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Abstract

Mass spectrometry (MS) applies to many fields including clinical research, environmental 

analysis, and agricultural applications. This critical review summarizes recent developments in the 

field that can enable MS to be applied effectively in developing countries. In particular, we argue 

that colorimetric-based low-cost rapid diagnostic tests may be lacking sensitivity and specificity 

needed for disease screening in asymptomatic people and that closed automated analytical systems 

may not offer the analysis flexibility needed in resource-limited settings. Alternative strategies 

proposed here have potential to be widely acceptable in low- and middle-income countries 

through the utilization of the open ambient mass spectrometry platform that enable microsampling 

techniques such as dried blood spot to be coupled with miniature mass spectrometers in a 

form of centralized analytical platform. Consequently, costs associated with sample handling 

and maintenance can be reduced by >50% of the total ownership cost permitting analytical 

measurements to be done at high performance-to-cost ratios in the developing world.
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INTRODUCTION

Mass spectrometry (MS) – the process of measuring mass-to-charge (m/z) ratio of 

gaseous ions – is applicable across diverse disciplines including clinical analysis (e.g., 

drug development, clinical tests, and disease diagnosis), environmental analysis (e.g., 

drinking water testing, pesticide screening, and assessment of soil contamination), forensic 

analysis (e.g., trace analysis), pharmaceutical, metabolomics, and proteomics. Most of 

these applications are associated with scientific and technological developments that have 

concentrated mainly in the developed world. Without a closer look, one might conclude that 

MS will be of little use in the developing countries. Afterall, sophisticated instrumentation 

is involved, one that requires regular maintenance and good laboratory conditions (e.g., 

temperature and vibration controls).
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We must be realistic. In the early 1990’s MS instrumentation underwent major changes 

from nearly room-size complex instruments to user-friendly bench-top equipment. Further 

down-sizing of mass spectrometers became a major research topic in academic laboratories 

in the early 2000’s. In particular, the National Aeronautics and Space Administration 

(NASA) supported the development of ruggedized miniature mass spectrometers for 

space explorations purposes (1). Interests of the military to use chemical instrumentation 

also yielded opportunities to develop even smaller fieldable equipment, which included 

microfluidic platforms (2) and portable mass spectrometers (3). But are the conditions in 

space and war zones any better than the conditions existing in the developing countries? It is 

logical then to assert that the assumption held by many concerning the perceived inability to 

operate mass spectrometers in the resource-limited settings of developing countries must be 

re-evaluated. See BOX 1, Supplemental Appendix regarding efforts by Dr. Giles Edwards, 

Technical Director and Founder of Recycling Organization for Research Opportunities 

(RORO), to install mass spectrometers in developing countries.

A focus on Africa. In May 2000, The Economist published an article in which Africa 

was referred to as the hopeless continent (4). Unfortunately, this description persists 

in the minds of many that encounter somethings associated with Africa, including the 

possibility of having a functional first-class laboratory for chemical analysis. There are 

deep problems in Africa: poverty, corruption, and limited infrastructure. Common diseases 

like malaria and tuberculosis continue to claim lives. Such inadequacies, in part, led the 

World Health Organization (WHO) to develop the “ASSURED” criteria to help identify 

the most appropriate diagnostic test for resource-limited environments. This ASSURED 

criterion would be most effective if considered generic. That is, laboratory infrastructure and 

equipment will be needed to diagnose diseases such as certain types of cancer and human 

immunodeficiency virus. Rapid diagnostic tests satisfy most of WHO’s ASSURED criteria, 

but they fall short when it comes to early disease diagnosis, which requires better sensitivity 

and specificity (5, 6). Such limitations associated with simple colorimetric tests makes it 

challenging to perform realistic chemical analysis in these region (Box 2, Supplemental 

Appendix).

Have we sacrificed performance for affordability? If we consider that not all regions in 

Africa are severely deprived of infrastructure (there are major cities in Africa – e.g., 

Johannesburg in South Africa, Lagos in Nigeria, Accra in Ghana, Addis Ababa in Ethiopia, 

and Cairo in Egypt, just to mention a few), then it will make sense to use performance-

to-cost ratio of the diagnostic test as a criterion for selection and not only cost, which 

eventually leads to the recommendation of less sensitive equipment-free platforms. The 

performance-to-cost ratio criterion can be made to fit the developing world because of the 

centralized nature of these communities (7, 8). For example, the centralized system in Africa 

(Figure 1) is such that even the most deprived regions are not totally isolated. For most 

part, the system is set up so that villages (severely limited in resources) depend on near-by 

towns, which in-turn depend on near-by cities. Farmers in villages commute frequently to 

near-by towns to sell their farm produce and to purchase necessary items for living such 

as medicine, kerosene, salts, clothes, and tools for farming. Schools and clinics are also 

available in the near-by towns and these towns have basic social amenities (e.g., electricity, 

clean water), which can sustain some levels of chemical instrumentation. The upfront cost 

Lee et al. Page 2

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2022 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of instruments can be high, but the overall impact can be very high, given the number of 

people that can be served by a single equipment. Consequently, this impact can bring higher 

performance-to-cost ratio. It is important to note that although the African system is socially 

and politically centralized (9), the medical system is compartmentalized. That is, rarely 

will one find a single unit of medical laboratory that can perform many different medical 

tests. This is due, in part, to oversimplification of analytical procedures. Centralization of 

equipment at a near-by town will go a long way to alleviate the burden associated with this 

compartmentalization problem, which tends to delay diagnostic outcomes.

Modern MS presents unique capabilities among all chemical analysis techniques because 

of its molecular specificity. While most instruments are sensitive to functional groups or 

some physico-chemical properties, MS measures the molecular weight, which is a universal 

property for any given chemical compound. In this review, we provide critical discussions on 

recent developments in the field that can facilitate the use of MS for chemical detection in 

the developing world. We focus mainly on disease diagnosis, but we also note that the same 

developments are applicable in environmental, agricultural and forensic analysis.

CHALLENGES WITH CURRENT MODEL AND ALTERNATIVE STRATEGIES

The practical reality is that it is expensive to install and maintain instruments, explaining the 

limited chemical instrumentation in the developing world, as illustrated by the distribution 

of mass spectrometers in Figure 2. In November of 2019, MS market research annual 

report showed relative amounts of sharing mass spectrometers based on region. Not 

surprisingly, North America held the largest share (nearly ~50%), followed by Europe, Asia 

pacific and Rest of the World, which included Latin America, Middle East & Africa. For 

instance, approximately 43 mass spectrometers are counted from five different institutions 

in Ohio, United State. According to data from National Research Foundation (10), South 

Africa has the largest number of mass spectrometers in Africa, with a total of 67 mass 

spectrometers (Figure 2A). Based on number of institutions, we estimated the ratio of 

mass spectrometers per institution in Ohio and South Africa to be 8.6 (Figure 2B) and 3.5 

(Figure 2C), respectively. Other countries in Africa that showed up on the MS distribution 

map include Ghana (2 mass spectrometers), Kenya (2 mass spectrometers), Egypt (2 mass 

spectrometers), Nigeria (1 mass spectrometer), and Senegal (1 mass spectrometer). These 

numbers may not accurate as illustrated in Box 3 (Supplemental Appendix) concerning 

chemical instrumentation currently found at Kwame Nkrumah University of Science 

Technology (KNUST), Kumasi, Ghana. The World Economic Situation and Prospects 

classifies middle-income countries in South America and Asia-Pacific as developing 

(11). Mass spectrometer distribution in these regions are also summarized in Figure 2D, 

with countries in Asia-Pacific (e.g., India, Sri Lanka) showing higher numbers of mass 

spectrometers.

The total cost of ownership based on current model of chemical analysis can be broken 

down into two broad categories: purchase cost and lifetime cost (Table 1) (12). The lifetime 

cost forms about 55% of the total cost, and involves cost associated with materials and 

consumables, support and training, and administration task. Purchasing cost constitutes 45% 

of the total cost but can be further divided into external and internal costs, which are 
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estimated to be 70% and 30%, respectively, of the purchasing cost. Sample handling forms a 

major source of expenditure among the external cost. Therefore, a chemical analysis strategy 

that seeks to eliminate cost associated with sample handling and instrument maintenance can 

greatly reduce total cost of ownership, providing opportunities for such analytical methods 

to be effectively established in low- and middle-income countries. Ambient ionization 

combined with miniature mass spectrometers has a great potential to make a difference 

in this respect.

In ambient MS (13), the untreated sample (e.g., whole blood, raw urine, and tissue) are 

analyzed directly without prior sample preparation (detailed discussion is provided later). 

This means that costs associated with liquid/liquid (14) and solid/liquid (15) extractions 

and chromatographic separations (16, 17) can be eliminated. Perhaps the main reason for 

high cost of sample handling is related to the fact that the methods of sampling (e.g., 

blood collection) during the pre-analytical phase of chemical analysis have not changed 

for more than a century. Most current methods (e.g., liquid-phase sampling and absorption 

methods like dried blood spot, DBS) require cold storage to maintain analyte integrity. Cold 

storage of samples is a major burden on analytical laboratories, something that is difficult 

to implement in developing countries. As will be discussed later, dry-state room temperature 

storage of samples not only has the potential to reduce cost associated with sample handling, 

but it can also enable wider group people to be reached. An interesting feature of miniature 

mass spectrometers is that unlike bench-top mass spectrometers, which need to be run 

constantly to maintain vacuum and analytical performance, miniature mass spectrometer 

can be turned off and placed on the shelf when it is not in use. It takes about 10 min to 

establish full vacuum after it is turned on. This feature reduces maintenance cost and by 

the virtue of it being a miniature instrument also reduces analyzer cost. Collectively, these 

nice features enabled by MS especially when combined with ambient ionization techniques 

and dry-state room temperature sample storage can allow centralized chemical analysis for 

the underserved communities in developing countries as well as point-of-care analytical 

capabilities yielding real-time results for rapid disease diagnosis (Figure 3).

As indicated in the introduction, the centralization strategy suggested here for developing 

countries is different from the traditional sense of provider-centered analysis where high 

accuracy and precision are the main objectives, typically achieved using hyphenated 

equipment like gas chromatography-MS (GC-MS) (17, 18), liquid chromatography-MS 

(LC-MS) (16, 19), and nuclear magnetic resonance (NMR) (20, 21), just to mention a few. 

Here, centralization is used in the sense of people-centered analysis just as is done for POC 

analysis, which is patient-centered detection. However, this people-centered strategy (22) 

for the developing world may utilize miniaturized equipment to serve many people in the 

community, both near and afar. This differs from the patient-centered POC analysis where 

analysis take place at bedside and sample is analyzed immediately after collection. The 

centralization in the developing world can utilize both physical walk-ins and on-demand 

analysis strategies in the form of direct-to-consumer (DTC) diagnostic tests (23, 24), which 

will provide remote sampling (e.g., at home by patients) followed by signal development 

and diagnosis after sending the sample to the central facility (e.g., by mail). Thus, when 

developed and implemented well, MS-based detection methods for the developing countries 
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can enable both POC and DTC diagnostic methods for symptomatic and asymptomatic 

patients, respectively.

AMBIENT MASS SPECTROMETRY

Mass spectrometers separate and detect gas-phase ions by their m/z ratio. Traditionally, this 

process – which involves ion generation, m/z separation and ion detection – takes place 

under high vacuum conditions. It was demonstrated in the 1980’s through the introduction of 

electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) methods 

that the ionization step can be performed outside the vacuum environment. However, due 

to matrix effects, complex mixture analysis still required extensive sample preparation 

and separation steps before ionization, processes that have increased the complexity of 

the MS experiment. In the early 2000’s, Prof. Graham Cooks introduced a much simpler 

method of ionizing complex mixtures without prior sample preparation in the process of 

desorption electrospray ionization (DESI) (25). This opened new area of research where 

for the first-time complex mixtures (bacteria culture, whole blood, soil, tissue, etc.) can 

be analyzed in-situ from their native environment without pre-treatment. Not only can 

modern mass spectrometers analyze complex mixture outside the high vacuum environment, 

but we can do so using the native sample (solid, liquid and gas) in the presence of 

other interfering substances, all under ambient temperature and pressure conditions without 

use of any chromatographic techniques. This relatively new ambient mass spectrometric 

technique has many important implications including the fact that (1) vacuum requirements 

of mass spectrometers are now reduced, allowing the creation of high performance miniature 

mass spectrometers, (2) field analysis and POC detection are made possible not only 

due to the production of miniature instruments but also because in-situ analysis is now 

possible at the site of sample collection, and (3) unique and unconventional application 

of mass spectrometry such as real-time surgical margin evaluations during operation are 

also made possible. These specific ionization methods that enable mass spectrometers to 

analyze complex mixtures from their native state without pre-treatment are often referred 

to as ambient ionization techniques. Due to the simplicity of the process and the low 

instrumentation barrier of ambient ionization methods, there have been more than 48 

different methods (26) developed for different applications (as of 2019). The same factors 

(simplicity and less instrumentation) indicate minimal training are required enabling less 

experienced technicians to operate the equipment something that would be hugely beneficial 

in the developing world. Several good reviews (26, 27) have recently appeared on the subject 

of ambient ionization, so we summarize here the main themes and major techniques.

Spray-based ambient ionization techniques

As already stated, the main features of ambient ionization are as follows: (i) analysis 

with minimal or no sample preparation requirements, (ii) operation outside the vacuum 

environment of the mass spectrometer, enabling rapid and direct analysis, and (iii) selective 

transfer of analyte and not the whole sample (tissue, bacteria culture, blood, etc.) to the 

mass spectrometer enabling native state analysis. Desorption electrospray ionization (DESI, 

Figure 4A, i), the first of these ambient ionization methods, utilize electrosprayed charged 

droplets to enable analyte extraction and transfer from the untreated ambient surface. The 
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principle of DESI is related to the process of ESI except that the sample is not present 

in the electrospray solvent. Instead, the sample is deposited on an ambient surface (e.g., 

polytetrafluoroethylene) and interrogated using charged liquid droplets derived from the 

electrospray process (25). The mechanism of DESI is such that thin liquid film is initially 

formed on the surface when the first few liquid droplets arrive at the surface containing 

the analyte molecule. This thin film dissolves the analyte and extracts it into the spray 

liquid. The solvent is sprayed with the aid of nebulizer gas (e.g., N2), which gives the 

arriving droplets enough kinetic energy and momentum to cause splashes. From the impact 

of fresh liquid microdroplets and the thin liquid film, secondary droplets are released into 

air that carry the extracted analyte molecules toward the mass spectrometer for analysis. 

The main emerging application of DESI and other spray-based ambient ionization methods 

is tissue analysis and imaging (28, 29). Zhang et.al identified alterations in lipids and 

metabolites distributions from 42 samples of metastatic tumor tissues (breast and thyroid) 

and normal lymph node tissues. (30) Feider et.al recently characterized double bond 

position of free fatty acids from biological tissues directly via integrated 193 nm ultraviolet 

photodissociation (29). Liquid microjunction-surface sampling probe (LMJ-SSP) (31, 32) 

and nano-electrospray desorption ionization (nano-DESI, Figure 4A, ii) (33) are variants of 

DESI and are employed for in vivo studies. Tang et.al used LMJ-SSP for direct sampling of 

tissue and mouse spinal cord for extracting lipids from samples to identify C=C locations 

of isomers in lipid and lipid profiling of various tissue sections via imaging (32). The 

scope of lipid coverage was evaluated with nanospray desorption electrospray ionization 

mass spectrometry imaging (nano-DESI MSI) on mouse lung tissues. About 284 compounds 

were observed and unique 57 compounds were identified from nano-DESI MSI compared 

to LC-MS/MS data (34). The use of photons for analyte desorption have shown noticeable 

features on tissue imaging due to their capability of depth profiling in z-direction and high 

lateral resolutions.

Plasma-based ambient ionization techniques

Soon after DESI was introduced, Cody and his coworkers (35) introduced the first plasma-

based ambient ionization technique called direct analysis in real time (DART, Figure 4B, 

i. Both DESI and DART are now commercially available from Waters Inc. and JEOL, 

respectively. DART generates ions by exposing the condensed-phase sample to metastable 

species generated by corona discharge. A Carrier gas (e.g., He, Ar, or N2) is heated and 

the (ionic) species in the plasma are filtered using a series of electrodes. The reagent ions 

from the DART source interact with sample located between source and MS inlet (35). 

Solid, liquid, and gas can be analyzed rapidly in their native state without chromatographic 

separation. The DART-MS platform works well for small molecules (< 500 Da) for 

applications in food safety (36, 37), environmental monitoring (38), forensic analysis (39, 

40), and clinical analysis (41, 42). DART-MS has now become a practical technique for 

metabolomic profiling and characterization due to its advantages (direct analysis and speed) 

over conventional methods (LC-MS, GC-MS, and NMR). Recent studies have shown that 

large molecules (tens to thousands of kDa) readily break down when analyzed by the 

DART source; for example lipopolysaccharides are observed to fragment into the individual 

constituents which subsequently enables identification and differentiation of endotoxin with 

a detection limit as low as 0.03 ng/mL (38). Integration of multivariate statistical analysis 
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(e.g., principle component analysis (PCA)) following DART-MS allows rapid validation 

and fingerprinting of spectra resulting in effective differentiation of samples. With such 

integrated platform, Nemes et.al demonstrated at least 250-fold higher sample throughput 

from screening glycosaminoglycan (43).

Microsampling techniques can be hyphenated as DART-MS. Quantification of endogenous 

cholesterol in dried human serum spots was performed and detection limit of 20 µg/L 

was achieved (41). Dried blood spot analysis by DART-MS has also been demonstrated 

using the quantitation of L-phenylalanine (Phe) from phenylketonuria (PKU) in newborn 

samples which achieved a limit of detection (LOD) of 3.0 µmol/L. The specific experiments 

involved dip-it (glass-tips) format using a fixed volume sampling method with auto-loading 

capabilities (42). Transmission-mode DART (TM-DART, Figure 4B, ii) (44) uses mesh 

to introduce samples – is another sampling method in DART-MS. SPME-TM-DART-MS 

platform was introduced by Pawliszyn’s group and recently enabled quantitative studies 

of drugs of abuse using smaller volumes of oral fluid (15 and 25 µL). Detection limits 

of all tested analytes were calculated to be several orders of magnitude lower than the 

cut-off levels provided by Driving Under the Influence of Drugs (DRUID) project of the 

European Commission (40). Dielectric barrier discharge ionization (DBDI, Figure 4B, iv) 

(45) and low-temperature plasma (LTP, Figure 4B, iii) (46) form plasma through dielectric 

barrier discharge, which is generated between two electrodes separated by an insulating 

dielectric layer once high voltage and alternating current are supplied. The differences 

between these two methods are the amount of frequency applied (20.3 kHz in DBDI (45) vs 

2.5 kHz in LTP (46)) and configuration of experimental setup (direct exposure of sample to 

plasma in LTP while DBDI does not (47). Due to multiple potential ionization mechanisms 

with plasma (proton and electron transfer), compounds of environmental interest typically 

having low polarity (e.g., agrochemical) are widely studied. Perfluorinated compounds48, 

peroxide-based explosives (49) and 13 chemical warfare agents (e.g., G-, V-, and new nerve 

agents-series, 50) were studied via DBDI. Likewise, atrazine (51) and 13 explosives (e.g., 

trinitrotoluene) (52] were analyzed with LTP. Additionally, they are also being applied in 

clinical studies (45, 46) and the food-industry (53). Identification of 20 different amino acids 

were achieved with DBDI (45). LTP allowed detection of pharmaceutically related drugs 

(e.g., nicotine, cocaine) in complex mixtures (e.g., urine, blood) present on ambient surface 

(46) as well as metabolomic profiling of coffee beans (53).

Substrate-based ambient ionization techniques

Although DESI and DART offer high throughput analytical capabilities by eliminating 

sample preparation requirements, both techniques require nebulizing gases, which can 

present difficulties for field studies and implementation in the developing world where gases 

are overpriced. A new set of techniques referred to as substrate-based ambient ionization 

methods (Figure 4C) now allow direct complex mixture analysis by MS in the native state 

of the sample without using nebulizing gases. Paper spray (PS, Figure 4C, iii) (54, 55) 

was the first substrate-based ambient ionization that was developed by the Cooks’ and 

Ouyang’s groups in 2010. In this experiment, the sample is loaded onto a piece of paper 

cut to a triangular sharp tip. Appropriate solvent is applied to the paper triangle containing 

the sample and high direct current (DC) voltage (3–4 kV) is applied to the wet paper, 
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which generates charged droplets that transfer the extracted analyte from the paper substrate 

towards the inlet of the mass spectrometer. PS has nice features that make it particularly 

suitable for application in the developing world: (i) paper is a low-cost material that is 

locally available in low- and middle income countries, (ii) paper is environmentally friendly, 

allowing easy disposal after use (e.g., by incineration), (iii) the hydroxyl functional groups 

in the cellulose paper substrate can be modified to generate other groups with desirable 

properties (e.g., hydrophobicity) (56–58) that can enhance analytical performance, (iv) the 

PS experimental setup is simple, requiring only paper, solvent and voltage, and (v) most 

importantly, PS-MS platform is easy to operate with minimal training (high-school students 

(59) and undergraduate researchers performed PS experiments with high confidence (60, 

61)), whilst still offering rapid, direct quantitative and qualitative capabilities. An automated 

VeriSpray paper spray ion source is now available from Thermo Fisher.

After the development of PS (Figure 4C, i), various substrates have been used to achieve 

direct complex mixture analysis including thread spray (Figure 4C, ii) (62–64), swab 

spray(Figure 4C,iii) (65, 66), touch spray (67), and coated blade spray (68). The common 

features of these substrates include the use of porous material that can be cut to create 

fine tip for the generation high electric field upon the application of DC potential and 

hydrophilic surface properties that allows easy wetting to create conductive surface for the 

release of charged microdroplets. Highly conductive metal electrodes (as in touch spray 

and blade spray) also work well, with the fact that no nebulizing gas is required. The 

polarity of the hydrophilic porous substrates can be altered through chemical treatment to 

create hydrophobic surfaces. The proper use of solvent allows high extraction efficiency of 

samples present at the surface of the hydrophobic substrate to improve analytical sensitivity. 

Bambaurer et.al evaluated the best combination of solvents and ten different organosilanes 

for modification of paper surface (57). The study found that detection of polar compounds 

from the hydrophobic substrates was enhanced compared to the untreated hydrophilic paper 

substrate that has higher binding capacity for polar analytes. Recently, doping agents have 

been analyzed from raw urine samples using chemically modified paper spray ionization. 

Vapor-phase silanization reactions were performed on paper using trichloromethylsilane 

(TCMS) and showed higher performance in both sensitivity and detectability of the doping 

agents in both positive-and negative-ion modes compared to the results from regular 

hydrophilic PS (58).

Thread substrates offer many additional benefits when used in substrate-based ambient 

ionization in the form of thread spray. Single threads of all types (natural and man-made 

fabrics) can be pulled from clothes, bedsheets, car seats, carpets, etc. The single piece of 

thread containing the sample of interest (blood, pepper spray, saliva, ground water residue, 

etc.) is then placed in a tiny glass capillary and the assembly is placed in front of a 

mass spectrometer inlet as illustrated in Figure 4C,ii. Thread spray ionization is initiated 

by applying 10 – 20 µL aliquot of spray solvent to the glass capillary to extract analytes 

present on the thread substrate. Like PS, the wetted thread is then electrically charged by 

applying a DC high voltage (3 – 5 kV), which results in the release of tiny charged droplets 

similar to ESI process. The distinguishable feature of the thread spray experiment from other 

substrate-based method is the process of extracting the analyte from the thread substrate, 

which can be decoupled from the electrospray process. Since the thread is enclosed in the 
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tiny glass capillary, which is filled with the spray solvent, delayed extraction (<60 s) can 

be allowed before applying the spray voltage due to limited solvent evaporation. This 60 

s extraction time allows up to 80% of the analyte present in the thread to be extracted 

and thus boosting analytical sensitivity. In recent study, LOD as low as part per quadrillion 

was reached with the thread spray MS platform for direct analysis of diazepam from dried 

whole blood (62). This ultra-sensitivity associated with the thread spray MS experiment is 

particularly suited for forensic analysis in situations where the evidentiary garment has been 

cleaned. We have shown that the presence of capsaicinoids in pepper spray residues (63) and 

heme cofactors in bloodstain (64) are all able to be detected from previously washed fabrics 

using thread spray MS.

SAMPLE HANDLING AND PREPARATION

Proper sample collection and preparation is crucial in clinical studies. Sample preparation 

covers all steps from collecting biofluids, storage to analysis. Traditionally, blood is 

collected from patients via venipuncture (5 mL for adults and 1 mL for infants and younger 

children) and stored under cold temperatures (4–8 °C) during transportation before use (69). 

In addition to cold storage and large volume requirements, the venipuncture process is an 

invasive technique and sample collection must be performed by an expert phlebotomist. 

These requirements severely limit their application in resource-limited settings. Not only 

does the invasive nature of the process limits wide acceptance (especially among children 

and infants), it is also difficult to implement the process in the developing world where 

expert labor is scarce and facilities for storing the collected blood samples are not readily 

available. Maintaining the integrity of analyte during storage is important for all kinds of 

analysis, especially for labile compounds such as proteins, lipids, DNAs, and even some 

small organic compounds. These compounds easily degrade due to external factors such 

as temperature, humidity, time, and process of sampling (70). To ease the invasiveness 

of the venipuncture process, recent sample collection platforms utilize microsampling 

methodologies (i.e., volume of biological samples < 50–100 µL) (70, 71). The small 

volume requirements and cost effectiveness of microsampling techniques makes them 

suitable for a wider population as well as applicable to resource-limited conditions. Also, 

the ability to store microsamples in the dry state brings additional advantages that reduce 

shipping requirements compared to liquid biofluid samples. However, cold storage is still 

a requirement for most micro-sampling platforms. Examples of micro-sampling techniques 

include dried blood spots (DBS), volumetric absorptive microsampling (VAMS), and dried 

plasma spots (DPS) as summarized in Figure 5A.

Among microsampling techniques, DBS (Figure 5A, i) is the most common, and has been 

in use for over a century when Ivar Bang used the technique to determine glucose from 

eluates of DBS in 1913 (72). Ten years later in 1924, Chapman summarized the advantages 

of DBS testing (73) that are still valid today including (1) requirement of low blood volume 

and its potential applicability in pediatric diagnostics, (2) simplicity of the platform being 

minimally invasive and less expensive, (3) minimal contamination due to storage in the 

dry state, and (4) stability. The DBS microsampling platform has been actively used for 

screening or diagnosing disease since 1963 when Guthrie and Susi (74) demonstrated its 

application in large-scale newborn screening (NBS). With the advantages identified by 
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Chapmen, DBS has been utilized in various fields including newborn screening, therapeutic 

drug monitoring (75), pre-clinical studies, and omics fields.

MS is commonly used for quantitative and qualitative analysis of analytes in DBS and many 

important reviews have recently appeared on this topic (76, 77). MS methodologies applied 

to DBS analysis can be divided into two categories, the use of liquid chromatography-

tandem mass spectrometry (LC-MS/MS) and paper spray-tandem mass spectrometry (PS-

MS/MS) (78). For LC-MS/MS, collected DBS samples are extracted into solution using 

designated solvents (e.g., acetonitrile, ethyl acetate, methanol, and other mixtures of 

solvents). Extracted solution undergoes extra pre-treatment steps (e.g., addition of protease 

for digestion, solid-phase extraction, liquid-phase extraction, lyophilization, etc.) before 

injecting into the LC-MS or GC-MS system (79). Direct monitoring of DBS is possible 

without extraction or separation if PS-MS is chosen for analysis and accordingly can 

reduce time of analysis. However, the DBS sample collection platform itself has noticeable 

limitations such as hematocrit effect and heterogeneity. Different degrees of hematocrit 

effect can cause bias on the amount of analyte that is detected due to different degrees 

of spreading on the hydrophilic paper substrate (71). Hematocrit effects can be eliminated 

by using capillary microsampling (CMS, 80) and VAMS (Figure 5A, ii) (81) techniques 

developed to collect fixed volumes of whole blood. CMS enables one to collect specific 

volumes of blood (4–70 µL) in anticoagulant-coated glass capillary via capillary action. 

Separation of plasma is easily performed once a blood-filled capillary is placed in a 

centrifuge (82). VAMS is made of porous hydrophilic tip that is used to absorb specific 

volumes of blood (10, 20, or 30 µL). Aside from blood, many analytes are concentrated 

in plasma making this biofluid more suitable than whole blood for pharmacokinetic 

studies (83). NoviplexTM cards (Figure 5A,iii) are currently available as paper devices 

for extracting exact volume of plasma (2.5 µL) from a drop of whole blood within 3 minutes 

(84). Recently, cotton threads are being used for microsampling of biofluids (blood and 

tissues) and demonstrated feasibility on quantitative analysis of drugs (62). Schirmer paper 

is used for both sampling and analysis of eyedrops. From this study, 1.0 µL of tear sample is 

found to moisten a 2.5 mm of Schirmer paper (85). It is important to note that most of these 

microsampling techniques allow direct mass spectrometry analysis using substrate-based 

ambient ionization as discussed above.

While CMS and VAMS can solve hematocrit effect via collecting exact volumes, still 

analyte integrity in sample remains as challenge. Without temperature control, biological 

specimens degrade quickly, accounting for >60% of all experimental variations (86–88). 

Though NBS still heavily rely on DBS, there is limitation on widespread usage due to cold 

storage requirement (89, 90). In fact, the WHO has begun recommendations for the use of 

lyophilized whole blood in infectious disease (e.g., malaria) eradication programs instead 

of DBS (91). An ability to store biofluids at room temperature will facilitate biobanking 

in the developing countries where cold storage can be challenging. Room temperature 

dry-state sample storage will enable individual to collect and store their own samples 

at home followed by delivery to a centralized laboratory for analysis. We have recently 

developed a new paper-based micro-sampling technology based on adsorption phenomenon 

using hydrophobic paper substrate (Figure 5B) (56). Compared with DBS platform that form 

two-dimensional (2D) blood disks, three-dimensional (3D) dried spheroid blood is formed 
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from our newly introduced microsampling platform (Figure 5B, i). We have observed that 

stability of analytes (e.g., cocaine, diazepam, alanine aminotransferase (ALT)) increased in 

3D blood spheroid than DBS (92). The stability observed in the spheroid is believed to be 

driven by providing a critical radius of insulation through the reduction of surface area-to-

volume ratio, which limits bulk exposure to the ambient environment. This mechanism was 

investigated using heat transfer transient simulation analysis where both the 2D DBS and 

3D spheroid blood storage geometries were subjected to a constant air temperature of 40 

°C. Temperature at the geometric center for each case was monitored over time. The results 

from this simulation showed that the spheroid storage conditions have a better resistance to 

thermal conduction (Figure 5B, iii). We observed prolonged and dry-state stabilization of 

ALT in blood, which could be useful in diagnosing liver injury in resource-limited settings. 

Liver injury often occurs in patients that take several medications at once (93), especially in 

people with HIV and tuberculosis, which are most prevalent in developing countries.

MICROFLUIDICS AND MASS SPECTROMETRY

Microfluidics was identified much earlier as the analytical technique for resource-limited 

settings because of its unique features such as (i) ability to integrate analytical processes on 

a small scale (< 1 mm), which in turn requires microscale samples, (ii) rapid high throughput 

analysis, and (iii) the simplicity of operation (94–96). Many advances were made in past 40 

years in terms of fabrication (3D printing (97, 98), injection molding (99, 100), lithography 

(101), and wax-printing (56)), materials (silicon, glass, poly(dimethylsiloxane) (PDMS), and 

paper), and platform operation (e.g., paper-based analytical devices (PAD) (102), lab-on-

chip (LOC), and organ-on-chip (OOC) (103)). Three main challenges have limited effective 

application of traditional microfluidic platforms in developing countries: a) requiring 

external pumps (not in micro scale) for active pumping purposes, b) extensive sample 

preparation is needed for handling complex mixtures before injection into the microfluidic 

device, and c) until recently, on-chip detection required sophisticated instrumentation. The 

Whitesides’ lab introduced paper-based microfluidic devices (µPAD) (104) that enabled 

a self-sustained platform capable of passive pumping without external pumps, analysis 

of complex mixtures with little or no sample preparation, and with on-surface detection 

capabilities.

Since their inception, µPADs have utilized low power detection techniques, such 

as photometric (105), electrochemical (106), electrical conductivity (107, 108), 

chemiluminescence (109), and electrochemiluminescence (110) for analyte signal 

transduction. These detectors are selected to keep the device simple and portable. 

Unfortunately, detection limits of µPADs based on these detection platforms are often 

inadequate and give only semi-quantitative results. In 2016, our group introduced the use of 

mass spectrometer as detector for µPADs. We have shown that wax-printing technology used 

in µPADs can facilitate PS by allowing lower spray voltages (1 kV) due to the formation 

of channel surrounded by hydrophobic barrier (111). Through the design of novel cleavable 

ionic probes (112), we have also shown that immunoassays performed in wax-printed paper 

substrates can be analyzed effectively using an on-chip touch paper spray MS technique 

(Figure 6B and C). This MS-based immunoassay platform was utilized in the detection of 

(i) Plasmodium falciparum histidine-rich protein 2 antigen for malaria diagnosis and (ii) 
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multiplexed and simultaneous detection of cancer antigen 125 and carcinoembryonic antigen 

for colorectal cancer detection (112).

There are two important features about our paper-based MS immunoassay platform: 

first, the use of cleavable ionic probes has potential to enable the use of portable mass 

spectrometers. Portable mass spectrometers typically detect metabolites and other small 

organic compounds because of their limited mass range. Through immune-reactions, protein 

antigen of infectious diseases is selectively extracted from complex biofluids onto a 

paper substrate using monoclonal antibodies conjugated with our cleavable ionic probe. 

The ionic probes (rationally designed to be small in mass (< 300 Da)) are subsequently 

released from the bound antibodies through pH change. The released small ions are 

then detected and analyzed by a portable mass spectrometer (Figure 6A). In essence, 

instead of directly analyzing the high-molecular weight protein biomarker, which requires 

a large, high-resolution MS instrument, detection of protein can be achieved on a portable 

instrument. The second important feature is related to the stability of the probes. Compared 

to traditional enzyme-linked immunoassay platform, our ionic probed-based immunoassay 

is found to be stable in the dry-state at room temperature for a 30-day storage period 

(112). This suggests that the paper substrate on which the immunoassay was performed 

can be stored under ambient conditions without any refrigeration until ready for analysis 

later. This provides unique opportunities to screen asymptomatic patients in remote areas 

without carrying the equipment to the testing site. Collected samples can be analyzed at a 

central facility and validated with other analytical methods. This provides a way to conduct 

on-demand analysis with a high performance-to-cost ratio benefitting every member in the 

community.

Currently, the hyphenation of microfluidics with MS is increasing in popularity for clinical 

studies (e.g., proteomics, biomarker discovery, or screening). This is due to the remarkable 

speed of such platforms, combined with other advantages like less sample consumption, 

and high throughput capabilities. For example, cell-based metabolism studies can now 

be performed using microfluidic MS systems to understand disease mechanisms and 

evaluation of dosing amounts of drugs (113). Multiple functions (cell culture, drug-induced 

reaction, cell metabolism, and sampling) are performed in one integrated chip before 

analysis. Investigation of lactate efflux rates for different cells (A549, MCF-7, Hela, and 

U251) under two different conditions (normoxia and hypoxia) and inhibitory effects of 

cell proliferation from dosing 1 mM of a-Cyano-4-hydroxycinnamate (a-CHC) have been 

achieved. Interestingly paper spray was used in this experiment for direct analysis (Figure 

6D) (114). Effects of genistein-induced cell apoptosis and metabolism in MCF-7 cells are 

analyzed both quantitatively and qualitatively using microfluidic chip ESI-MS (115).

MINIATURE MASS SPECTROMETERS

As applications of MS widens to many fields, the next innovations are expected to increase 

the applicability of portable mass spectrometers. Until now, most laboratory experiments 

use bench-top MS system. With the transition of using MS from laboratory to real 

world applications, miniaturized MS (Mini-MS) is getting increasing attention, especially 

in clinical and forensic fields. The outlook of using miniature mass spectrometers in 
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clinical fields is closely related to POC system. As briefly mentioned in previous section, 

POC system is promising to enhance patient care, diagnosis, and management (116) and 

eventually, on-site diagnosis or non-laboratory based analysis is a goal of POC system. 

During the last several decades, the development of micro-sampling and ambient ionization 

have paved the step toward rapid and direct analysis. The coupling of microsampling 

platforms and ambient ionization techniques to miniature mass spectrometers for field 

analysis is a logical next step. Mini-MS involves significant advantages over benchtop-MS, 

(i) robust and simple setup, (ii) small footprint, (iii) reduced power consumption, (iv) ease of 

operation, (v) field-analysis (e.g., crime scene, airport), and (vi) low initial cost burden.

History of Mini-MS

Exploration of building miniaturized MS began in the early 1990s, focusing on the size 

of mass analyzer, and in the 2000s, the production of mini-MS as a separate analytical 

system for real-time and in-situ analysis received much attention. Numerous efforts focused 

on fabrication of mass analyzers (Sector (117), time-of-flight (TOF) (118, 119), quadrupole 

mass filters (QMF) (120, 121), and ion trap) to be smaller-sized whilst also having good 

performance. While these efforts were expanding, microelectromechanical system (MEMS) 

technology was incorporated in miniaturization of mass analyzers with relatively low 

price and small-size involving several improvements to mechanical, thermal, and electrical 

aspects (120, 121). MEMS technique is generally used for creating integrated systems 

via fabrication methods (e.g., photolithography, material deposition, and etching) to build 

components less than 1 mm in dimensions and silicon as its substrate material (120–122).

Sector and TOF instruments showed some trade-off between size and resolution of analyzer, 

which is not ideal for miniaturized MS system. Recently, a solution is introduced to have 

orders of magnitude signal without losing resolving power by the use of spatially coded 

apertures instead of using an array of slits (123). Like Sector, TOF has loss of resolution 

when its size gets smaller, however its electronic system is simpler and detecting high 

mass range remains as its advantage over other analyzers. Multi-turn systems, which 

allows ions to travel multiple times within the same space, were introduced to resolve 

tradeoff between resolution and throughput pitfall of TOF. In 2010, Shimma et.al introduced 

miniaturized TOF with multi-turn systems named “MULTUM-S II”. There was still room 

for improvement of sensitivity, however having resolution more than 30000 within the 

reported size and weight of the instrument (size = 50 x 57 x 30 cm3, weight = 35 kg) was a 

noticeable advance (118).

QMF and ion trap turned out to have distinct features (e.g., electronically controlled 

performance, range of pressure, power system) (118, 120, 124) over other analyzers, 

therefore many of current commercialized miniaturized MS have adopted the use of these 

analyzers. In 2010, Microsaic Systems Ltd., and Imperial College developed mini-MS 

using MEMS-QMF named ChemCube (outlet powered, weight = 9 kg) and Chempack 

(battery powered first portable device using MEMS technique, weight = 14.9 kg) for space-

limited laboratories and field analysis, respectively (125). Furthermore, MEMS-Mini-Triple 

Quadrupole in 2015 was introduced and used on quantitative analysis of pesticide residue 

(thiabendazole, m/z = 202) in fruit with multiple reaction monitoring (MRM) (126).
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After evaluating all types of mass analyzers used in mini-MS (Figure 7), ion trap was chosen 

as the most suitable analyzer due to high pressure tolerance, ease of miniaturization, and 

capability of performing MS/MS in a single device (127). To date, a variety of ion traps 

have been developed, including quadrupole ion trap (QIT), cylindrical ion trap (CIT), linear 

ion trap (LIT) and Rectilinear ion trap (RIT). QIT was originally invented by Wolfgang 

Paul (128) for the purpose of ion storage before its usage turned into mass analyzer. 

QIT consists of hyperbolic shaped two “end-cap” electrodes and “ring electrode”, which 

contains a hole in the middle where ions can enter and exit. Fundamental principle of QIT 

is, building up of RF trapping potential field by applying radiofrequency (RF) voltage to 

trap ions and eject ions when voltage is altered to set mass-selective instability operation 

mode (129). Due to its ease of fabricating electrodes, implementation of CIT (130, 131) 

was made and halo (132, 133) or toroidal (134, 135) ion trap) were developed for having 

greater storage capacity compared to CIT. LIT consists of four hyperbolic rods where two 

pairs of rods are positioned parallel to each other like in QMF, however segmented into 

three and middle section functions in trapping and ejection of ions. Compared to QIT, in 

LIT, ions are confined both radially and axially by applying DC voltage on end caps to 

create a potential well and AC voltage is applied to generate RF respectively. Therefore, 

LITs can have greater capacity of storing ions and trapping efficiency compared to 3D ion 

traps (QIT and CIT) (1). Next generation of ion trap, RIT, was developed by combining 

features of LIT and simple geometry of CIT. Replacing the geometry of electrode from 

hyperbolic to rectangular makes it easier for fabrication, maintaining great efficiency of 

ion trapping and capability of MS/MS (136, 137). Numerous Mini-MS machined with RIT 

have been developed, for example Mini-series (Mini 10, 11, 12, and S) that are developed 

from Purdue University. Besides research on miniaturizing mass analyzer, attempts on 

developing small and efficient vacuum (or pumping) system were carried out with MEMS 

techniques. Atmospheric pressure ionization (e.g., ESI) and ambient ionization (e.g., DESI, 

DART, PS, etc.) are incorporated into Mini-MS for analysis. Since ion optic systems 

such as multipole, skimmers, or orifice are commonly removed from Mini-MS, therefore 

novel strategies were needed to facilitate ion transfer. Atmospheric pressure interface (API) 

systems (e.g., the continuous gas inlets either capillaries or membranes (138), discontinuous 

atmospheric pressure interface (DAPI) (139), and recently continuous atmospheric pressure 

interface (CAPI) (140)), which bridge the gap between ion source and vacuum manifold, are 

developed to aid analytical sensitivity.

Application of Mini-MS

Mini-MS is increasingly being applied in real-time and in-situ analysis. In the clinical field, 

Mini-MS showed significant progress on DBS analysis (141), therapeutic drug monitoring 

(142–144), illicit drug detection (145, 146), preclinical (pharmacokinetics) (147), and 

omics-research (148). 50 ng/mL of amitriptyline spiked blood was prepared on paper to 

form DBS, which was subsequently analyzed using Mini-12 (West Lafayette, IN). From 

quantitative study, detectable concentrations range of amitriptyline (15–510 ng/mL) were 

calculated (Figure 8A), which covers the therapeutic range for amitriptyline (80–250 ng/mL) 

(141). Bernier et.al performed fingerprinting of falsified artemisinin-based combination 

therapies (ACTs), which is a treatment for malaria using DART-Mini MS (Waters-QDa). 

Genuine and falsified tablets were crushed into powder and transferred (0.5–1 mg) into 
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borosilicate glass for sampling. This study found that Class II (carbohydrates) or Class 

III (antibiotics) compounds are detected from falsified tablets whereas Class I (active 

ingredients, artemether and lumefantrine) are detected from genuine tablet and PCA was 

tested on ACTs for further differentiation of classes (143). Fentanyl sprayed surfaces (glass, 

plastic, and metal) were swabbed with paper (pSERS substrate) and were directly analyzed 

with Mini-β MS for identification and confirmation. In addition to utilization of MS, 

portable surface enhanced Raman spectroscopy (pSERS, Metrohm Mira DS, Laramie, WY) 

was implemented in this study so that dual-pSERS-PSI-MS mode was operated. Detectable 

concentrations of fentanyl with this method proved forensic applicability (Figure 8B). Also, 

five fentanyl analogues are identified as having their characteristic spectra patterns. This data 

is promising to construct libraries for rapid identification of newer designed drugs (145). 

Pharmaceutical tablets, power or crystal-based drug evidence, and synthetic cannabinoid 

seizures were analyzed on FLIR AI-MS 1.2 (West Lafayette, IN), a portable CIT MS, using 

newly introduced ambient ionization technique, filter cone spray ionization by Fatigante 

et.al (144). Recently, proteomics application exploration was done on a modified version 

of Mini-β MS, which adapted dual LITs to perform both beam-type and in-trap collision 

induced dissociation. Methionine (Met) peptide, with sequence YVNDFFNK, was spiked 

into a trypsin-digested mouse liver peptide solution and was analyzed with nano-ESI under 

positive-ion mode in both full scan and MS/MS mode and LOD was calculated to be 10 nM 

from quantitative study (Figure 8C) (148). The efforts of interfacing microfluidic device to 

Mini-MS is going because this coupling technology is promising to achieve highly efficient 

performances. Microchip-ESI device was interfaced, via custom capillary interface, to mini-

CIT MS (Figure 8D). Mini-CIT MS was custom-built to enable analysis at high pressure 

conditions (>1 torr). Four peptides were separated and detected at mini-CIT when 7 fmol 

of peptide mixture was infused into CE-microchip. The results showed that CE-microchip is 

a potential tool in replacing LC system for the analysis of complex mixtures (e.g., protein, 

peptides in biofluids) (149). Besides clinical research, food safety (150) and environmental 

monitoring (151) are other fields for the growth of Mini-MS applications.

CURRENT CLINICAL APPLICATIONS OF MASS SPECTROMETRY IN THE 

DEVELOPING WORLD

A closer look at current studies utilizing MS in clinical research and applications in the 

low and middle-income countries shows electrospray ionization (ESI) and matrix-assisted 

laser desorption/ionization (MALDI) to be the main ion sources in the developing world. 

Owing to their soft nature, giving no analyte dissociation during analysis, these ion sources 

are widely applied to biological systems to detect molecules such as proteins, peptides, 

lipids, drugs, and other metabolites. For example, MALDI-TOF-MS is currently used in 

most African, South American and South Asian countries to detect bacterial and fungal 

species leading to the diagnosis of various infectious diseases (152, 153). The same 

MALDI technique has been used in mass spectrometry imaging (MSI) experiments to 

evaluate pharmacokinetics of drugs (154). Liquid chromatography (LC) tandem MS (MS/

MS)-based proteomic analysis (155, 156) are also widely employed to study potential 

cancer biomarkers (157, 158) and lipidomic analysis (159). Traditional methods like LC-

MS lack throughput required to survey large numbers of samples in a reasonable amount 
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of time (160). By coupling a commercial DESI source to a mass spectrometer, direct 

visualization of neurotransmitters in rat brain slices was carried out without any need for 

derivatization reagents and/or deuterated materials typically used in MALDI-MS imaging 

(161). As explained above, it is important that sample preparation be minimized during 

the coupling of such analytical instrumentation. Aside from the cost burden enumerated 

in Table 1, simplification of sample workup procedure will enable unskilled personnel to 

use the instrument. For example, most cancer cases are diagnosed at advanced stages in 

developing nations (157), despite the existence of relatively better diagnostic infrastructure. 

The reason for this situation is due to limited manpower as identified in both Boxes 2 and 

3 (Supplemental Appendix). By employing the integrated systems with the ambient sources 

the steps involved in the traditional workflow of MS analysis including sample treatment 

and separations are eliminated and integrated into the ionization process allowing mass 

analysis and data interpretation to occur in real-time during the analysis. This takes into 

consideration the important economic aspects, availability of technical staff and stability of 

samples. Mini-MS opens up the possibility of various point-of-care applications for clinical 

studies in remote locations (162).

Instead of fully automated closed analytical system such as LC-MS and GC-MS, an 

open standalone mass spectrometer with ambient ionization would be hugely useful in 

the developing world. Such simple open systems will permit routinely qualitative analysis 

and the rapid nature and simplicity of such method developments are greatly desirable for 

patient care, allowing parameters to be changed at any time. Naturally, all the commercial 

fully integrated systems are expensive than corresponding open systems. The closed systems 

typically offer procedures that manufacturers consider interesting and not necessarily to 

cater for the specific needs of the developing nation. The open system of ambient mass 

spectrometry can offer developing nations the opportunity to develop simple methods 

for clinical studies according to the demands of the community and to personalize the 

same instrument for various applications including clinical, forensic, agricultural, and 

environmental analysis. Aside from qualitative analysis, quantitative determinations can 

be performed through proper use of internal standards and calibration methods. The 

establishment of such open analytical systems as part of a hospital/health center will be 

more efficient than externally independent laboratories since collaboration with medical 

experts will be needed to effectively modify methods and interpret the scientific data. Such 

collaborations will serve to educate clinicians (163) in the area of analytical instrumentation, 

something that is needed to reduce the overreliance on symptoms for disease diagnosis. 

Progress in these areas will be dependent on the total amount of money available for health 

care in developing countries. Interesting healthcare spending from autonomous sources has 

increased substantially in developing countries (164).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TERMS AND DEFINITIONS

Mass spectrometry
an analytical technique that measures mass-to-charge ratio (m/z) of gaseous ions trapped by 

electric or magnetic field under vacuum

Ambient mass spectrometry
the process of measuring m/z of gaseous ions in which the sample is removed from 

the vacuum environment of the mass spectrometer to enable analysis from the natural 

environment of the sample, typically under ambient conditions

Ambient ionization
the process of generating gaseous molecular ions from complex mixtures in their native 

environment without prior sample treatment at ambient temperature and pressure

Developing countries
countries with a less developed industrial base and a low (inequality-adjusted) human 

development index relative to other countries

Open analysis systems
analytical platforms that permit in-house modifications for the purpose of research

Closed analysis systems
analytical platforms that have their settings fixed as offered by manufacturers

Point-of-care testing
medical diagnostic testing that occurs at or near the point of care (e.g., physician’s office)

Direct-to-consumer testing
a self-screening platform that allow patients to undertake desired medical test without the 

involvement of an independent health care provider

Patient-centered care
medical care system in which patient values (time, finance, emotion, etc.) guide clinical 

decisions

People-centered care
a broader concept of patient-centered care that focuses on health services and policies in a 

community rather than individual patients’ interests

Biobanking
a centralized biorepository that stores biological samples for use in medical research

Dried blood spheroid
a 3D dry state microsampling method that is based on an adsorptive phenomenon occurring 

on hydrophobic paper substrates

Performance-to-cost ratio
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a diagnostic test selection criterion that seeks to compare the overall analytical capabilities 

of a testing device to ownership cost rather than only cost per test without regard to 

performance
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The ASSURED Criteria

A = Affordable

S = Sensitive

S = Specific

R = Rapid and robust

U = User-friendly

E = Equipment-free

D = Deliverable to end-user
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SUMMARY POINTS

1. Diagnosis of asymptomatic people in disease eradication efforts require 

chemical instruments that can enable sensitive detection in the early stages 

of infection.

2. Colorimetric-based methods such as rapid diagnostic tests, often 

recommended for developing countries fall short regarding sensitivity and 

specificity of detection and cannot be widely applied.

3. Ambient mass spectrometry offers an attractive alternative in which chemical 

species of all kinds, in any type of sample can be analyzed in their native state 

without sample pre-treatment.

4. Conventional mass spectrometry methods utilizing auto-sampling platforms 

and separation techniques are closed to manufacturer’s specified application 

making them less attractive for resource-limited settings where a single all-

purpose instrument can serve an entire community.

5. The coupling of ambient ionization (especially substrate-based methods) with 

portable mass spectrometers has potential to provide an open analytical 

system where customization and simple method developments can be 

established by less trained personnel.

6. Low-cost microsampling platforms (e.g., 3D dried blood spheroids) that 

allow dry-state room temperature storage of various biofluid samples without 

cold storage are identified as having potential to enable the creation of a 

people-centered centralized detection system where millions of asymptomatic 

patients can have access to few equipment via a direct-to-customer testing.

7. The simplicity of ambient mass spectrometry also enables point-of-care 

testing for real-time disease diagnosis.

8. Capabilities such as the ability to use portable mass spectrometers on-demand 

without constantly running the equipment, storage of collected samples 

at room temperature for long periods, and analysis of samples directly 

without the need for sample pre-treatment and chromatographic separations 

collectively suggests that total ownership cost of ambient mass spectrometry 

can be reduced by >50% compared to traditional methods.

9. The integration of simple pre-analytical and miniaturized analytical systems 

can enable the chemical detection at a high performance-to-cost ratio in the 

developing world.

10. When fully established, such open and flexible analytical systems can have 

impact not only on clinical analysis but also in areas such as forensics, 

environmental, and the food industry.
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Figure 1. 
Representation of centralized system in African community; city, town, and villages.
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Figure 2. 
Distribution of mass spectrometers in developing countries is compared with other parts of 

the world. Number of mass spectrometers are counted from selected institution’s websites. 

Institutions are selected based on listed top 100 universities of the country at UniRank 

(http://4icu.org/). (A) Distributions of mass spectrometers in developing countries are shown 

in world map. For comparison of disparity of owned mass spectrometers, region of Ohio, 

United States and South Africa are selected. Approximately 43 instruments are found in 

five different institutions (University of Cincinnati, University of Akron, Ohio University, 

Cleveland State University, and The Ohio State University) in Ohio, USA. In South Africa, 

67 instruments are owned by 18 different institutions (http://eqdb.nrf.ac.za/). Based on the 

collected database, ratio of number of instruments per institution are calculated for the 

following regions: (B) Ohio, (C) South Africa, and (D) South Asia.
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Figure 3. 
Comparison on different types of healthcare systems. The early model is provider-centered 

care, which can be transitioned to people-centered care. Major factors of shifting between 

two system include the fact that healthcare decision is made upon patients’ value and 

rights more than provider (e.g., doctor). This shift makes partnerships to manage not only 

individual health, but also in their community range. POC is still people-centered care, 

however real-time diagnosis or analysis at bed is a key.
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Figure 4. 
Schematics showing three major types of ambient ionization techniques: (A) spray-based, 

(B) plasma-based, and (C) substrate-based. Examples of spray-based ambient techniques 

include (Ai) Desorption electrospray ionization (DESI), (Aii) nano-desorption electrospray 

ionization (nano-DESI), and (Aiii) liquid microjunction surface sampling probe (LMJ-SSP) 

are described. Example of plasma-based techniques include (Bi) direct analysis in real 

time (DART), (Bii) transmission mode-direct analysis in real time (TM-DART), (Biii) 

Low Temperature Plasma (LTP), and (Biv) dielectric barrier discharge ionization (DBDI). 

Example of substrate-based methods include (Ci) paper spray (PS), (Cii) thread spray, and 

(Ciii) swab spray.
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Figure 5. 
Dry-state microsampling techniques are described for the (A) traditional absorptive-based 

and (B) a new adsorptive-based method. (Ai) Dried blood spots at different levels of 

blood hematocrit (above: 0.35 and bottom: 0.50 of blood hematocrit levels respectively). 

Figure adopted from Reference 80 (CC BY-NC). (Aii) Volumetric absorptive microsampling 

(VAMS) device which enables the collection of accurate volumes (10 µL) of blood by 

absorption via a hydrophilic polymeric tip. Adopted with permission from Reference 81. 

(Aiii) Plasma extraction card is developed for rapid extracting plasma out of finger-stick 

blood. Alternative paper-based micro-sampling technology is developed based on adsorption 

phenomenon that occurs because of differences between surface tension of biofluids and 

surface energies of treated paper substrates. Adopted with permission from Reference 

84. Hydrophobic paper substrates are prepared via a gas-phase silanization process (Bi), 

allowing three-dimensional (3D) spheroids of dried biofluids to be formed when a drop 

of biofluid is deposited and fully dried (Bii). Transient thermal analysis was simulated for 

a comparison between the 2D dried blood spots and the 3D blood spheroids (Biii). Panel 

(Bi) adapted with permission from Reference 56 and panel (Bii and Biii) adopted with 

permission from Reference 92.
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Figure 6. 
Applications of microfluidic devices in mass spectrometry. (A) Microfluidic paper analytical 

device (PAD)-MS, which is developed by combination of immunoassay techniques and 

utilization of ionic probes (i), followed by subsequent MS analysis via touch paper spray 

ionization method once solvent is added (ii and iii). Adopted with permission from 

Reference 112. (B) Illustration of integrated multichannel microfluidic chip-MS which 

consist of a homemade manipulator, a hybrid capillary, a PDMS-glass microfluidic chip. 

Once cartridge droplet is generated, subsequent MS analysis is achieved via paper spray 

ionization with the aid of spraying solvent. Adopted with permission from Reference 114.
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Figure 7. 
Timeline in development of Mini-MS. In the 1990s, microelectromechanical systems 

(MEMS) were used in miniaturized mass spectrometers for the fabrication of compartments 

(e.g., analyzers and vacuum pump). Advancements have been made expanding development 

of miniaturized analyzers to include quadrupole mass filter, sector, time-of-flight (TOF), and 

ion trap. Figure reproduced with permission from Reference 117. Ion trap is currently the 

most common analyze due to qualities like high-pressure tolerance, ease of miniaturizing, 

and MS/MS capability. Therefore, the evolution of ion trap mass analyzers is described, 

which changed geometry from 3D hyperbolic quadrupole to 2D toroidal, 3D cylindrical, to 

2D rectilinear, and finally to 2D halo ion trap. Figures reproduced with permission from 

Reference 133, 134 and 136. The Mini-series (Purdue University, West Lafayette) are well-

known examples of the ion-trap mini-MS system. Figure reproduced with permission from 

Reference 141. Besides ion trap evolution, continuous developments are being observed for 

other analyzers. These include chip-based quadrupole coupled to HPLC (Microsaic 3500 

MiD, Microsaic Systems) and recently triple quadrupole mini-MS is invented which enables 

MS/MS. Figure reproduced with permission from Reference 122 and Reference 126.
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Figure 8. 
Current applications of Mini-MS. (A) 50 ng of amitriptyline in blood is deposited onto 

the paper to form dried blood spot and analyzed with paper spray ionization on Mini 12. 

Adopted with permission from Reference 141. (B) The presence of fentanyls on the paper 

is identified via dual methods, portable surface enhanced Raman spectroscopy (Mira DS 

portable Raman spectrometer) and Mini-MS (Mini 12). Adopted with permission from 

Reference 145. (C) Targeted quantification of trypsin-digested methionine peptide from 

SKBR3 cell lysate is studied with Mini 12. Before MS analysis, immunoaffinity enrichment 

workflow is completed, and ionization is done with nano-electrospray technique. Adopted 

with permission from Reference 148. (D) Illustration of experimental setup for coupling 

microchip to mini-MS. Adopted with permission from Reference149.
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Table 1.

Total cost of ownership

Purchase Cost (45%) Lifetime Cost (55%)

1. External (70%)
 - Analyzer (45%)
 - Sample handling (55%)

1. Maintenance
 - material, suppliers, and consumables
 - support and training
 - administration

2. Internal (30%)
 - installation
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