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In recent years, mass spectrometry (MS) is increasingly attracting interests for clinical applications,
which also calls for technical innovations to make a transfer of MS from conventional analytical labo-
ratories to clinics. The system design and analysis procedure should be friendly for novice users and
appliable for on-site clinical diagnosis. In addition, the analysis result should be auto-interpreted and
reported in formats much simpler than mass spectra. This motivates new ideas for developments in all
the aspects of MS. In this review, we report recent advances of direct sampling ionization and miniature
MS system, which have been developed targeting clinical and even point-of-care analysis. We also
discuss the trend of the development and provide perspective on the technical challenges raised by

diseases such as coronavirus SARS-CoV-2.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry (MS) is a powerful analytical technology
with high sensitivity and high specificity. For over a century, MS
system has evolved as a major tool in analytical chemistry for
manipulating ions and analyzing chemical and biological species.
Analyte ions are processed in the electromagnetic fields of a mass
spectrometer to measure their mass-to-charge ratio (m/z), while
fragmentation information of the ions can facilitate structure
identification and confirmation via tandem mass spectrometry
(MS/MS). Owing to the high specificity and high sensitivity, the
scope of MS is extended to the field of clinical applications in past
decades [1—4]. Since then, MS is increasingly applied to deal with
clinical samples containing complicated matrices, such as tissues
[5] and biofluids [6], and provides high-quality quantitative anal-
ysis even at low concentrations.

In analytical laboratories, MS is often regarded as a universal
tool, applicable for any possible applications. To extract more
sample information from an unknown sample, the sample has to
be subjected to various separation and extraction treatments, such
as gas chromatography (GC) [7] and liquid chromatography (LC)
[8], prior to the MS analysis. The MS systems employed are
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expected to have higher resolutions, wider mass ranges, in addi-
tion to higher sensitivities. While the LC-MS method has been
regarded as a gold standard in analytical laboratories. However,
the rigorous sample preparation or purification processes required
in the chromatography-based methods are labor- and time-
consuming and the dedicate equipment that can provide high-
performance analysis required are expensive. These limitations
mean that the gold-standard LC-MS method is unsuitable for the
real-time on-site clinical testing.

Technical barrier and high cost of MS are two major difficulties
for its on-site clinical translation. During the past two decades, two
remarkable techniques, ambient ionization [9—11] and miniature
MS [12,13], emerged and their combination became a major solu-
tion to point-of-care (POC) MS analysis. The concept of ambient
ionization was introduced as a solution for direct mass analysis
with minimal sample preparation. This appeared and evolved
independently from miniaturization of mass spectrometer; how-
ever, it had a significant implication to the research direction for
miniature MS systems. If the focus of the traditional MS is to make
MS a versatile tool, applicable for any fields of study, the goal of the
miniature MS system is, or should be to allow the MS to be applied
anywhere and by anybody who needs an answer related to
chemical analysis right away. Here, we review recent advances on
clinical MS and discuss its application potential for on-site testing.
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2. MS analysis using ambient ionization: transferring MS
from laboratories to clinics

In the early 2000s, ambient ionizations [9—11], including
desorption electrospray ionization (DESI) in 2004 [14] and direct
analysis in real time (DART) in 2005 [15], were introduced to enable
direct sampling ionization of biological samples in their native
environment without pretreatment. For the first time, complex
mixtures, such as whole blood, urine and tissue samples, can be
analyzed on-site directly without the need of sample preparation
and chromatographic separation. Ambient ionization MS is,
therefore, widely employed for analysis of therapeutic drugs, me-
tabolites, and other bioactive species in biofluids. This technology
has advanced rapidly in the last decade and presented a huge
implication on transferring MS technology to non-expert users,
such as nurses and physicians for clinical and POC disease diag-
nosis. For instance, towards rapid quantitative analysis, a series of
direct sampling methods have been developed [16—18], including
paper spray (PS) [19,20], extraction spray [21], and slug flow
microextraction [22]. For instance, paper spray has shown a good
performance in analysis of therapeutic drug monitoring, especially
for those in whole bloods [23], dry blood spots [24], and urines [25].
The raw samples are first deposited onto a triangle paper substrate;
then, by using a small amount of solvent and a high voltage, ana-
lytes in samples are desorbed and ionized through spray. A paper-
based immunoassay platform that can generate stable and cleav-
able ionic probes as mass reporters has also been developed [18].
Patient-friendly MS analysis of specific biomarkers has been ach-
ieved with a high sensitivity. Note that ambient technologies used
for chemical analysis have been extensively reviewed in literatures
[26—29]. This review will focus on the translation of the direct
sampling method for on-site clinical use.

Ambient MS produces minimal damages to the sample, which
also shows exceptional potential for tissue analysis. For instance,
DESI is one of the ambient ionization methods mostly employed for
this purpose. DESI employs a spray of charged micro-droplets to
form a thin solvent film to extract the analytes from the sample,
which are subsequently desorbed and ionized in the gas phase.
DESI is powerful for molecular profiling in tissues and has been
used for ex vivo cancer diagnosis and surgical margin evaluation of
tissue sections and tissue smears [30]. Recently, a direct sampling
probe, named MassSpec Pen [31], was developed to further enable
on-site tissue profiling. Real-time nondestructive sampling and
molecular diagnosis of tissues have been achieved (Fig. 1a) [32]. The
probe used water droplets to extract the sample analytes, thereby
enabling gentle and controllable MS analysis of the tissue samples.
From the optical images of a lung adenocarcinoma tissue sample,
no observable damage to the tissue could be found before, during,
and after the MasSpec Pen analysis (Fig. 1b). Abundant information
including diagnostic metabolites, lipids, and proteins were ob-
tained (Fig. 1c). Every three mass spectra were averaged for sub-
sequent data processing processes. Through statistical analysis of
human normal and cancerous tissue samples from 253 patients (95
lung samples, 57 ovary samples, 56 thyroid samples, and 45 breast
samples), prediction of cancer with high sensitivity and specificity
has been achieved. A rapid evaporative ionization MS (REIMS)
method [33,34], also known as the intelligent knife (iKnife) [35],
was also developed for the chemical analysis of electrosurgery-
generated aerosols (Fig. 1d). The surgical aerosol is generated
directly from tissue surfaces using standard electrosurgery devices.
Through the analysis of dysregulation of lipid metabolism, suc-
cessful discrimination of cancer from normal tissue at different
tumor sites including the brain, breast, colon, ovary, and cervix
have been achieved (Fig. 1e). A hand-held mass spectrometry
desorption probe using picosecond infrared laser (PIRL) was
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developed to couple with an optical surgical tracking system
(Fig. 1f) [36]. This direct sampling MS system enabled in situ tissue
pathology and the histopathological analysis of neuronal tissues in
a mouse model showed comparable results between PIRL and the
surgical scalpel method (Fig. 1g). Rapid classification of medullo-
blastoma subgroups based on small molecule signatures have been
achieved subjected to 10- to 15-s principal component analysis of
PIRL-MS data [37,38].

3. Mass spectrometry imaging (MSI) of tissues using direct
sampling

In addition to the molecular information of MS analysis, mass
spectrometry imaging (MSI) further offers the information of
spatial distribution of the molecules in tissue [39]. This additional
information could facilitate the division of the diseased and normal
tissue and shows value for clinical use. For instance, in brain tumor
surgery, MSI can guide accurate delineation of tumor boundaries to
perform maximal tumor resection while preserving brain function.
Methods most employed for MSI for clinical samples include DESI
[40,41], laser desorption ionization (LDI) [42], and more [43]. As a
direct sampling ionization method, DESI-MSI has been used to
visualize the tumor grades, tumor cell concentrations, and the
definition of margins as the tumor infiltrates into surrounding
normal brain (Fig. 2a) [40]. As shown in Fig. 2a, Positions A and B,
classified as grade III, are from the margins of the tumor, while
position C and D, classified as grade II, are from the tumor mass
center. Using principal component analysis, normal, tumor, and the
margins of the tumor can be further differentiated (Fig. 2b) [41].
Through analysis of lipids and metabolites, DESI-MSI has also been
successfully identified a common skin cancer, basal cell carcinoma
(BCC), and distinguish them from adjacent normal skin (Fig. 2c)
[44]. Using gas flow assisted DESI-MSI (Fig. 2d), tumor-associated
metabolites from 256 esophageal cancer patients were identified
[45]. From the MS images of both positive (case iv) and negative ion
modes (case v), cancer (red), epithelial (green) and muscular re-
gions in esophageal squamous cell carcinoma (ESCC) tissues were
discriminated via partial least squares discriminant analysis.
Isomeric structures of lipids, such as C=C bond positional isomers,
could reveal information of diseases. C=C bond positions could be
identified through fragmentations, such as ozone-induced disso-
ciation [46], reaction-based dissociation [47,48], and ultraviolet
photodissociation [49], and derivations, such as Paterno-Blichi [50],
ozonolysis [51], epoxidation [52], and thiol-ene reactions [53].
Together with tandem MS and MSI, MS?], it revealed the spatial
localization of isomeric lipids in biological systems otherwise
invisible with traditional MSI. As shown in Fig. 2e, MS image of lipid
hydroperoxides (LOOH), indicated that PC 34:1 (LOOH) was
enhanced in the gray matter (case ii); however, MS?l indicated that
more 9A isomer than the 11A isomer existed in the white matter
(cases iii and iv) [54].

Matrix-assisted laser desorption ionization (MALDI) is another
soft ionization method, which has been widely used for imaging
clinical samples [55,56], such as metabolites in single cells [57] and
drug release in tissues [58]. The matrix compounds absorb the
energy from the laser to ionize the sample analytes. However, the
matrix may complicate the sample preparation process and result
in spectral interferences in the low mass range; hence, great efforts
have been done to enable matrix-free LDI through approaches such
as nanostructures [59,60] and nanoparticles [61]. For instance, an
antireflection (AR) material was used to fabricate micro- and
nanostructures on a copper substrate, which achieved a UV ab-
sorption up to 97% and a high light-to-heat conversion efficiency
for LDI-MS analysis [62]. Using polydopamine (PDA)-coated AR
surface on a polished 304 stainless steel (SS), PDA-AR-SS, matrix-
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Fig. 1. Surgical MS systems for intraoperative diagnosis. (a) Schematic of an MasSpec Pen MS system. (b) Optical images of a lung adenocarcinoma tissue sample before, during, and
after using the MasSpec Pen. The inset shows no observable damage to the tissue sample due to the MasSpec Pen. (c) Negative ion mode mass spectrum of the tissue sample using
the MasSpec Pen. Reprinted from Ref. [32] with permission from American Association for the Advancement of Science. (d) Schematic of an iKnife MS system. (e) Classification of
the normal and cancerous cervical tissue via univariate analysis of mass spectra collected by the iKnife MS system. Reprinted from Ref. [35] with permission from National Academy
of Sciences. (f) Schematic of a PIRL MS system. (g) PIRL direct sampling of normal and cancer tissues for in situ pathological MS analysis. Reprinted from Ref. [36] with permission

from The Royal Society of Chemistry.

free LDI-MSI of around 30 lipid species of mouse brain tissues was
performed with a spatial resolution of 50 um (Fig. 3a) [63]. The
method was applied to determine mouse fatty liver disease by
monitoring the abundances and distributions of triacylglycerols
and glycerophospholipids. Dramatic differences in lipid profiles
have been found between the obese (Fig. 3b) and the normal mice
(Fig. 3c). Alternatively, excitation of endogenous water molecules as
matrix has been used for fast ex vivo LDI-MSI diagnosis of sarcomas
[64]. The MSI system, called SpiderMass, included an optical fiber
(red line, Fig. 3d) for and a handpiece for sampling and an ion
transfer line foe collection of the ions for MS analysis (blue line,
Fig. 3d). Normal region and cancer were discriminated via MS im-
aging of specific biomarkers, e.g., m/z 895.75 (Fig. 3e) and 790.65
(Fig. 31).

4. MS miniaturization: a necessary step to on-site
applications

Miniature MS systems are designed to perform on-site bio-
analysis distinct from those done in laboratory environment. Dur-
ing the clinical translation, the end user of a miniature instrument
could be a nurse or a physician rather than an analytical chemist.
Miniature MS systems are, therefore, expected to be adequately
small to fit on the scenario in clinics and simple enough for the end
users without analytical trainings. The small systems could auto-
matically take raw samples, such as biofluids and tissues, and
generate the analytical reports understandable to the end users,
instead of MS spectra or chromatograms. Other than the clinical
use, miniature MS has also been widely used in on-site applications,
such as environmental monitoring [65], food safety [66,67],
homeland security [68,69], and space exploration [70,71].

The development of miniature MS systems has experienced
three stages. The first one is the miniaturization of mass analyzers.
For instance, geometrical optimization of the original quadrupole
ion trap leads to the generation of cylindrical ion trap (CIT) [72,73],
linear ion trap (LIT) [74], rectilinear ion trap (RIT) [75], and toroidal
ion trap (TIT) [76]. The second stage aims on make a small instru-
ment, where all the components, such as the ionization source,
mass analyzer, and pump are integrated into a small compartment,
such as the Mini 10 [77], Mini 11 [78]. The box-size Mini 10 system
weighted 10 kg and dimensions of 126 x 86 x 7.5 in.
(length x width x height) and the Mini 11 weighted 5 kg and
smaller dimensions of 8.6 x 4.7 x 7.1 in. However, accompanied
with the size miniaturization, the analytical performances of a mass
spectrometer were compromised. To meet the demands of clinical
and POC applications, a POC Mini 12 system [79], as a representa-
tive third-stage prototype, was developed, where the entire MS
system and analytical procedure were both miniature. The Mini 12
desktop had sizes of 19.6 x 22.1 x 16.5 in., a little larger than the
Mini 10 and Mini 11, weighed 25 kg and consumed a power of less
than 100 W. By coupling with an ambient ionization source, paper
spray cartridge, it could perform MS and MS/MS analysis of organic
compounds in complex samples. Recently, on the basis of the Mini
12 system, its analytical performance was further strengthened
with a configuration of dual linear ion traps (dual-LIT) system, also
known as Mini § (Fig. 4a) [80]. The dual-LIT system had similar
sizes and weight as the Mini 12 system; however, the latest dual-LIT
system allowed ion processing between the two LITs, thus enabling
comprehensive scan modes for tandem MS analysis. For instance,
MS/MS analysis could be performed in either of the dual LITs, thus
enabling multiple MS/MS analysis, e.g., the MS? to MS* in the dual-
LIT system (Fig. 4b). Triple quadrupole function, multiple-reaction
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Fig. 2. (a) Glioma tumor cell concentration (upper) and grade classification (lower) visualized by using segmented preoperative 3D MRI volume reconstruction. Tumor volume is
marked in light purple. Reprinted from Ref. [40] with permission from National Academy of Sciences. (b) Chemical predictions of disease state by using principal component
analysis. Reprinted from Ref. [41] with permission from National Academy of Sciences. (c) Optical and MS images of skin sections containing miniscule basal cell carcinoma (BCC)
aggregates. BCC regions are marked in red. Reprinted from Ref. [44] with permission from National Academy of Sciences. (d) Optical and MS images in heterogeneous ESCC tissue: (i)
optical image, (ii) MSI of glutamate, (iii) optical and MSI overlayed, classifications of the cancer (red), epithelial (green) and muscular tissues (blue) in (iv) positive and (v) negative
ion modes. Reprinted from Ref. [45] with permission from National Academy of Sciences. (e) Optical and MS images of rat cerebellum: (i) optical image, (ii) MSI of PC 34:1 (LOOH),
and MS2I of two C=C bond positional isomers, iii) 11A/(9A+11A) and iv) 9A/(9A+11A). Reprinted from Ref. [54] with permission from Wiley-VCH.

monitoring (Fig. 4c), has also been achieved. As shown in Fig. 4c, the
protonated imatinib, m/z 494 and m/z 502, were sequentially
transferred from LIT 1 to LIT 2, during which beam-type MS/MS
analysis was performed to obtain the fragment ion, m/z 394.
Additionally, using a dynamic gas flow introduced by the discon-
tinuous atmospheric pressure interface (DAPI), the dual-LIT system
could perform ion mobility analysis by using the existing mass
analyzers without complicating the overall instrument configura-
tion [81]. Conformers of cytochrome c ions at different charge
states were separated according to their collisional cross-sections
(Fig. 4d). Generally, MS systems are operated in a well-controlled
environment and standard analysis protocols as in laboratory.
However, for on-site analysis using miniature MS systems, envi-
ronmental conditions such as temperature, humidity, vibration,
and air pressure may cause fatal effects on the performance of mass
spectrometers. A mini 14 system capable of automatically adapting
to complex conditions for on-site and POC analysis was developed
[82]. Using machine learning, the Mini 14 system was able to
establish a model for autocorrecting the mass offsets due to tem-
perature variations from 0°C to 60°C (Fig. 4e). In addition, a gas
leaking method was also developed to allow flexible real-time
adjustment of gas pressure for MS and tandem MS analyses [83].
The intelligent MS system with comprehensive scan modes facili-
tated high-quality qualitative and quantitative analysis of clinic
samples, such as drugs in biofluids and biomarker analysis. For
analysis of peptides as potential biomarkers, a calibration curve was
established for Met peptide by using 100 ppb of trypsin digested
mouse liver protein (MLP) as background peptides (Fig. 4f) [84]. The
Met peptide concentration varied from 50 nM to 5 uM and a good

linearity was observed throughout all concentrations with R-
squared values > 0.99.

The latest miniature Mini MS systems, such as the Mini 12 [79]
and the dual-LIT MS [80], present a huge opportunity for POC ap-
plications [85,86]. Unlike unknown profiling using lab-scale in-
struments, the POC miniature MS systems aim on targeted analysis,
such as analyzing biomarkers directly from biological samples, and
the whole analysis procedures are technically accessible to nurse
and physician in office or the patients themselves. For instance, a
stainless-steel sampling probe was developed for direct sampling
of organ tissue. The probe was also be used as an ionization source
of the Mini 12 MS system for fast analysis of metabolite biomarkers,
2-hydroxylglutarate (2-HG), for clinical diagnosis of glioma (Fig. 5a)
[87]. The 2-HG had a significant increase in glioma tissue with
isocitrate dehydrogenase (IDH) mutation; hence, fast analysis of 2-
HG in glioma tissue allows real-time surgery decision making. For
the glioma (IDH1 mutant, grade IV) sample, a significant peak of 2-
HG was detected at m/z 147 in the MS spectrum (Fig. 5b), while the
peak at m/z 147 was negligible in the control (Fig. 5¢). Tandem MS
analysis of the m/z 147 further confirmed the presence of 2-HG in
the glioma tissue sample (Fig. 5d). The concentration of 2-HG was
used to calculate IDH mutation scores, which could facilitate the
accurate determination of IDH mutation status. From Fig. 5e, it was
observed that IDH mutant with high tumor cell percentages had a
much higher score than the IDH wild-type samples [88,89]. As
another example, POC analysis of protein biomarkers, such as ESAT-
6, was performed by coupling a high-temperature micro-reactor
with a miniature dual-LIT MS system (Fig. 5f) [90]. The ESAT-6 is a
biomarkers of Mycobacterium tuberculosis (Mtb) infections for the
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diagnosis of tuberculosis (TB) disease. From the mass spectrum, the
small protein, ESAT-6, had a charge state distribution centered
at +8 (Fig. 5g). After high-temperature hydrolysis using the micro-
reactor for 2 min, some major peptide fragments of ESAT-6 were
observed, e.g., m/z 944, m/z 949 and m/z 1181 (Fig. 5h).

5. MS solution to the challenge of pandemic diseases

Since its outbreak in 2019, an epidemic disease, COVID-19
caused by the SARS-CoV-2 coronavirus, has become a severe pub-
lic health concern worldwide. SARS-CoV-2 has high transmission
rate and mortality rate and has a long incubation period prior to
visible symptoms; hence, timely detection of SARS-CoV-2 is thus
critical for the control of the spread of the disease. In response to
the unknown challenge, MS provides its solution as a comple-
mentary approach to the mostly employed polymerase chain re-
action (PCR) method.

MS analysis of potential biomarkers, including characteristic
proteins [91—94], lipids, and metabolites [95—97], have been found
to be effective for the diagnosis of SARS-CoV-2. For instance, a
MALDI-MS platform was developed for detecting proteomic features
that could be used for pathogen identification of large-scale SARS-

CoV-2 cases (Fig. 6a) [93]. Nasal swab samples collected from 362
patients with 211 positive and 151 negative, confirmed by the PCR,
were processed by the MALAI-MS analysis. The obtained spectra
were then trained through machine learning to identify positive
(Fig. 6b) and negative groups (Fig. 6¢). Machine learning revealed an
accuracy of 93.9% with 7% false positives and 5% false negatives. An
LC-MS platform was also used to identify proteomic and metabolic
signatures in sera and obtained an accuracy of 93.5% with a training
set of 31 patients [96]. By using a MasSpec Pen probe to extract lipids
and metabolites in nasopharyngeal swabs, MS-based diagnostic
results could achieve a cross-validation accuracy up to 89.6% [95].
The spike (S) protein of SARS-CoV-2 has been found to be critical for
viral binding and infectivity. Using top-down and ion mobility
analysis, the structures of intact O-glycan proteoforms on the S
protein regional-binding domain (RBD) has been elucidated, which
reveals potential relation between the heterogeneity of O-glycans
and SARS-CoV-2 S protein RBD variants (Fig. 6d) [94]. Direct sam-
pling ionization can minimize the efforts in sample preparation to
allow rapid diagnosis of SARS-CoV-2. Using paper spray, diagnostic
MS results based on the analysis of lipids and metabolites can be
achieved within 1 min (Fig. 6e) [97]. Using a robotic handler, SARS-
CoV-2 samples were treated automatically to enable MS analysis of
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of the Mini 14 system with intelligent adaptability for on-site and POC analysis. Reprinted from Ref. [82] with permission from American Chemical Society. (f) Quantitation analysis

of the Met peptide. Reprinted from Ref. [84] with permission from American Chemical Society.
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Fig. 5. Application demonstrations of miniature MS systems. (a) Direct analysis of glioma tissues using a sampling probe and Mini 12 MS system. Mass spectra of 2-HG in the (b)
glioma tissue and (c) normal brain tissue. (d) Tandem MS spectra of the 2-HG for the glioma tissue. Reprinted from Ref. [87] with permission from American Chemical Society. Box-
and-whisker plot of IDH mutation scores in IDH mutant (11 samples, red) and IDH wild-type glioma tissues (16 samples, black). Here, boxes show median, lower, and upper
quartiles, and whiskers are at minimum and maximum values. Reprinted from Ref. [88] with permission from Springer Nature. (f) Analysis of ESAT-6 by high-temperature hydrolysis
and a miniature dual-LIT MS system. Mass spectra of ESAT-6 (g) before and (h) after the high-temperature hydrolysis. Characteristic peptides of ESAT-6 are marked in dark blue.

Reprinted from Ref. [90] with permission from The Royal Society of Chemistry.
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Fig. 6. MS platforms for SARS-CoV-2 diagnosis. (a) Scheme for SARS-CoV-2 detection by using MALDI-MS. Characteristic mass spectra of (b) SARS-CoV-2 positive and (c) SARS-CoV-
2 negative. Reprinted from Ref. [93] with permission from Springer Nature. (d) Structural analysis of O-glycans on the S protein RBD. Reprinted from Ref. [94] with permission from

American Chemical Society. (e) Scheme for SARS-CoV-2 detection by using paper spray MS.

more than 500 samples per day [98]. It is also exciting to see that a
Cov-MS consortium, consisting of 15 academic laboratories and
several industrial partners, has been established, promoting tech-
nical translation from analytical laboratories to clinics [99].

6. Conclusion

MS is powerful tool in analytical chemistry and is experiencing a
translation from analytical chemistry to clinical applications.
Ambient ionizations allow biological samples to be sampled
directly in their native environment without pretreatment. Mean-
while, the soft nature of ambient ionization guarantees minimal
destructions to the biological samples and invasions to the patients.
This is a prerequisite that MS technique could be transferred to
non-expert users and used in clinical settings, such as nurses and
physicians in clinical office and operation room. Another difficulty
for the technical translation is the size and mobility of the MS
systems, which prevent the application of MS in on-site scenarios,
such as ambulances and outdoors for POC diagnosis. Miniature MS
systems with an adequate performance can well fill the gap. Instead
of pursuing ultimate high performance as large-scale instruments,
the system design for miniature MS systems is intended to achieve
a balance among the size reduction, ease of use and required

Reprinted from Ref. [97] with permission from The Royal Society of Chemistry.

performance of specific applications. With highly specific molecu-
lar information in hand, miniature MS systems incorporated with
direct sampling methods are expected to provide POC service and
personalized treatment for patients in future.
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