. The Labsmith LC platform (Fig. 21a) has dimen-

sions 25 cm × 25 cm (L × W) and a weight of 1.3 kg. It is 

important to note that this does not include any power or 

data acquisition modules, although this need not be much 

given the ubiquity of single board microcontrollers and lith-

ium-ion batteries. The system was an open bench prototype 

and so was not encased in any packaging. Since the pumping 

system, column, nano-injector, and on-column detector have 

a relatively small footprint, fabricating an appropriate hous-

ing to withstand damage from shocks and vibrations should 

not be too difficult.

Lynch et al. (2017)

Previously, Ishida et al. integrated an electroosmotic pump-

ing mechanism into a portable chip-based LC [22], how-

ever, the system was restricted by low attainable pressures. 

Advances in EOPs that are capable of attaining high pres-

sures are being capitalised in the development of minia-

turised portable LC [67, 148–151]. In 2017, Lynch et al. 

reported the HPLC cartridge which incorporated a series 

of stacked EOPs alongside a network of valves to drive the 

separation of complex sample mixtures, all within a small 

footprint measuring 20 cm × 20 cm × 17.5 cm (L × W × H) 

and weighed approximately 3 kg.

The system (Fig. 22a) comprised two EOP units powered 

by a custom in-house designed high-voltage power supply 

(HVPS); a 12-port switching valve, a ten-port stream selec-

tor, a 60 nL injection valve (all obtained from VICI Valco 

Instruments); and a Waters Atlantis dC18 NanoEase mono-

lithic capillary column (100 mm × 75 mm I.D.). Each EOP 

unit serves a specific purpose: one infuses mobile phase to 

occupy the eluent loops, while the other drives the mobile 

phase towards sample separation. Each EOP unit was able 

to generate a pressure close to 140 bar at 5 kV. The pump-

ing pressures and flow rates could be altered by adjusting 

the voltages applied. The ten-port stream selector connects 

Fig. 22  HPLC cartridge fabricated by Lynch et al. [59] a Photograph of cartridge. b Gradient separation of a myoglobin digest at a flow rate of 
150 nL/min based on a 20-nL sample injection volume. c Radar chart assessing the system according to the BETTER criteria
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to nine eluent solutions allowing several gradient profiles to 

be generated by varying the eluent compositions. A detector 

was not integrated into the system, and as such cannot be 

considered a fully integrated portable HPLC device.

The authors state that the versatility of the cartridge 

is brought about by its ability to couple to a variety of 

detection systems. The desired outcome of this work is to 

produce a HPLC cartridge with interchangeable detectors 

based upon the analyte of interest. This modular design, 

perhaps inspired by Li et al. [65], may be a good approach 

to widening adoption since different detection systems are 

suited to different analyses. Lynch et al. demonstrated the 

chromatographic capability of their system separating pep-

tide and protein mixes and coupling to a UV absorbance 

detector and a mass spectrometer, the two most commonly 

used detection strategies.

The tryptic digests of BSA and myoglobin were sepa-

rated using a gradient profile within 120 min, with separa-

tion profiles comparable to those obtained on a commercial 

Agilent HPLC (Fig. 22b). Experiments were conducted to 

monitor the gradient profile and its reproducibility in con-

junction with a contactless conductivity detector. Repeat 

runs (n = 3) appear to have generated a similar profile, in 

the absence of RSD values. The reason for this may lie 

in flow rate fluctuations as a result of electrode or mono-

lithic column degradations over numerous runs. With-

out gradient reproducibility statistics including baseline 

repeatability and RSDs of retention times and peak areas, 

an assessment of the performance is difficult to come by. 

This complicates comparison with other portable HPLC 

systems. In addition, the separation performance of the 

cartridge is unclear since the number of expected elements 

were not specified. Therefore, although several narrow, 

baseline separated peaks are present in the chromatogram, 

a model chromatogram of the digests for comparison is 

absent. The cartridge was connected via a capillary emitter 

to a mass spectrometer with ESI ionisation source for the 

analysis of healthy and disease status proteins. A linear 

gradient from 0 to 60% acetonitrile was applied with a 

flow rate of 150 nL/min. The separation produced three 

narrow peaks with acceptable resolution, corresponding 

to the elution of expected proteins.

The pressures achieved in this cartridge system reveal the 

advances and further potential of electroosmotic pumping 

systems. The previous system by Ishida was severely limited 

due to the < 10 bar operating pressures. Therefore, the sys-

tem presented here demonstrates substantial progress with 

respect to the pumping ability, and emphasises the progress 

towards more economical, compact and efficient pumping 

systems.

The HPLC cartridge (Fig. 22a) incorporates the majority 

of HPLC components, excluding the detector, in an assem-

bly weighing 3 kg and measuring 7000 cm3. Despite lacking 

an integrated detector, this system satisfies a large proportion 

of the requirements of a portable HPLC. Gradient generation 

in a miniaturised device was achieved through exploiting the 

innately small footprint of EOPs. The cartridge is powered 

through the HVPS connected to the USB port of a computer. 

This set up can supply a total of 500 mA, which is more 

than sufficient for the consumption of the cartridge (400 mA 

at 5 V) and uses a novel approach to fulfil the high-power 

requirements of EOPs.

As stated earlier, the device produced by Ishida et al. pos-

sesses the advantage of potentially low fabrication costs of 

the microfluidic chip-based platform, allowing the overall 

cost of the system to be kept low. A discussion of the costs 

of the cartridge was not included by Lynch et al., therefore, 

while they have stated that a low-cost HPLC cartridge is 

presented, the cost of the prototype has not been specified.

Chatzimichail et al. (2019)

As is clear from the instruments reported so far, a major 

obstacle to the miniaturisation of LC is the pump: there 

are demanding and simultaneous requirements for it to be 

small-form factor, achieve high-pressure and support stable 

flow – and achieve this in very challenging environments 

outside of a laboratory. Recently, Chatzimichail et al. have 

explored the controlled expansion of a pre-pressurised gas as 

the pumping mechanism supporting a field-portable LC. By 

exploiting the stored energy of the gas, the pumping system 

does not require electrical power to operate in-situ, thereby 

making it highly amenable to supporting field-portable LC. 

It is important to note that the system was the first stand-

alone portable LC that incorporated all chromatographic 

components and computing units in a single package; the 

only thing required was the sample itself.

The isocratic UV-absorption HPLC instrument reported 

was a completely standalone system in a suitcase-style 

enclosure (Fig. 23a) with dimensions 33 cm × 29 cm × 14 cm 

(L × W × H), and weighed 6.7 kg with all requisite com-

puter systems, battery units, and solvents fully integrated. 

The componentry incorporated into the device include a 

commercially available 6-port injector with a 2 µL inter-

nal sample injection loop [152]; a guard column positioned 

between the injection system and flow sensor; a range of 

easily interchanged RP C18-packed capillary, standard and 

monolith columns with lengths and I.D.’s ranging from 30 

to 150 mm and 100 µm to 1.0 mm, respectively; a com-

mercially available UV-LED light source and miniature 

spectrometer coupled to a z-type flow cell as the detection 

system [153, 154]. The unique pumping mechanism com-

prised a high pressure (200 bar) 426 mL air tank pressurised 

with oxygen-free nitrogen, connected to a 150 mL mobile 

phase reservoir using stainless-steel tubing and pipe fittings 

obtained from Swagelok (Kings Langley, United Kingdom). 
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The pump was able to drive stable flow through a range 

of narrow and microbore columns. An on-board transducer 

and flow sensor allowed the pressure, and therefore flow 

rate, to be determined. An increase in pressure in the iso-

cratic system was achieved by opening a valve at the head of 

the gas cartridge whilst the desired pressure is determined 

from the pressure transducer’s digital output. The pressure 

changes produced an immediate response in flow rate (< 1 s) 

(Fig. 24a), demonstrating the feasibility of the pumping 

mechanism for a range of pressures up to 150 bar and flow 

rates spanning 50 nL min−1 to 1 μL min−1 measured while 

using a range of columns.

The systems analytical performance was demonstrated by 

separating mixtures of aromatic amino acids and fungicidal 

pesticides (Fig. 24b). Critical in assessing an instruments 

performance in the field, measurements were made while 

the system was using battery-power and outside a laboratory.

Piston pumps commonly used in LC systems are hindered 

by pulsatile tendencies at low flow rates which appear as 

baseline variations limiting the system sensitivity. As dis-

cussed with previous LC systems, to counteract the pulsa-

tions, pulse dampeners are universally employed to reduce 

the pressure-flow fluctuations with limited success. An 

advantage of pressure driven flow is the low variation and 

high stability of flow. The authors confirmed this for their 

system, reporting a flow precision of ≤ 0.2% RSD, which is 

comparable to laboratory based HPLC binary pumps. This 

was of particular note given the inexpensive nature of the 

pre-pressurised gas pump. The system that was reported 

was isocratic. It is worth noting that pressure-driven flow 

Fig. 23  Portable HPLC suitcase produced by Chatzimichail et al. [66] a Schematic diagram demonstrating system componentry and photograph 
of the suitcase-based HPLC operating in the field. b Radar chart assessing the system according to the BETTER criteria

Fig. 24  Chromatographic 
separations performed using the 
pressurised-gas pump HPLC 
system produced by Chatzi-
michail et al. [66] a Pressure 
and flow rate plots against time 
demonstrating the almost instant 
response to pressure changes. 
b A mixture of the amino acids 
tryptophan and tyrosine. The 
mix trace has been shifted verti-
cally to provide clarity
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can support gradient elution; however, this was not dem-

onstrated. Whilst gradient-based portable LC devices have 

previously been reported, these, typically, have high power 

requirements or are expensive.

While the expansion of a pre-pressurised gas requires 

zero electrical power, the reservoir of gas depletes as it oper-

ates, not unlike the charge of a battery. The longevity of the 

pumping system was estimated such that 128 (1 mm I.D. 

column) to 13,870 (100 μm I.D. column) chromatographic 

runs were able to be supported before the analytical aims of 

the separation were adversely affected. The ease-of-use of 

the system may be debated since access to pure nitrogen gas 

can be limited for researchers conducting field analyses in 

remote areas. It stands to reason that atmospheric gas could 

be utilised in replacement of a purified gas source; however, 

this was not considered or tested.

Chatzimichail et al. reasoned that the lack of moving parts 

of the system would afford it a good degree of mechani-

cal stability. To test this, they performed several drop tests 

from a vertical height of 1 m while the device was operat-

ing (Fig. 25). These tests confirmed the stability and rug-

gedness of the device to impact shocks, since there was 

negligible divergence in the baseline noise prior to and fol-

lowing impact. It is the only report to have characterised 

a portable LC’s mechanical stability despite widespread 

claims of instruments being ideal for use in the field-testing 

environment.

Lam et al. (2020)

Following on from the group’s modular LC platform pre-

sented by Li et al. in 2015, Lam et al. recently presented an 

updated prototype [155]. It is noteworthy for its demonstra-

tion of hyphenation with a portable mass spectrometer and 

the in-situ isocratic LC analysis of freeze-dried plant mate-

rial carried out on a farm site.

The instrument was similar in specification to it’s 

predecessor (Fig.  26): The gradient enabled, capillary 

LC was housed in a 3D printed box with dimensions of 

24.5 cm × 18.5 cm × 16.0 cm (L × W × H) with a total weight 

of 2.7 kg. The system is predominantly based on µProcess™ 

automated syringe pumps and valves sourced from Lab-

Smith Inc. The pumping system comprised two syringe 

pumps (SPS01, 20 mL volume, LabSmith) for the aque-

ous and organic phases connected to two automated 3-port 

valves (AV201-C360, LabSmith). The 3-port valves are 

Fig. 25  Mechanical stability of the portable HPLC device by Chat-
zimichail et  al. demonstrated through repeated 1  m drop tests [66]. 
Plots show the absorbance (n = 3) and the grey vertical bar indicates 
the approximate time range in which the device is freefalling and 
impact.  Reproduced from Chatzimichail et al. [66]

Fig. 26  The LabSmith (Liv-
ermore, CA, USA) supported 
portable LC system, showing a 
(A) arrangement of components 
[components: (1) LED detector 
and flow cell setup; (2) Detector 
controlling unit; (3) Column 
heater; (4) Temperature control 
module; (5) LabSmith compo-
nent controlling interface; (6) 
Voltaic V88 battery; (7) Lab-
Smith microfluidic system), and 
(B) portable LC housed in 3D 
printed assembly. b Radar chart 
assessing the system according 
to the BETTER criteria. Repro-
duced from Lam et al. [155] 
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connected to the automated 6-port injection valve (AV303, 

Labsmith) via a mixing tee, while the sample is introduced 

via another syringe pump connected to the injection valve 

using a 3-port valve.

It is not clear why the authors chose to limit the pumping 

arrangement to 2 syringe pumps to drive solvent, whereas 

in the previous system 4 were used to enable refilling during 

gradient operation. As a result, any run is severely restricted 

to a maximum run time of 8 min. Two self-packed capillary 

columns (100 mm × 150 mm I.D., 5 mm) (100 mm × 300 mm 

I.D., 5 mm) were prepared using a MyCapLC™ kit. The col-

umns were kept at a temperature of 40 °C using an isother-

mal aluminium column heater. In combination, these would 

help lower the back pressure that the syringe pumps would 

need to overcome. Finally, a 255 nm UV-LED and photo-

detector formed part of the detector. The weight (2.7 kg) of 

the LC system makes it among the lightest portable LC’s 

to date; however, it must be noted that others include the 

weights of solvent and computers whereas this does not. The 

LC system was also demonstrated as a part of a LC–MS sys-

tem through coupling to a Microsaic 4500 MiD MS system. 

The performance of the compact system was characterised 

in the separation of (R)-(-)-1-cyclohexylethyl-amine, sul-

famethazine, carbamazepine, ketoprofen and flavone within 

a separation window of four minutes, showing that despite 

the restrictions imposed by the syringe pump volumes and 

limited pressure, fast analyses of pharmaceutical compounds 

was possible.

Concluding Remarks

In the past decade, progress in column, pump, injector, and 

detector technology has spurred on numerous miniaturised 

systems, with a number of approaches, each of which suc-

cessfully pushed the boundaries of field-based analytical 

separations.

Despite this, there are several areas where more focus is 

required, namely ensuring that instruments offer sufficient 

performance while doing so in a cost-competitive manner; 

only then will they find more widespread use at point-of-

sampling settings. Further attention is also required with 

respect to the stability and robustness within field work. 

Variations in temperature and humidity, as well as shocks 

and vibrations in the field are unavoidable. The durability of 

the devices presented in the portable LC field are scarcely 

discussed. Therefore, specific measures need to be included 

to ensure the system remains operational; these must also 

be tested extensively.

The mantra of bringing the laboratory to the sample 

does well to capture the overall goal of the field. So far, 

the field has overlooked critical aspects of in-situ analy-

sis. For instance, sample preparation is an integral aspect 

of LC, particularly for messy field samples, and can be the 

most time-consuming step of any analysis. How can this be 

achieved in the field with all the necessary precision to make 

decisions independent of central laboratories? We must care-

fully assess whether in-situ field testing can compete with 

competent infrastructure. The existing approach of send-

ing samples to the laboratory for analysis using laboratory 

techniques and commercial grade analytical instruments 

will continue to serve field researchers well. Researchers 

must carefully evaluate the grounds for challenging such 

approaches and decide if portable LC can play a meaningful 

role. Of course, obvious analogies may be drawn from mod-

ern day computing and how tasks can be distributed over 

a range of different devices of varying capability—super 

computers, desktop workstations, laptops, tablets, mobile 

phones and even watches. Curiously, the more computation-

ally capable the device, the less often it is used for general 

tasks; instead tending to be reserved for specialist applica-

tions. Will LC and its associated techniques develop a simi-

larly distributed approach?

So far, researchers have focussed on improving specifica-

tions to more closely resemble that of their laboratory-based 

counterparts. Certainly, in doing so this ensures that portable 

embodiments of LC are not restricted in their applications; 

however, this can be seen as limiting to their overall develop-

ment. Indeed, portable systems are for the most part, smaller, 

simpler variants of conventional instruments. Just as mod-

ern mobile phones resemble “traditional” telephones less 

than early portable models, in the future we are likely to see 

much more differentiation of instrument form factors as they 

become more specialised for their intended applications. We 

predict that innovation will be predominantly driven in the 

portable LC space as new challenges, unique to point-of-

need in-situ analysis, present themselves.

Moving forward, the portable LC field should focus on 

determining the defining applications for this technology—

what can portable HPLC accomplish that conventional 

HPLC simply cannot? In the coming decade, it is likely that 

the users will answer this in far more interesting ways than 

the instrument builders have done so far. All in all, this is an 

important and exciting time for the field.
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