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Abstract

Ambien ionization and miniaturization of mass spectrometers are two fields in mass spectrometry 

that have advanced significantly in the last decade. The integration of the techniques developed in 

these two fields is leading to the development of complete miniature analytical systems that can be 

used for on-site or point-of-care analysis by non-expert users. In this review, we report the current 

status of development in ambient ionization and miniature mass spectrometers, with an emphasis 

on those techniques with potential impact on the point-of-care (POC) diagnostics. The challenges 

in the future development of the integrated systems are discussed with possible solutions 

presented.
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1. Introduction

Mass spectrometry (MS) has been applied for a wide range of applications in chemical and 

biological analysis. MS measures the “weight” (through the mass-to-charge ratio m/z) of the 

analyte molecules, while tandem MS (MS/MS) can provide valuable information for 

structure elucidation or confirmation. When the two procedures are combined, highly 

specific identification and highly sensitive quantitation of the analytes can be achieved. The 

analysis of the real-world complex samples, however, can be very challenging. For MS, the 

matrix effects can severely suppress the spectral signal-to-noise ratio (S/N) of the analytes, 

disproportionally to their relative concentrations. Furthermore, isomers and/or isobars of the 

analyte present in the same sample can cause errors in both compound identification and 

concentration quantitation. The requirement of reducing sample complexity results in the 

development of various sample extraction methods and modern separation techniques 

including gas chromatography (GC) and liquid chromatography (LC). Assisted by these 

developments, MS has now become a versatile technique for both unknown analysis and 

targeted monitoring. However, the MS-based analytical systems are constrained for use in 

lab and by experienced experts.
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During the last decade, ambient ionization has emerged and quickly developed for direct 

analysis using mass spectrometry, with minimal sample preparation and no chromatographic 

separation [1–5]. Started with desorption electrospray ionization (DESI) [6] and direct 

analysis in real time (DART) [7], more than 40 methods have been developed for fast 

chemical screening and imaging. The future application of the ambient mass spectrometry 

can be expected to develop at three levels with distinctly different purposes and 

instrumentation platforms, including unknown profiling, targeted monitoring and 

quantitation, and in situ analysis (Fig. 1).

The top two levels of application (Fig. 1) represent alternatives to current in-lab MS analysis 

operation. To perform unknown profiling involving a relatively large number of analytes in a 

sample (top level in Fig. 1), traditional analytical procedures involving sample preparation 

and chromatographic separation can be replaced by direct analysis using ambient ionization, 

which would enable fast survey of the sample for identification of the chemical or biological 

markers. The use of mass spectrometers of high resolution and high mass accuracy would 

help the analysis of samples of high complexities. Without using traditional sample cleanup 

or chemical separation, the MS/MS capability would be imperative for distinguishing the 

isomers or isobars as well as to assure a good sensitivity [8,9]. For extremely complex 

samples, the use of ion mobility can further improve the resolving power as well as the 

sensitivity of the MS analysis [10]. Among the high resolution mass spectrometers with 

MS/MS capabilities, the Q-Exactive (Thermo Fisher Scientific Inc. San Jose, CA, USA) and 

the new X series QTOF (AB Sciex LLC, Concord, Ontario, Canada) could be particularly 

suitable for the unknown profiling using ambient ionization since they are of relatively 

compact (desktop) size and easy maintenance.

The second level in application would be for quantitation of target analytes in a large 

quantity of samples of the same type, which is typically run routinely with regulatory 

requirements enforced for concentration range, limits of detection (LODs) or quantitation 

(LOQs). The typical instruments to be used would be triple quadrupole instruments, which is 

used with LC currently for clinical analysis. The use of ambient ionization methods to 

replace the traditional sample preparation and GC or LC procedures would not only improve 

the throughput but also minimize the sample consumption and the chemical waste [11,12]. 

The cost for sample storage and shipping can also be significantly reduced.

The methods being developed with ambient ionization for the top two levels of applications 

would replace some of the procedures currently run in analytical laboratories by experienced 

operators. An objective for ambient ionization development is to bypass all the current skill 

requirements for analytical chemists, which leads to simple point-of-care (POC) type 

operation. The real implementation for in situ analysis, however, would also require an 

integration of the direct sampling ionization with miniature MS systems. Development of the 

third level of application with in situ, on-site analysis is occurring with miniature MS 

system, to be used with disposable sample cartridges or other sampling kits for fast sampling 

and direct analysis. Ambient ionization would be the key to enable the simple procedures 

that are practically useful for in-field and POC analysis.
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The development of miniature MS is analogous to the emergence of desktop computers via 

miniaturization of large, general-purpose computers, e.g. ENIAC (Electronic Numerical 

Integrator and Computer) [13], which has gone through a process with not only size 

reduction but also user-interface improvement. Ideally, a miniature MS system would be 

designed for the analysis of various real-world samples via simple operations by users with 

no training in MS or analytical chemistry [8,14]. To enable in situ MS analysis, two 

technical challenges need to be overcome. The first challenge is the rapid and highly specific 

analysis of samples without sample workup or chromatographic separation, which hopefully 

could be largely resolved with the techniques being developed in the field of ambient 

ionization. Another challenge is the miniaturization of MS instruments with adequate 

performance retained for the targeted applications.

In this Review, we discuss the parallel developments in both fields of ambient ionization and 

miniaturization of mass spectrometers, which are critical for the emergence and evolution of 

on-site and POC analysis. Current status of research will be summarized. The potential of 

the miniature MS systems with ambient ionization capability will be speculated and the 

challenges in technical development will be discussed with potential solutions presented.

2. Ambient ionization

2.1. Convenient but also sensitive analysis

The advent of ambient ion sources dates back to the invention of desorption electrospray 

ionization (DESI) [6] and direct analysis in real time (DART) [7] one decade ago. The 

philosophy for the development of ambient ionization was to retain the highly specificity of 

MS analysis while greatly reducing the operation complexity. This was achieved by 

integrating sampling and ionization into a simple and streamlined process. Depending on the 

intrinsic desorption/ionization mechanisms [3,15–18], ambient ionization can be achieved 

through a one-step “desorption ionization” or a two-step “desorption and then ionization” 

procedure. Droplet or liquid extraction and laser ablation have been used for sampling; 

processes similar to those in electrospray ionization (ESI) and atmospheric pressure 

chemical ionization (APCI) have been used for ionization. Plasmas have been used for 

generating the reacting species in gas phase for secondary ionization. For instance, in DESI 

a pneumatically assisted electrospray is directed at the surface of analysis, which firstly 

forms a thin layer of solvent film [19] and then produces secondary charge droplets through 

the primary droplet impinging on the liquid film. Ions are subsequently formed through the 

desolvation of the droplets and analyzed by a mass spectrometer. In DART [7], dielectric 

barrier discharge ionization [20], low temperature plasma probe (LTP) [21] and other 

plasma-based ambient methods, metastable and charged species have been used to initiate 

gas phase reactions that lead to ionization of the extracted or desorbed analytes.

Limits of detection (LODs) at low levels of concentration or absolute amounts can be 

achieved for direct analysis of raw samples using ambient ionization methods. DART-MS 

was applied for the direct and sensitive detection of trace palladium at a LOD of 1.2 μM 

[21]. DART-MS was also applied to newborn screening of phenylketonuria, where a LOD of 

phenylalanine of 3.0 μmol/L was obtained through analysis of the extraction solution of 

dried blood spot (DBS) [22]. LODs as low as 5 pg were reported for LTP in analysis of 
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explosives of low vapor pressures, such as RDX and TNT on a polytetrafluoroethylene 

(PTFE) substrate [21,23]. Sensitive detection of volatile compounds has also been achieved 

using LTP [23,24]. Wooden-tip ESI was simple to implement and was demonstrated for 

quantitative analysis of two drugs of abuse, ketamine and norketamine, in oral fluids and 

urine with LODs of 20 and 50 ng/mL obtained, respectively [25]. Coated blade spray (CBS) 

was developed to quantify analytes in the presence of complex matrices [26]. LODs 

achieved for cocaine and diazepam in plasma and urine were in the pg/mL range. 

Techniques based on liquid extraction (e.g. DESI) are intrinsically advantageous for analysis 

of biological signatures from animal tissue [27,28], plants [29], micro-organisms [30,31] and 

fingerprints [32]. Bypassing the labor-intensive sample extraction and purification, such kind 

of analyses can be rapidly completed to acquire a qualitative chemical profile of the sample. 

In one study, DESI was directly used to detect the anti-tumor drug camptothecin and its 

derivative (9-methoxycamptothecin) in Nothapodytes nimmoniana (Fig. 2a,b) [29]. The 

obtained relative ion intensities suggested that the concentration of camptothecin was higher 

in the bark than in the leave and stem.

One exciting research field of ambient ionization is in vivo sampling and analysis. One of 

the most interesting in vivo applications of ambient ionization is the analysis of an awake 

behaving fly by DART-MS [35]. Pheromones of cuticular hydrocarbons were easily sampled 

from the surface of a restrained fly, and different hormone compositions of male and female 

flies were revealed by the fingerprints in MS spectra. Interestingly, the intensities of cis-

vaccenyl acetate, tricosene, and pentacosene increased in virgin females after courtship. This 

method using ambient ionization allowed near-instantaneous chemical profiling of an 

individual insect alongside with behavioral studies. Remarkably, the sample to be analyzed 

can serve as the ion source as well. In another study, spray ionization was directly produced 

from a plant leave cut into a triangle shape [36]. The glucosinolate cleavage under 

mechanical stress, as part of the plant self-defense mechanism, was monitored.

A large number of applications using a variety of ambient ionization methods have been 

developed for tissue analysis. Spray ionization can be directly induced from the biopsy 

needle with tissue sampled, when applied with 2∼5 μL solvent and high voltage (Fig. 2c) 

[33]. The tissue biopsy can be rapidly analyzed within a minute, to provide immediate 

medical evidence. Significant difference was observed in the lipid profiles of normal and 

cancer (Fig. 2d) tissues, which indicated a promising method of low invasiveness for fast 

disease diagnosis. Probe ESI (PESI)-MS has been applied to in vivo analysis of live mice 

under surgery (Fig. 2e) [34]. Mice were anesthetized with the livers exposed for sampling by 

a probe. After sampling, the probe moved upwards and a high voltage was applied on the 

probe while an auxiliary spray was used to cast droplets onto the probe for extracting and 

ionizing the analytes sampled to the probe. PESI mass spectra of livers of steatotic mice 

showed increased levels of triacylglycerides (TAG) than controls [34]. Extraction 

electrospray ionization (EESI) has been used for analysis of human breath [37]. DESI has 

been used for detection of explosives and drugs of abuse from human skins [38]. With DESI 

spray directed onto the finger of a person, antihistamine Loratadine became detectable about 

40 min after the tablet was taken and remained detectable for another 50 min [6]. The rapid 

evaporative ionization mass spectrometry (REIMS) allows in vivo, in situ mass 

spectrometric tissue analysis, based on phospholipid distribution in different tissues [39]. 
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Identification was performed by a combination of principal component analysis (PCA) and 

linear discriminant analysis (LDA), and the identification accuracy was better than 97% 

using a spectral database collected from various tissue species. After an initial use for animal 

tissue analysis, REIMS was later applied to human tissue diagnostics by coupling with 

electrosurgery, known as the intelligent knife (iKnife) [40]. For the data collected during a 

total of 81 resections, tissue diagnostics by intraoperative REIMS matched the postoperative 

histological diagnosis at 100% accuracy.

With the restrictions on the sample size and shape removed with ambient ionization, 

imaging analysis can be achieved with raw samples of large sizes to obtain highly specific 

molecular information in a spatially resolved fashion. DESI has been used in tissue imaging 

with a spatial resolution of at least 200 μm achieved [41] By analyzing lipid profiles, DESI 

imaging has been used to distinguish diseased human tissues from normal controls [42,43]. 

Although many lipid species are common to both types of tissues, their up-or down-

regulation can be directly reflected by the relative intensities, resulting in characteristic lipid 

profiles. Therefore, the lipidomic data collected from DESI imaging could potentially be 

used for disease diagnostics [42].

2.2. Direct quantitation

Mandatory precision and sensitivity are often required for targeted monitoring (second or 

third level in Fig. 1). Doctors in clinic settings reply on quantitative results for decision 

making and disease diagnostics. Personalized medicine and healthcare require the 

identification of inter-person differences that is dependent on quantitative analysis, in 

addition to qualitative profiling, of the biomarkers. An intrinsic advantage of MS is the 

quantitation of a variety of biomarkers at low concentration levels. While semi-quantitation 

can be simply performed by ambient ionization, the use of internal standards (IS) can 

significantly improve the limit of quantitation (LOQ), linear dynamic range, and RSD for the 

analysis. Using salicylic acid isotopologue as the IS, DESI-MS was utilized for the 

quantitation of therapeutic salicylic acid in rat DBS using a three-layer setup for sampling 

[44]. Good correlation was observed between quantitative results by DESI-MS and LC-

MS/MS (Fig. 3a, R2 = 0.9992). DESI-MS was also applied for the quantitation of the active 

ingredient in anti-malarial drug tablets, based on the noncovalent complexes formed 

between alkylamine and artesunate on the drug tablet surface [47]. Artesunic acid-d4 was 

used as the IS deposited on drug tablet surface (in acetonitrile) and let dry under air before 

DESI-MS analysis. Use of IS greatly increased quantitation precision (RSD ∼10%) and 

make it independent of variations in experimental condition. Paper spray MS was used to 

develop a large number of quantitative applications. As an example, concentrations of anti-

cancer drug imatinib in blood was measured using imatinib-d8 as the IS, with the therapeutic 

range fully covered by the linear dynamic range (62.5 ng mL−1∼4 μg mL−1) (Fig. 3b) [48]. 

The liquid extraction-based surface sampling and ionization was demonstrated for the 

analysis of peptides and small-molecule drugs both qualitatively and quantitatively [45]. Fig. 

3c shows the calibration curve for sitamaquine in rat blood (10–10, 000 ng/ml) using 570 

ng/ml sitamaquine-d10 as the IS. Extraction spray, combining extraction and electrospray 

ionization, allowed direct analysis of untreated samples of a volume as low as 0.2 μL (Fig. 

3d) [46]. Analytes within dried samples such as DBS on paper substrates were extracted into 
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an organic solvent inside a nanoESI tube and subsequently ionized by nanoESI. By using 

nanoESI, the spray stability and quantitation performance were improved. LODs for 

therapeutic drugs, pesticides, fungicides, and contaminants can reach as low as 0.05 pg.

In summary, over the past decade, ambient ionization has been greatly advanced in both ion 

source development and practical applications. Qualitative and quantitative analysis can be 

achieved through simplified operation procedures for a wide variety of samples. With direct 

ionization in the open air, samples of various sizes, shapes and conditions (e.g. tissue 

sections, plants, living animals) can be conveniently analyzed. In comparison with plasma-

based method, the ESI-based methods incorporate liquid-liquid or liquid-solid extraction, 

can ionize nonvolatile analytes, and thereby shall be more suitable for analysis of biological 

samples. The chemical specificity can be further improved for ambient ionization through 

on-line reactions, which can enhance the sensitivity of the analysis and will be discussed 

later in this review. The development of ambient ionization has certainly laid a solid 

foundation for in situ, on-site analysis that requires minimal sample workup, while 

miniaturization of mass spectrometers is the other key component for delivering a complete 

miniature analytical system.

3. Miniature mass spectrometry systems

Miniaturization of mass spectrometers has been advancing rapidly in the last two decades 

[14] and is about to make a major impact on the MS instrument products and applications. 

Highly portable mass spectrometers have been developed using small pumping systems 

[23,49–51], compact electronics and miniaturized mass analyzers [49,50]. This type of 

instruments includes the shoebox size Mini 10 of 10 kg [49], Mini 11 of 4 kg [50], a desktop 

size Mini 12 of 25 kg [51], and a backpack miniature MS instrument [23,52]. Analysis by 

miniature MS is expected to play a unique role in bioanalysis in that it allows users such as 

biologists, nurses, physicians to get the MS analysis results at their own benches or desks, 

without a need to send the samples to the analytical laboratories. To achieve this ultimate 

goal, the miniature mass spectrometers should not only be small in size, light in weight, with 

adequate analytical performance, but also with extremely simplified operational procedures. 

Analysis using miniature MS is highly likely for target analytes in target samples, so simple 

analysis procedures as well as fast data processing can be performed for a narrow range of 

analytes in specialized applications. However, the scope of the applications by miniature MS 

by no means is limited to a small number of application types, as long as the simple 

operation and direct result reporting can be developed for each of the target applications. 

The combination of ambient ionization with miniature mass spectrometer certainly plays a 

key role in the development strategy, which however requires an atmospheric pressure 

interface on the miniature mass spectrometers. This can be extremely challenging with the 

pumping systems of small sizes, light weights, simple configurations, and consequently low 

pumping capacities. The discontinuous atmospheric pressure interface was developed to 

solve the problem, which uses a pinch valve to introduce ions from open air intermittently 

(Fig. 4a) [53,54].

Capability of direct analysis of biological samples, such as blood, urine or tissue, would be 

important for using miniature MS systems in POC applications. Disposable cartridge has 
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been developed for use of paper spray in analysis of biofluid samples (Fig. 4b) [51]. A paper 

substrate with a sharp tip was sandwiched into a plastic cassette. The biofluid sample was 

deposited onto the paper to form a dried spot. For the analysis, a solvent of about 10–30 μL 

was deposited into the cartridge, which wetted the paper, extracted the analyte for a spray 

ionization with a DC voltage (∼3 kV) applied. This cartridge has also been used for direct 

analysis of solid samples such as the orange peels containing agrochemical residues. The 

Mini 12 system was a desktop instrument designed for demonstration of the potential POC 

MS analysis, with a series of ambient ionization methods tested [51]. Using the extraction 

spray ionization, therapeutic drugs in blood samples have been analyzed (Fig. 4c) with 

LOQs below 10 ng/mL and RSD better than 10% achieved.

Flexible sampling ionization probes as long as 4 m have been developed for in vivo tissue 

examinations, which can potentially be used for endoscopic examination [55]. A dual-

channel configuration was used in the probe designs, with one channel delivering the 

charged droplets for desorption ionization (as in DESI) and the other one for transferring the 

ions back to the mass spectrometer. An integrated miniature system with such a probe has 

also been developed [56]. A flexible and light-weight sampling probe was integrated into a 

modified Mini 10 (Fig. 4). The system was tested by analyzing tissue samples such as those 

from rat brain and lung, and different lipid profiles were obtained (Fig. 4f, 4g).

Although a significant effort has been put into the miniaturization of the mass spectrometers, 

as products the small instruments are still at their infancy stage. Novel but non-conventional 

approaches, such as the discontinuous atmospheric pressure interface or the sampling probe, 

enabled the significant reduction of instrument size but would need further improvement to 

make the integrated instrument package robust for daily use. The MS/MS capability, 

important for ambient ionization, could also compensate for the compromise in mass 

accuracy or mass resolution.

4. Future challenges and solutions

The integration of the ambient ionization and miniature mass spectrometer for direct 

sampling analysis represents a major direction in future MS instrumentation for in-situ and 

POC applications. It is worth noting that ambient ionization methods, most of which have 

been developed using commercial instruments, may not be directly transferrable to miniature 

MS systems and an adaptation might be required at different levels. As one of the most 

studied ambient ionization methods, DESI has been applied in various applications, such as 

high-throughput analysis [11,12,57], reaction monitoring and mechanistic studies [58–60], 

and bio-imaging [27,28,32]; however, the high flow rate of the nebulizing gas represents a 

significant difficulty for practical implementation with a miniature MS system to be 

operated in a physician's office. However, with the design of the probe utilizing the 

nebulizing gas as the carrier gas for transferring the ions back from tissue sample, the 

miniature MS system for potential endoscopic examination was developed [56]. The low-

temperature plasma (LTP) probe [21] uses no solvent and low flow rate (0.4 L/min) for the 

discharge gas, and therefore could be suitable for portable MS systems. The alternative 

configurations recently developed [23,52] really made the LTP much more feasible for use 

with in-field analytical systems such as the backpack MS instrument. Paper spray has being 
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widely applied in the direct analysis of biological samples including tissues [61], serum [62], 

and whole blood [63], as well as high-throughput analysis [64]. With the design of 

disposable cartridges, POC therapeutic drug monitoring can now be readily implemented 

with miniature MS systems [51].

Compatibility of disposable sample cartridges or sampling kits should be one of the major 

considerations for selecting ambient ionization methods for in-situ and on-site applications 

using miniature MS systems. Paper spray has been demonstrated as a good method for 

analysis of dried sample spots made from biofluid samples of small amounts (lower than 10 

μL), which can be taken using minimally invasive methods. A recent improvement of paper 

spray used a capillary emitter in conjunction with a paper substrate, which is easier for mass 

production of the cartridge and makes the paper spray concept compatible with more types 

of mass spectrometers using different atmospheric pressure interfaces (Fig. 5a, b) [65]. 

Similar with extraction spray, the use of a glass tip made the spray current much more stable 

than the originally cut paper tip. This was shown to be critical for miniature MS instruments 

to obtain good precision in quantitation.

For direct analysis of biofluid samples in liquid forms without making them into dried 

sample spots, slug flow microextraction (SFME) nanoESI (Fig. 5c) represents an easy means 

of real time extraction and ionization for MS analysis using lab-scale (Fig. 5d) [66] or 

miniature mass spectrometers [67]. A liquid-liquid extraction was performed in a nanoESI 

tube between the biofluid sample and an organic solvent. An efficient extraction and mixing 

of IS or reagents for on-line derivatization were facilitated by the slug motions of the liquid 

plugs. Enzymatic reactions in blood could also be monitored using the SFME nanoESI. The 

microextraction prior to nanoESI could certainly help to minimize the contamination of the 

MS instruments. As expected, the extraction process would work more efficiently for the 

analytes of lower polarity; however, relatively polar compounds, such as benzoylecgonine, 

could also be detected at good LOD (0.1 ng/mL) [66], since relatively higher ionization 

efficiency could be obtained with subsequent nanoESI process.

Based on our past experience with LTP, paper spray, extraction spray or slug flow 

microextraction nanoESI, the transfer of an ambient ionization method from lab-scale MS 

systems to miniature MS systems can result in a 10-time loss in sensitivity. A variety of 

different methods can be sued for improvements. For instance, use of silica-coated paper 

allowed a sensitivity increase of one order of magnitude for paper spray, which has been 

demonstrated with both commercial triple quadrupole and home-built miniature mass 

spectrometers [68]. Application of a cleaning procedure for the paper substrate has also 

helped to reach a better LOQ for quantitation of drugs of abuse [69]. On-line chemical 

derivatization is another effective way of increasing the specificity as well as the sensitivity 

for direct analysis. This has been demonstrated with the Schiff base reactions for analysis of 

anabolic steroids in urine samples using DESI [70] or slug flow microextraction nanoESI 

(Fig. 5e, f) [66], charge labeling reaction by betaine aldehyde for analysis of cholesterol in 

serum using DESI [71] or paper spray [72]. Reactions with cyste-amine was also used for 

direct analysis of quinones in urine, serum and cell culture medium [73]. The recent studies 

on the acceleration of the reaction in charged droplets [74–76] have a huge implication to the 

future development of ambient ionization methods with on-line derivatizations incorporated.
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Development of miniature MS systems with direct sampling ionization capabilities no doubt 

will have a significant impact on the medical diagnostics and other regulatory applications, 

which have mandatory criteria for quantitative performance of the analytical systems and 

methods. The traditional quantitation method used for MS analysis involves internal 

standards and MRM (multi-reaction monitoring) analysis. In direct analysis of raw samples 

using ambient ionization, use of external calibration is simple and might work well for some 

of the applications, but incorporation of internal standards is expected to be and has been 

demonstrated to be more reliable for providing accurate quantitative results [8]. Accurately 

adding IS into samples of small amounts while keeping the entire procedure simple can be 

extremely challenging, since traditional lab techniques may not be used. This can be and 

needs to be one of the most innovative fields in future development of ambient ionization for 

on-site analysis. Some methods have been explored, with promising results obtained. 

Preprinting IS compounds on paper substrates has been tried for quantitation using paper 

spray MS, with good quantitative performance (RSD = 8%) achieved [77]. However, 

dedicated sample deposition was required, which can be challenging for routine use by non-

expert users. In another work, capillaries pre-coated with IS was used to achieve accurate 

aspiration and deposition of liquid samples while mixing the IS into the samples 

automatically (Fig. 6a,b) [78]. The collected sample was then deposited on a paper substrate 

for subsequent analysis. Since the amounts of both IS and the sample were determined by 

the capillary volume, excellent quantitative performance (RSD < 5%) was obtained, at a 

sample volume as low as 1 μL.

As consistently stated in the review, the future applications for the miniature MS systems are 

expected to be mainly for target analysis. However, the actual chemical and biological 

markers each can be a single compound or a suite of compounds. One example is the direct, 

quantitative profiling of a panel of 10 acylcarnitines that can serve as biomarkers for the 

fatty acid oxidation disorders. Paper spray was used with a triple quadrupole instrument 

running multiple MS/MS scans for the profiling [62]. When transferring this type of 

applications to miniature MS systems, relatively high speed MS/MS scan is highly desirable. 

Currently it takes about 1s for the Mini 12 system to run a single MS/MS scan, which is 

quite acceptable for analyzing a single compound in any POC application. The relatively 

long scan time, in comparison with 0.1s for commercial lab-scale instrument, is due to the 

elevation of the pressure in vacuum chamber after each ion introduction and a delay time of 

about 500 ms for the vacuum recovery. The ions were trapped at high pressure (∼100 mTorr) 

and subsequently analyzed at low pressure (∼1 mTorr). A new design with dual linear ion 

traps has been developed for future miniature MS systems operating with ambition 

ionization sources (Fig. 5c) [79]. The first ion trap was used to store ions of all the 

biomarkers introduced all at once, and then the ions of each species were sequentially sent to 

the second ion trap for MS/MS analysis. Duty cycle close to lab-scale mass spectrometers 

has been achieved. The additional advantage of this design is the improved quantitation 

precision, since the ions of the analyte and its internal standard to be mass analyzed could 

always be introduced into the mass spectrometer at the same time.
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5. Conclusions and perspectives

Miniature MS systems with ambient ionization capability can be a powerful tool for POC 

analysis and their applications in biomedical arena is promising and exciting. The ease of 

implementing and using these systems for on-site analysis by non-expert users will bring a 

paradigm shift in the future MS applications. Although ambient ionization methods have 

been explored for direct analysis of large molecules such as proteins [80,81], the 

applications immediately suitable for the POC MS systems might involve only organic 

metabolites and lipids. Effective real-time extraction from biological samples and 

subsequent ionization at relatively high efficiency have been well demonstrated with a 

variety of ambient ionization methods [45,66]. The circulating proteolytic products in 

biofluids [82] might also become suitable biomarkers for screening by the small MS 

systems. The spray-based methods, in comparison with plasma-based ones, might be of an 

advantage for the ease of extraction and ionization of biomolecules.

The performance of the future miniature mass spectrometers designed for the on-site 

analysis may not be judged by the criteria set for in-lab large instruments. It would be 

necessary to increase the m/z range of the current Mini 10 for analysis of lipids or peptides. 

Implementation of the characteristic MS/MS transitions identified for the target analytes into 

the analysis would significantly increase the specificity, which otherwise however might be 

compromised due to the relatively low mass resolution and accuracy of the miniature MS 

systems. “Adequate performance”, instead of “ultimate high performance”, should be the 

key strategy for system design for achieving a balance among the size reduction, ease of use 

and required specification.
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Fig. 1. 
Three levels of chemical analysis by ambient mass spectrometry.
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Fig. 2. 
Direct bioanalysis of samples by ambient ionization and MS. (a) Direct analysis of the anti-

cancer drug camptothecin and its derivative in Nothapodytes nimmoniana by DESI-MS. (b) 

DESI-MS spectrum of N. nimmoniana bark chip (Reprinted with permission from [29], 

Royal Society of Chemistry) (c) Biological tissue diagnostics by needle biopsy and tissue 

spray. (d) Characteristic lipid profile of a cancer tissue of human kidney. (Adapted with 

permission from [33], American Chemical Society) (e) Schematic of in vivo analysis of 

mice liver by PESI-MS. (Adapted with permission from [34], Elsevier).
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Fig. 3. 
Quantitative analysis by ambient ionization-MS. (a) Good correlation between DESI-MS 

and LC-MS/MS quantitative results of SA in rat DBS using the three-layer setup (Reprinted 

with permission from [44], Elsevier) (b) Calibration curve of sitamaquine in rat blood (10–

10, 000 ng/ml) using 570 ng/ml sitamaquine-d10 as the IS. (Reprinted with permission from 

[45], Wiley) (c) Calibration curve for the analysis of sitamaquine in rat blood by liquid 

extraction-based surface sampling and ionization using sitamaquine-d10 as the IS. 

(Reprinted with permission from [45], Wiley) (d) Calibration curve for analysis of 

amitriptyline in blood samples using extraction spray, MRM transition m/z 277 to 223 for 

amitriptyline and m/z 283 to 223 for internal standard amitriptyline-d6 (200 ng/mL), 0.2 μL 

blood used for DBS, 10 μL methanol for extraction and spray. (Adapted with permission 

from [46], The Royal Society of Chemistry).
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Fig. 4. 
DAPI interfaced with Mini 12 and Mini 10 equipped with a sampling probe for bioanalytical 

applications. (a) DAPI interfaced to a miniature RIT mass analyzer. (Reprinted with 

permission from [14]) (b) Mini 12 PS-MS system. (c) Analysis of 50 ng of amitriptyline in 

blood by PS-MS/MS on Mini 12. (d) Calibration curve for quantitation of amitriptyline in 

blood by extraction spray ionization using amitriptyline-d6 as the IS. (Adapted with 

permission from [51], American Chemical Society) (e) Schematic of the miniature MS 

system with an integrated sampling probe. (f, g) Direct analysis of tissue sections of rat brain 

(f) and lung (g) by the miniature MS system equipped with a 1.5 m long sampling probe. 

(Reprinted with permission from [56], American Chemical Society).
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Fig. 5. 
Techniques developed to simplify, improve, and speed up qualitative and quantitative 

bioanalysis by miniature-MS. (a) Paper-capillary spray capable of direct MS analysis of 

biofluids. (b) Calibration curve of sitagliptin in bovine whole blood, established using 

Mini12 and paper-capillary spray (Adapated with permission from [65], Springer). (c) 

Sample extraction by slug-flow microextraction (SFME) in a nESI tube, followed by 

nanoESI-MS analysis. (d) MS/MS analysis of 50 ng mL−1 benzoylecgonine in 5 μL urine. 

(Adapted with permission from [66], Wiley). (e) Reactive SFME-nanoESI with a reagent 

plug injected between the biofluid sample and the extraction solvent. (f) MS/MS spectra 

from direct and reactive SFME-nanoESI analysis of 200 ng mL−1 epitestosterone in 

synthetic urine (5 mL water containing 50 mm hydroxylamine was used as the liquid reagent 

plug, Adapted with permission from [66], Wiley).
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Fig. 6. 
Internal standard introduction technique and dual trap design to enhance the performance of 

the miniature MS system. (a) Development of a simple, accurate and reproducible IS 

introduction and sample deposition using a capillary sampler (0.4 mm i.d., about 8 mm 

long). The capillary is filled with IS solution via capillary action. After drying in the air an 

IS coating is formed on the inner surface. The IS-loaded capillary was then used for blood 

sampling and deposition, during which the analyte is pre-mixed with the IS before MS 

analysis. (b) Analysis of imatinib in blood (10–4000 ng/mL) by PS-MS, where the capillary 

sampler was coated with imatinib-d8 as IS (Reprinted with permission from [78], American 

Chemical Society). (c) Dual linear ion trap MS equipped with DAPI (DAPI-QLIT-RIT) for 

MS analysis. Analysis of a analyte mixture containing 1 mg mL−1 clenbuterol, 1 mg mL−1 

amitriptyline-d6, 200 ng mL−1 amitraz, 500 ng mL−1 cystine and 500 ng mL−1 cocaine. 

Insets for MS/MS spectra of cystine, cocaine, clenbuterol, amitriptyline-d6, and amitraz in 

the mixture. (Reprinted with permission from [79], Royal Chemical Society).
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