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Abstract

Chemical analysis by analytical instrumentation has played a major role in diseases diagnosis,
which is a necessary step for diseases treatment. While the treatment process often targets specific
organs or compounds, the diagnostic step can occur through various means, including physical

or chemical examination. Chemically, the genome may be evaluated to give information about
potential genetic outcomes, the transcriptome to provide information about expression actively
occurring, the proteome to offer insight on functions causing metabolite expression, or the
metabolome to provide a picture of both past and ongoing physiological function in the body.
Mass spectrometry (MS) has been elevated among other analytical instrumentation because it can
be used to evaluate all four biological machineries of the body. In addition, MS provides enhanced
sensitivity, selectivity, versatility, and speed for rapid turnaround time, qualities that are important
for instance in clinical procedures involving the diagnosis of a pediatric patient in intensive care
or a cancer patient undergoing surgery. In this review, we provide a summary of the use of

MS to evaluate biomarkers for newborn screening and cancer diagnosis. As many reviews have
recently appeared focusing on MS methods and instrumentation for metabolite analysis, we sought
to describe the biological basis for many metabolomic and additional omics biomarkers used in
newborn screening and how tandem MS methods have recently been applied, in comparison to
traditional methods. Similar comparison is done for cancer screening, with emphasis on emerging
MS approaches that allow biological fluids, tissues, and breath to be analyzed for the presence of
diagnostic metabolites yielding insight for treatment options based on the understanding of prior
and current physiological functions of the body.
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Introduction

Modern humans can expect to live longer, healthier lives, due in large part to advancements
in chemical instrumentation that have improved the sensitivity, accuracy, speed, and
accessibility of medical testing.(Wender et al., 2019) Since the 1900s, there has been a
widely reported trend that has shown a ubiquitous increase in life expectancy and life span
equality (Kinsella, 1992; Woolf and Schoomaker, 2019; Aburto et al., 2020). A precipitous
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drop in infantile deaths over the decades has led to a greater equality in life expectancy
across the globe (Aburto et al., 2020).

While there are many factors that have influenced this improved quality of life, the current
review will focus on diagnostic techniques, specifically those advancements in the field of
mass spectrometry that have allowed for enhanced screening for various illnesses at the early
stages of the disease. Early disease detection leads to early treatment, which has been shown
to be one of the most important factors in affecting prognosis. Indeed, when accurate testing
is readily available to patients at the onset of the illness, prognosis and long-term quality

of life for patients suffering from cancer (Houssami et al., 2009; Jang et al., 2018; Hawkes,
2019), Alzheimer’s disease (Chu, 2012; Rasmussen and Langerman, 2019; Al-Chalabi,
2021), Diabetes (Herman et al., 2015; Thornton Snider et al., 2019), cystic fibrosis (Kerem
et al., 1992; Dankert-Roelse and te Meerman, 1995; Dankert-Roelse and Mérelle, 2005;
Breuer et al., 2018), among many others (Geelhoed et al., 2005; Howard, 2005; van der Plas
etal.,, 2011; L& et al., 2018; Sandler et al., 2018), starkly increase.

Some of the diseases that are fatal or are associated with lifelong, uncurable side effects are
those that humans are genetically predisposed to (e.g., cystic fibrosis (Gadsby et al., 2006),
phenylketonuria (Knappskog et al., 1995)), while others are predominantly influenced by
dietary and environmental factors (e.g., emphysema (Taraseviciene-Stewart and Voelkel,
2008), obesity (Wright and Aronne, 2012), certain types of cancer (Godtfredsen, 2005)).
Still, other diseases can arise from the combination of genetic, environmental, and dietary
factors (e.g., diabetes (Riserus et al., 2009; Langenberg and Lotta, 2018) and asthma
(Cockceroft, 2018; Morales and Duffy, 2019)). Genetic diseases are often diagnosed
at-birth, during neonatal screening, whereas other diseases that onset later in life can

be monitored and diagnosed with routine exams. Regardless of the cause of diseases,
whether it be some combination of genetic, environmental, or dietary factors, each is
characterized by an alteration of the body’s biology, which is driven by more fundamental
biochemical deviations. These chemical abnormalities are the targets for current screening
and diagnostic platforms. The targets for various analytical methods differ but must have
direct link to any of the four body machineries, including the genome, transcriptome,
proteome, and metabolome, as illustrated in Figure 1. The metabolome represents the most
downstream stage in molecular biology and thus have higher significance in early disease
detection. Given that each disease manifests itself differently, the associated small molecule
metabolites are also expected to be different, being up or down regulated when compared
with the absence of the diseases. Therefore, there is a great demand for a variety of highly
sensitive and accurate analytical tools to provide rapid screening and accurate detection of
metabolites in various biological samples (biofluids and tissues) for diagnostic purposes.

In general, analytical techniques used for disease screening include visual methods that
are based on chemical tests, assays based on molecular recognition, separation methods
combined with various online spectroscopic techniques, nuclear magnetic resonance, and
mass spectrometry. Perhaps the most common diagnostic tool is the use of colorimetric
detection, including those used to differentiate tissues (specifically the differentiation of
cancerous versus non-cancerous tissues). Recent advances have made great strides in
digitization through the use of artificial intelligence and/or handheld devices, such as
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cellphones (Evered and Dudding, 2011; Holmstrém et al., 2021; Joh et al., 2021; Tang

et al., 2021) that have transformed visual-based analytical methods. Tissue samples can

be taken via biopsies, which may be warranted depending on the preliminary results of
other screening tests, such as radiological tests (e.g., X-ray, ultrasound, magnetic resonance
imaging), colonoscopies, or simple, non-invasive surface inspection (e.g., changes in skin
pigmentation). While the collection of these methods is considered the standard for the
diagnosis of cancer, there are instances where the visual diagnostic methods cannot be made.
In some cases, speed (i.e., turnaround time) is of utmost importance requiring the use of a
more rapid alternative method. Since changes to biology are expected at the onset of the
disease, the analysis of biofluids can also provide a useful and less invasive approach to
tissue sampling. The small changes in the biochemistry of the patient make it imperative to
develop highly sensitive chemical instrumentation for diseases testing.

Optical density (via spectrophotometer) or fluorescence (via microplate fluorimeter) signal
transduction methods have been developed for molecular assay. These assays are typically
performed on a solid substrate where a “capture” molecule previously immobilized on the
surface is used to react selectively with the analyte of interest. If the analyte of interest

was present in the sample, then the optical density or fluorescence is monitored to yield a
diagnostic signal indicating a positive test. Multiple commercial assays have been developed
over the past couple of decades for the quantification of various classes of molecules
including lipids (Li et al., 2018; Visnovitz et al., 2019) and proteins (most notably,
antibodies via Enzyme-Linked Immunosorbent Assay, or ELISA) (Wu et al., 2019; Beavis
et al., 2020; Van Elslande et al., 2020). While immunoassays are incredibly sensitive, highly
selective, and generally low-cost, they often provide targeted analysis for specific molecules
or classes of molecules, and are subject to both false positive and false negative results
(O’Kennedy et al., 2017). While fluorescence is a good detection method for molecular
recognition assays, it too can stand as an independent analytical technique for clinical
purposes. For example, fluorimetry has been found useful in tissue pathology, specifically
in oncology, cardiology, ophthalmology, and neurology (Shahzad et al., 2010; Marcu, 2012).
Fluorimetry offers high sensitivity and selectivity but suffers from external factors such

as temperature and pH that influence fluorescence measurements (Marcu, 2012), including
often unavoidable background noise that tend to reduce signal-to-noise ratio.

Measurement approaches based on mass spectrometry (MS) have been found to provide a
wealth of molecular information regarding biological samples in a single experiment and
have recently proven to be a valuable tool in clinical settings. The increase in popularity
of MS in recent years in disease detection can be largely attributed to the developments
made in ion sources, mass analyzers, tandem MS (MS/MS) scan modes, and effective
software development. Mass spectrometers can be easily coupled to separation techniques
for the facile introduction of samples of complex mixtures, such as gas chromatography
(GC-MS), liquid chromatography (LC-MS), and capillary electrophoresis (Carroll et al.,
1975; Maxwell and Chen, 2008). The MS technique can also be used independently

with a variety of ionization methods, such as matrix assisted laser desorption ionization
(MALDI) (Karas and Hillenkamp, 1988), electrospray ionization (ESI) (Fenn et al., 1989),
atmospheric pressure chemical ionization (APCI) (Carroll et al., 1974, 1975), or atmospheric
pressure photoionization ionization (APPI) (Hanold et al., 2004). One of the most recent
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innovations in MS involves ambient ionization, which allows direct analysis of the complex
samples without front-end separation or sample pre-treatment. With the availability of
various ion sources and mass analyzers, MS can now be applied to analyze any type of
biomarker for genome, transcriptome, proteome, and metabolome information.

In this review, we focus mainly on metabolomics analysis. We summarize the biochemistry
of various genetic diseases and provide the fundamental basis for using the metabolome
for diagnosis. We believe the collection of this information into a single review article

will prove valuable to the MS community in terms of new method development and
validation. When necessary, the genome and proteome are discussed for selected diseases.
Most of the MS methods designed for genetic diseases are based on different tandem MS
scan modes. Therefore, these are described in some detail prior to the discussion of the
specific diseases. The review then shifts from genetic diseases to cancer diagnosis/screening,
also based on metabolomic analysis. In this case, we focus on recent developments in
ambient MS where biofluids and tissues can be analyzed in their native state without

prior sample preparation. Lastly, we discuss recent advances in exhalome in which exhaled
breath is used for disease diagnosis. We note that several review articles have recently
appeared that described the chemical characteristics of metabolites such as lipids and

their analysis by various MS methods (Heiles, 2021; Xia and Wan). Recent reviews by

us ((Frey et al., 2020; Swiner et al., 2020; Lee et al., 2021)) and others ((Zang et al.,

2019; Macklin et al., 2020; Ma and Fernandez, 2022)) have also discussed advancements
in clinical mass spectrometry that cover general methods such as microsampling and pre-
analytical techniques, miniaturization, and data analysis for proteomics and metabolomics.
By providing the biological relevance of metabolites to various diseases in this review, we
hope to add a unique perspective to the existing literature.

Il. Emerging Mass Spectrometry Methods for Newborn Disease Screening

One of the clinical applications of metabolomics has involved newborn screening. Perhaps
this is not surprising giving that after birth, the neonate must transition from assured
continuous transplacental supply of glucose to a variable fat-based fuel economy. The
neonate must become accustomed to periodic feeding and fasting, a challenge that is met
through well-controlled metabolic and hormonal adaptive changes that ensure a continuing
supply of energy. This constitutes the neonatal metabolic adaptation, which when studied
carefully can yield diagnostic information for different forms of disorders. This section

of the review will focus on the application of MS to screen specific disorders in infants
and how MS can be used to obtain molecular information from all levels of the human
biochemical machinery.

Recently there has been an increase in the need for newborn clinical screening and
diagnostic methodologies with high sensitivity, and specificity, with emphasis on the power
of early detection. Early diagnosis is critical in newborn screening (NBS) where early
intervention can dictate patient longevity and survival (Etzioni et al., 2003; Solomon et al.,
2012). In the past decade, MS has grown to be a powerful tool in the multidisciplinary
fields of disease screening— demonstrating superior analytical performance in terms of
higher turnaround time (Wu et al., 2022; Zhang et al., 2022), enhanced sensitivity, and
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specificity (Annesley et al., 2016; Mussap et al., 2018; Adhikari et al., 2020). Easy
automation and reduced sample pre-treatment enable MS experiments to be performed

in a high throughput fashion (Chen et al., 2022; Davidovics et al., 2022). Modern
instruments are capable of high-resolution mass-to-charge measurements as well as tandem
MS (MS/MS) methodologies both of which offer unparalleled selectivity (Blevins et al.,
2022; Varenina et al., 2022). Femtomolar sensitivity is easily achieved via MS/MS methods
due to reduced noise during the mass selection process (Kisiala et al., 2019). Higher
sensitivity is important in NBS where sample size is limited, and early detection can
mitigate disease progression as discussed time and again within the reports discussed herein.
These improvements in sensitivity can be gained with specialized separation methods at

the front-end of the mass spectrometer to reduce noise due to coeluting species and ion
suppression effects. Such separations-based MS/MS methods have been applied in the NBS
of Krabbe disease, Sickle Cell disease, beta-Thalassemia Syndrome, newborn lysosomal
disorders, mucopolysaccharidoses, Pompe disease, Fabry disease, metabolomic disorders,
and muscular atrophy and will be discussed here.

In more specific terms, the enhancements in sensitivity and specificity are due to the
application of quantitative MS operational modes such as selected ion monitoring (SIM),
single reaction monitoring (SRM), multiple reaction monitoring (MRM), parallel reaction
monitoring (PRM), and enhanced product ion (EPI) scanning, as depicted in Figure 2, in
conjunction with unique internal standards based on the system of interest. Quantitation of
diagnostically useful mass-to-charge (/7/2) ranges are afforded by the above methods as the
instrument scans only in the desired mass range, omitting those not useful to the analysis
which increases time of analysis. Due to the scanning nature of these modes, they are best
performed in MS instruments with triple quadrupole mass analyzers where ion selection and
fragmentation happens in separate quadrupole analyzers. Figure 2A describes SIM mode in
which the quadrupole of the mass spectrometer selects only the ions of interest and omits
all other ions and noise, thus increasing accumulation of only the ions of interest by a factor
of 10 to 100 on the same analytical timescale (Middleditch and Desiderio, 1973), which
inherently decreases analytical detection limit. However, SIM does not structurally target
compounds of interest due to the lack of the added dimension of MS/MS. That is, although
the ion of interest is selected, no collisional energy is applied. Figure 2B and 2C depict
SRM and MRM respectively in which either one targeted ion (SRM) or multiple target ions
(MRM) are selected in quadrupole one, fragmented in quadrupole two, and then specific
product ions are selected in quadrupole three for detection to give the aforementioned
detector time and sensitivity improvements along with the diagnostic MS/MS mode of
operation for added compound of interest specificity. MRM may be performed as described
above with multiple precursor ion selection (Figure 2Cii) or via selection of one precursor
ion in quadrupole 1, collisional dissociation in quadrupole 2, and sequential selection of
multiple fragment product ions in quadrupole three. Figure 2D describes PRM which is
similar in principle to SRM and MRM techniques, however, this method replaces the third
quadrupole with a high resolution orbitrap mass analyzer. As with SRM and MRM, ions

of interest are selected and fragmented in quadrupoles one and two, respectively. In lieu of
quadrupole three selecting one product ion at a time, the orbitrap analyzer scans all product
ions with high resolution and mass accuracy which yields the high sensitivity targeted
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MS/MS approach of MRM along with decreasing interferences in complex mixtures where
isobaric species and background interference can cause false positives — making PRM ideal
for assay development (Bourmaud et al., 2016). EPI, depicted in Figure 2E, is an analogous
configuration to PRM — however quadrupole three is replaced with a linear ion trap. An
additional MS method of note for NBS is ion mobility-mass spectrometry (IMS), which
has been shown recently to yield improved figures of merit (e.g., speed and selectivity)

in the screening of potential biomarkers of interest (Dodds and Baker, 2021; Mukherjee

et al., 2022). IMS separates analytes based on structural features such as size and shape.
When coupled with MS/MS, excellent separation and elucidation of target NBS molecules
have been shown (Dodds and Baker, 2021). The applications of various MS/MS methods in
newborn screening for diagnosing different diseases are discussed below, including Krabbe
disease, lysosomal storage disease, and mucopolysaccharidoses.

A. Krabbe Disease

Globoid cell leukodystrophy, known as Krabbe disease (KD), is a rare and often fatal
lysosomal storage disease caused by galactocerebrosidase (GALC) lysosomal enzyme
deficiency, which acts to degrade galactolipids in the myelin sheath (Suzuki, 2003). KD

is an inherited autosomal recessive disorder, and rapidly progresses in patients who have
onset of the disease early in life (Suzuki, 2003). Accelerated disease progression in early
onset KD patients have given rise to two subsets generally used to describe infantile KD:
early-infantile and late-infantile KD in which symptoms appear before 6 months of age
and between 7 to 12 months of age, respectively. Both types of KD bring about similar
symptoms but are associated with different survival rates (Escolar et al., 2016). Symptoms
of infantile KD are progressive neurologic decline — including seizures, psychomotor
regression, hearing loss, vision loss, and death within the first 2-3 years of life in the

case of early-infantile KD (Escolar et al., 2016). Patients with late-infantile KD have
longer survival rates, while onset of the disease later in life yield varying survival rates.
Absence of GALC causes excessive galactolipid accumulation, triggering inflammatory
response and demyelination of the nervous system (Escolar et al., 2016). GALC is a
hydrolytic lysosome specific to glycolipid selection (Suzuki, 2003). The principal substrate
of GALC is galactosylceramide, degradation of which yields demyelination (Suzuki, 2003).
Early detection of the disease in newborns is critical as umbilical cord blood and bone
marrow transplantation have been effective in suppressing onset of symptoms and increasing
longevity (Escolar et al., 2005). Early detection of KD relies on measurement of GALC
enzymatic activity, which requires high sensitivity for not only sufficient differentiation
between symptomatic and asymptomatic patients, but also to allow pre-symptomatic KD
screening which is of utmost importance for early detection and treatment of the disease.

NBS techniques for Krabbe Disease (KD) have shifted from flourimetry to the use of liquid
chromatographic (LC)-MS/MS methods for enhanced analytical sensitivity (Liao et al.,
2017b). Liao used LC-MS/MS to study the deficiency of GALC via a new assay measuring
enzymatic activity. MRM was used to measure small residual amounts of GALC with high
accuracy, which gave a 20-fold increase in dynamic range than conventional radiometric
assay. The LC-MS/MS method differentiated cells with null GALC activity from those with
traces of the enzyme to 0.3% of normal levels. The success of the MS/MS methodology
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rose from the use of a structurally identical internal standard (GALC-IS) to the GALC
product (GALC-P), which was the ion produced via MRM reaction. The assay employed by
the authors involved a cocktail of substrate glacatosylceraminde with a 7-carbon heptanoyl
chain (GALC-S) and GALC-IS with sodium oleate in a citrate phosphate buffer addition

to cell lysate. After incubation and centrifugation, the supernatant was applied to the LC-
MS/MS method. The LC method employed a C18 stationary phase and a linear gradient
from 50 to 100 % B over 1.5 minutes after which eluent was ionized in a heated ESI source
with subsequent mass analysis via a Waters Xevo TQ in positive ion mode. MRM analysis
was performed via the expected fragmentations on the GALC-P ion with precursor at m/z
412.38 and product at m/z 264.27, the GALC-IS ion with precursor m/z 417.41 and product
m/z 264.27, as well as the GALC-S ion with precursor m/z 574.43 and product m/z 264.20.
Analysis was performed using the GM13793 cell line as the high-GALC constituent and cell
line GMO06805 as the low-GALC constituent as it was from a patient devoid of the enzyme.

The authors performed control assays to validate this method for NBS application, the
results of which are summarized in Figure 3. The High Lysate + GALC-S control used
GM13793-HIGH as the high enzymatic quality control sample was performed to ensure

the MRM response from the high GALC cell lysate indicated no isobaric or coeluting
compounds with GALC-P. Enzymatic activity for this control gave 0.58 + 0.04 nmol/h/mg.
The second control labeled “No Lysate Control” in Figure 3 shows GALC-P with no lysate
giving 3.6E-4 + 1.2E-4 nmol/h/mg GALC activity which resulted in 0.07 % of signal
observed with lysate demonstrating that GALC-S undergoes no nonenzymatic breakdown to
GALC-P. The High Lysate — GALC-S control shows the GM13793-HIGH cell lysate MRM
response in the absence of GALC-S. Lastly the Low Lysate + GALC-S control in Figure

3 shows the MRM response for the low GALC cell lysate, which was 10-fold higher than
the no lysate control and 0.4 % of the signal attained from the high GALC lysate at 3.7E-3
+ 3.8E-4 nmol/h/mg. This was attributed to non-GALC enzymes in the lysate capable of
breaking down GALC-S to GALC-P such as GLB1, p-galactosidase 1, deficiency of which
causes two lysosomal storage disorders. In summary, the authors demonstrated that the high
GALC cell lysate response was 150-fold higher than the low GALC cell lysate response
indicating the importance of a method with high sensitivity and a large analytical range.

The authors compared this method to benchmark radiometric assay and found the analytical
range to be 20 times lower than the LC-MS/MS assay. Also, of note the radiometric assay
was performed with 50 pg of cell lysate which required 2-3 mL of patient blood which

is undesirable in NBS whereas the LC-MS/MS assay used <5 ug of lysate, requiring only
0.5 mL of patient blood for >15 GALC assays further increasing confidence via replicates.
The LC-MS/MS assay was also performed on samples from 3 early infantile KD patients
and similar levels of GALC were seen as in the low GALC containing cell line along

with asymptomatic patient samples which showed significantly elevated levels of GALC.
Analogous analysis was performed using the radiometric assay with data from the New
York Krabbe disease NBS program and the clear correlation between low GALC percentage
and KD patient using the LC-MS/MS method was not apparent. Thus, radiometric assay
alone fails to give the predictive power that the more sensitive LC-MS/MS assay provides
and is not adequate to measure small differences in GALC enzyme activity when enzyme
percentage is close to zero. The LC-MS/MS method indicates that severity of Krabbe
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disease and symptom onset may be controlled by the level of residual GALC activity, which
gives more accurate predictive power in NBS for when and if patients will develop the
disease.

B. Newborn Screening of Lysosomal Storage Disease

Lysosomal storage diseases (LSDs) are a broad class of diseases related to inborn errors

in metabolism corresponding to lysosome impairment. LSDs that are caused by specific
lysosomal transporter or enzyme deficiency or absence gives rise to non-metabolized
macromolecule substrate build-up within lysosomes. These lead to a wide range of
physiological complications in patients depending on the specific type (Burlina et al., 2019).
In the following sections, the LSDs mucopolysaccharidoses, Pompe disease, and newborn
Fabry disease will be discussed in detail with regards to recent advancements in MS/MS
methodology for enhanced sensitivity NBS.

Tandem MS SRM and MRM method development have been widely applied to screen LSDs
in infants. Burlina employed a multiplexed MS/MS method using the NeoLSD assay system
—a commercialized kit from Perkin Elmer for assaying of Gaucher, Pompe, Fabry, and
MPS-I LSDs in dried blood spot (DBS) samples (Burlina et al., 2018). Enzymatic cutoff
values were used for NBS of 44,411 newborns of which 10 had pathogenic mutations (two
Pompe, two Gaucher, five Fabry, one MPS-1). MRM MS/MS allowed for simultaneous
determination of multiple enzyme activities via biochemical markers and allowed successful
detection of LSDs in newborns. This MS/MS assay method was evaluated further via the
recall of 138 newborn samples for collection and testing of a second DBS(Burlina et al.,
2019). Low activity was confirmed in 62 samples, which underwent confirmatory testing
yielding eight newborns with Pompe, seven with Gaucher, eight with Fabry, and two with
Mucopolysaccharidosis type 1 disease. This illustrated that when NBS of LSDs is combined
with second tier testing, the occurrence of false-positives can be greatly reduced in a rapid
manner. In another study, Baerg et al. used MS/MS integrated with Collaborative Laboratory
Integrated Reports (CLIR) - a multivariate pattern recognition software available to NBS
programs — to select cases where a second-tier biochemical test is required (Minter Baerg

et al., 2018). Use of this postanalytical interpretive tool decreased false-positives (0.0018 %
from 55,161 samples) and yielded high predictive power for LSD detection.

1. Mucopolysaccharidoses—Mucopolysaccharidoses (MPS) are a series of inherited
metabolic diseases that are caused by lysosomal enzyme deficiency, which are required for
glycosaminoglycan (GAG) degradation in lysosomes (Dorfman and Matalon, 1976). MPS
are separated into different categories based on the specific enzyme deficiency. Patients
with MPS can exhibit a large range of symptoms depending on the type and severity

of MPS. Symptoms include enlargement of organs, altered physical appearance, physical
growth degradation, bone abnormalities, and neurological complications (Byers et al., 1998).
Generally, MPS is divided into two groups based on the type of GAG that is stored. For
MPS VI and MPS VIA, dermatan sulfate and keratan sulfate GAGs are stored, yielding
abnormalities in patient skeletal structure. In MPSIII, heparan sulfate GAG is stored and
exhibits central nervous system complications in addition to skeletal (Byers et al., 1998).
GAGs are found throughout connective tissue where they bind to proteoglycans and have
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unique repeating disaccharide unit backbones (Byers et al., 1998). Proteoglycans control
nutrient transfer through connective tissue, and GAGs bind to and regulate biologically
active molecules which play a critical role in tissue growth and development (Byers et al.,
1998). Thus, the lack of lysosomal enzymes necessary for GAG turnover cause these MPS
disorders. GAGs that remain undegraded due to enzyme deficiency accumulate in cells and
are expelled in urine when in excess in MPS affected patients. The early detection of MPS
is crucial for the early initiation of enzyme replacement therapy, hematopoietic stem cell
transplantation therapy, and gene therapy — all of which may prevent irreversible disease
progression and improve long term quality of life for patients (Muenzer et al., 2017b, 2017a;
Penati et al., 2017; Whiteman and Kimura, 2017).

Mucopolysaccharidoses NBS has been recently evaluated using enzymatic activities
measured via tandem MS from DBS. Chan utilized a multiplexed LC-MS/MS based

enzyme assay for MPS-1, MPS-I1, and MPS-VI LSDs (Chan et al., 2019). In general,

mass spectrometry analysis was performed via heated ESI with an applied DC voltage

of 4.5 kV, 80 °C source, 250 °C source inlet, and 500 L/h desolvation gas on a tandem

triple quadrupole mass spectrometer operating in positive-ion mode and MRM mode

using collisional induced dissociation. Sample was injected in an automated manner with
methanol and 0.2% formic acid spray solvent at 200 uL/min flow rate. Tandem data was
analyzed within 45 seconds of infusion. Optimized cutoff values were combined with second
tier testing to eradicate false-positive results. This pilot study indicated that NBS of MPS-I,
MPS-II, and MPS-VI via MS/MS is possible and applicable to NBS at large due to the

high throughput and specificity offered (Chan et al., 2019). Multiplexing of LC-MS/MS
methods for NBS have been recently applied by Liu et al. for the detection of seven
lysosomal enzymes in DBS (MPS-I, -11, IHIB, -IVA, -VI, and -VII) as well as type 1 neuronal
ceroid lipofuscinosis (Liu et al., 2017). Isotopic labeled internal standards and MRM of

ion fragmentations giving enzyme products allowed quantification of enzyme activities.
Activity ratios showed a clear separation between healthy and affected newborns due to the
large analytical range provided by the MS/MS method (1-2 orders of magnitude greater

than traditional fluorometric assays). When compared with a glycosaminoglycan method for
MPS screening of DBS, the multiplexed assay yielded a shorter overall time of analysis

for 300 samples (28 hours versus 42 hours) illustrating the applicability of MS/MS method
for high throughput and sensitivity NBS (Liu et al., 2017). A pilot study from Kubaski
analyzed 2862 DBS from newborns for MPS-I, -11, and -111 via glycosaminoglycan (GAG)
digestion and LC-MS/MS analysis for quantification to determine cutoffs distinguishing
affected patients from controls (Kubaski et al., 2017). When two or more different GAGs
were combined as indicated in the flow chart in Figure 4, distinction between MPS patients
and unaffected controls were improved indicating the potential for the use of GAG as a MPS
biomarker in NBS. Polo et al. expanded on the aforementioned technique in the NBS of
MPS-I from DBS (Polo et al., 2020). MPS-I screening in 125,000 newborns was conducted
via enzyme activity levels alone with subsequent second-tier GAG quantification in DBS for
the reduction of false positive rate (Polo et al., 2020).

2. Pompe Disease—Glycogen storage disease type Il, also known as Pompe Disease
(PD) is a rare autosomal recessive lysosomal storage disease that causes accumulation of
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glycogen derived glucose polymers in skeletal muscle, among many other tissues, due to
a-glucosidase (GAA) deficiency (Kishnani et al., 2014). The most severe form is early-onset
PD, which can manifest within the first weeks to months of life and results in progressing
symptoms, cardiomyopathy, and eventual cardiorespiratory failure resulting in death before
the second year of life (van den Hout et al., 2003; Kishnani et al., 2006). Late-onset PD
manifests after 12 months and is associated with progressive respiratory muscle weakness
that gives rise to high mortality rate (Kishnani and Howell, 2004). General PD symptoms
from excess accumulation of glycogen include organ failure, clinical debilitation, and death.
Deficiency of the GAA enzyme remains the standard for PD screening and diagnosis, and
high sensitivity methods are necessary as early detection of PD can allow enzyme treatment
therapy which can improve the prognosis for patients (Kishnani et al., 2014).

Liao et al. demonstrated enzymatic activity of GAA in DBS from newborn screening using
a MS/MS methodology (Liao et al., 2017a). MRM analysis in a triple quadrupole instrument
was used in conjunction with GAA internal standards to quantify GAA activities via peak
ratio. The analytical range of the MS/MS method was calculated and compared with that
of the fluorimetric assay of GAA in DBS. The fluorimetric assay yielded a range 15

times smaller than that of the MS/MS assay. The realization that MS/MS GAA activity

is more powerful than standard fluorimetric assays for the distinction of Pompe affected
patients speaks to the ability of MS/MS to effectively screen for Pompe disease and reduce
the number of patients referred for follow up. Lin et al. utilized a similar LC-MS/MS
method for the first distinction between infantile onset Pompe disease (IOPD) and late
onset Pompe disease (LOPD) via enzyme assay of GAA using blood samples (Lin et al.,
2017). This is particularly important due to the different prognoses and treatment paths for
IOPD and LOPD. Data between the MS/MS method and benchmark fluorometry method
was compared (Figure 5), again showing the predictive power of the MS method over the
fluorimetric assay as indicated by the high precision measurements in tight error bars.

3. Newborn Fabry Disease—Fabry’s disease is a lysosomal storage disorder that is X-
chromosome linked and resultant from a-galactosidase A enzyme deficiency (Fabry, 2007).
Symptoms typically manifest early in life with life threatening problems arising by middle
age (Zarate and Hopkin, 2008). Symptoms of Fabry’s disease resultant of a.-galactosidase
A enzyme deficiency include inflammation, fibrosis, organ dysfunction, and irreversible
tissue damage, a-galactosidase A acts to break down globotriaosylceramide and related
glycosphingolipids (Zarate and Hopkin, 2008). The monitoring of enzyme activity related
to Fabry disease has not given desirable differentiation between normal and symptomatic
levels (Lu et al., 2018). To overcome such false negative results in NBS of Fabry disease, the
use of molecular genetic high-throughput mutation detection has been developed to identify
genetic variations associated with Fabry mutation (Lu et al., 2018).

Lu et al. used high throughput, cost effective DNA MS for improved sensitivity in NBS

of Fabry disease (Lu et al., 2018). An advancement upon the Agena iPLEX MassARRAY
platform was used to detect 21 pathogenic mutations in one assay. Briefly, the MassARRAY
platform utilizes an allele-specific primer for amplification of the extension products, and
has been proven as a powerful tool for detection of thousands of gene variation in hundreds
of individuals concurrently (Calvo et al., 2010). The limitation of this method rests in
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its ability to only detect known mutations, thus novel mutations will be missed. The
authors customized the iPLEX PCR primers and extension primers to fit the 21 pathogenic
mutations observed in Taiwanese newborn Fabry disease.

C. Newborn Screening of Metabolism Disorders

Inborn errors of metabolism (IEMs) are an extensive group of diseases caused by the
deficiency of an enzyme, co-enzyme, or a transporter leading to substrate accumulation
(Wang et al., 2019). IEMs are associated with abnormal physical and neurological growth
during all stages of life and can result in irreversible mental degradation, disability, physical
complications and death. IEMs are inherited in an autosomal recessive manner, meaning
variation in genes are inherited mostly from parents. Additionally, clinical and symptomatic
expression of IEMs are varying and multifaceted (Yang et al., 2019). Interpretation of

IEM screening results includes multiple indicators and ratios when relying on enzyme,
co-enzyme, or subsequent transporter deficiency, alone. Thus there has been a recent shift to
genetic diagnosis for early detection and treatment of IEMs (Yang et al., 2019).

Tandem MS methods have begun to be applied to NBS for inborn errors of metabolism
(IEMs) due to the recent display of the technique to provide sensitive, accurate, and specific
results in a high throughput manner in NBS laboratories. Yang et al. and Liu et al. followed
a MS/MS protocol using a non-derivatized MS/MS kit from PerkinElmer (Turku, Finland)
to explore the effectiveness of NBS by MS/MS and the use of next-generation sequencing
(NGS) for gene diagnosis (Liu et al., 2019; Yang et al., 2019). DBS analysis via their
MS/MS method was used in conjunction with cut-off values to determine abnormalities in
NBS samples. NGS was used as a diagnostic platform after high-risk infants were screened
via the MS/MS method. MS/MS was performed after assay with a NeoBase non-derivatized
MS/MS Kit (PerkinElmer). If results fell outside of a cutoff value, repeat analysis was
performed after which the newborn would be examined further if results remained abnormal.
Wang et al. developed an expanded NBS protocol for IEMs that involved the following
steps (Wang et al., 2019). Newborns were initially screened via MS/MS, if the result fell
outside of the cut-off value the newborn was recalled for another DBS sample after which
MS/MS would be performed with the new sample. Newborns with a second abnormal

test result would be referred for diagnostic testing. Those with one of the targeted IEMs
were referred for genetic analysis. The method yielded 89 reported genetic mutations and
51 novel mutations in 25 IMEs out of 138 patients. All mutations reported were likely
pathogenic, however, they expand the mutational spectrum of IEMs which has value in
diagnosis and treatment plans for IEMs.

D. Newborn Muscular Atrophy

Spinal muscular atrophy (SMA) is a neurodegenerative disorder characterized by alpha
motor neuron degeneration in spinal cord anterior horn cells that is inherited in an autosomal
recessive manner, and is the main cause of infant death with a 1 in 10,000 live birth
incidence (Verhaart et al., 2017a, 2017b). Symptoms of SMA are wide ranging depending
on the type and related age of onset. SMA type | accounts for 60% of affected patients

with motor neuron loss, respiratory failure, and death within the first 2 years of life (Kolb
etal., 2017). In ~95% of patients, SMA is caused by homozygous deletion or mutation in

Mass Spectrom Rev. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grooms et al.

Page 12

the survival motor neuron 1 (SMNL1) that results in SMN protein deficiency (Lefebvre et al.,
1997). A homologue of the SMNL1 gene is the SMN2 gene which differs by five nucleotides.
The presence of SMN2 is inversely correlated to disease severity as more SMN2 copies
ensures higher SMN protein quantities, and SMN2 defects do not seemingly cause SMA
(Wirth et al., 2013). Early intervention to prevent neurodegeneration onset is crucial for
pre-symptomatic SMA patients (Mendell et al., 2017) yet diagnosis is often delayed (Lin et
al., 2015), thus there is an ongoing need for sensitive, cost-effective, and high throughput
SMA NBS method.

Lin et al. screened for spinal muscular atrophy (SMA) in newborns via DBS using the

the Agena iPLEX MassARRAY as a SMA assay (Lin et al., 2019). Early detection and
treatment of SMA is important due to the high infant mortality rate associated with this
disease. SMA does not have a specific biochemical analyte therefore DNA testing is
necessary. For application to NBS the method must be fast, sensitive, and specific all of
which are fulfilled via the MS/MS MassARRAY method. The authors expanded this array
for the detection of homozygous SMN1 deletion (Figure 6). The similarity of SMN1 and
SMN2 genes requires the two well-known positions (c.840 and c.1155) to be used as targets
for PCR and single base extension. MALDI-TOF-MS allowed detection of mass of the
extended primer identifying the allele. PCR and single base extension primers were designed
for two variants of the SMN1 and SMNZ2 genes. 29,364 newborns were screened with three
of them being identified with SMA having homozygous SMN1 deletions at exons 7 and 8.
Patients 1, 2, and 3 had one peak at 6710.3 Da and one peak at 4665.9 Da indicating SMN1
deletion at exons 7 and 8, respectively. The healthy individual control had just one peak at
6630.3 Da and one peak at 4586.0 Da which indicated a normal copy humber of SMN1.

E. Newborn Sickle Cell Disease

Sickle cell disease (SCD) is a severe genetic disorder involving clinical complications
associated with the sickling of red blood cells and has high occurrence and mortality
during early childhood (Serjeant, 1997). Patients with SCD are subject to life threatening
complications with encapsulated bacteria such as pneumococci that causes overwhelming
post-splenectomy infection, complications with anemia, splenic sequestration, and aplastic
crisis associated with erythrotropic viral infection (Rees et al., 2010; Piel et al., 2017;
Ware et al., 2017). Effective preventative treatments are available in the form of antibiotics
and vaccination to avoid these life-threatening pathologies, however early diagnosis and
awareness of the disease is required. The biochemical analytes of interest in SCD are adult
hemoglobin (HbA) and sickling hemoglobin (HbS). In newborns with SCD HbS will exceed
HbA due to the HBB:c.20A > T point mutation, which is the mutation that causes the
variant HbS structural beta globin, and will be vastly exceeded by fetal hemoglobin (HbF)
which is a hemoglobin that is present early in life (Wild et al., 2004; Lobitz et al., 2019).
Homozygous presence of this HBB:c.20A > T mutation results in complete substitution

of HbA for HbS resulting in severe disease phenotype, while heterozygosity for HbS with
another B globin variant results in less severe SCD in comparison(Lobitz et al., 2019).
SCD diagnosis is based on the presence of HbS due to its substitution of HbA, which

is particularly challenging in neonates where HbF remains the majority of hemoglobin
constituent and considering the wide array of additional abnormal hemoglobin traits not
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specific to SCD, thus requiring a highly sensitive and specific analytical technique for
effective NBS (Wild et al., 2004).

Recent advances in NBS of Sickle Cell Disease (SCD) have also been in the regime of
improved MS/MS methodology. Initial attempts at using MS for screening of SCD were
limited by analytical resolution. ESI-MS of undigested hemoglobin (Hb) gave a wide

array of multiply charged ions requiring software deconvolution to yield a, B, and y Hb
wild-type peaks along with variant Hb peaks shifted 30 Da lower than wild-type 8 chains.
However, adequate resolution to deconvolute the variant Hb peak region was not achievable,
leading to the conclusion that ESI-MS alone allowed for detection of SCD but confirmatory
methods would be needed for adequate screening (Wild et al., 2004). This narrative was
shifted by MS/MS methodology as displayed in two recent studies that have utilized similar
electrospray ionization (ESI) MS/MS workflows with no prior chromatography step and
demonstrated that MS/MS methods are not only a sensitive and specific tool for NBS of
SCD, but they also utilize MS hardware and expertise already available in NBS laboratories
whereas traditional screening methods for SCD via capillary electrophoresis (CE) and high
performance liquid chromatography (HPLC) require additional instrumentation (Moat et al.,
2017; Lobitz et al., 2019). The MS/MS method of interest employed DBS sampling from
newborns with a tryptic digestion protocol that has recently been widely accepted in NBS
laboratories for SCD (Moat et al., 2017). The DBS samples were prepared by punching

and extraction, followed by internal standard Hb and trypsin addition. After incubation and
solvent addition to stop the reaction and dilute the solution, the sample was directly injected
to the triple quadrupole MS via ESI for subsequent SRM and MRM in which the tryptic
peptide ion is first selected followed by CID. The ESI source was operated in positive-ion
mode for the detection of target peptides and internal standards.

Moat et al. used this method to address NBS for SCD in premature infants, infants post-
transfusion, and older infants — all for whom may have altered Hb B chain expression

thus affecting interpretation of results and subsequent disease diagnosis via benchmark
clinical methods (Moat et al., 2017). The authors developed action values determined by
the ratio of wild-type Hb peptide to variant Hb peptide to screen premature and transfused
infant DBS samples. Table 1 shows MS/MS acquisition for relevant Hb peptides using their
protocol along with ratios used for screening. The method was also evaluated across two
instruments to assess the ability to transfer action values onto different MS/MS instruments
and excellent ratio agreement was observed (Figure 6). Results from a sample size of
100,456 newborns screened for SCD vyielded 10 true positive, 6 false positives, and no false
negatives as validated by traditional methods. The protocol prevented the misidentification
of an estimated 810 Hb variant carrier infants as the method gave the specificity to detect
the disease states of SCD only. The study indicates the MS/MS method is a sensitive and
specific tool for detection of Hb peptides with clinical relevance and demonstrates that the
method may be used as an optimized NBS method for SCD as it utilizes technology and
expertise already available in NBS laboratories.

Lobitz et al. used an analogous ESI-MS/MS method to directly compare it with the
traditional CE screening method via DBS analysis of 29,079 German newborns. Both CE
and ESI-MS/MS methods gave 100 % agreement in results — observing 7 newborns with Hb
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peptide patterns consistent with SCD (Lobitz et al., 2019). The authors state that MS/MS is
an adequate replacement for CE in NBS of SCD.

F. Beta-Thalassemia Syndrome

Beta-thalassemia (B-thalassemia) syndromes are a group of recessive inherited blood
disorders classified by reduced hemoglobin in red blood cells from reduced beta globin
chain synthesis (Thein, 2013). p-thalassemia syndromes can be classified broadly as p-
thalassemia major, p-thalassemia intermedia, and p-thalassemia minor. In patients with
B-thalassemia major, symptoms onset between 6 to 24 months old and consist of fever

and progressive abdomen enlargement. When blood transfusions are not performed,
complications can include growth hindrance, musculature problems, and skeletal issues from
bone marrow expansion. Patients with p-thalassemia intermedia show symptoms at the age
of two to six years old and can survive with regular transfusion. Individuals that carry
B-thalassemia minor are typically asymptomatic but can present mild anemia symptoms,
B-thalassemias are caused by a deficiency in p-globin chain synthesis that, if detected early,
can allow transplantation of stem cells which is the only effective treatment (Gambari et al.,
2015). Thus, a high sensitivity NBS method is desirable.

Traditional methods for p-thalassemia screening are time consuming and prone to failure
due to degradation of cell Hb in stored blood samples. These methods include mean
corpuscular hemoglobin (MCH) and mean corpuscular volume (MCV), erythrocyte osmotic
fragility test (EOFT), Hb electrophoresis, isoelectric focusing (IEF), and HPLC. They
depend on the structural integrity of tetramers which can be affected by degradation of
whole blood and hemolysis. MCH and MCV are two common screening methods but

lack specificity. Direct Hb electrophoresis via CE has been employed as this method
yields different electrophoretic behavior of Hb tetramers compared to normal Hb (Oleske
et al., 2014). This method is prone to fault due to the degradation of whole blood

samples in storage (Hoppe, 2009). IEF and HPLC in conjunction offers screening for most
hemoglobinpathies but is time consuming and requires expertise not typically available in
screening laboratories making the method not applicable to large scale screening efforts.

As discussed previously, MS/MS methods have proven robust and valuable for SCD
hemoglobinpathy screening, thus the technique should be amenable to p-thalassemia
syndrome as well. Yu et al. have achieved this goal by developing a simplified MS/MS
protocol that is low cost and high-throughput for detection of thalassemia and subsequent
clinical application to DBS analysis for disease screening (Yu et al., 2017). The authors used
stable isotopic labeled peptide internal standards for quantification as well as the calculation
of a.:p globin ratio, which showed statistical difference between healthy patient samples and
patients with B-thalassemia. Four of the most informative peptides and their stable isotopic
labeled internal standard counterparts were chosen for analysis and yielded high accuracy.
Proteospecific peptides produced via tryptic digestion of each globin were used to evaluate
a:p globin ratios and the highest intensity peptides for a and p globin were commercially
obtained to determine the sensitivity of the technique. When applied to DBS samples, cutoff
ratios were used to differentiate between the healthy individuals and those with thalassemia.
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The simplified, low cost, high throughput method of detecting thalassemia in DBS is as
follows. DBS constituting 3.2 pL of blood were treated with acetonitrile and formic acid
for denaturing followed by a tryptic digest. The sample was diluted in a solution containing
the stable isotope labeled internal standard, after which it was introduced to the LC-ESI-
MS/MS method. MRM transitions of interest were first identified and optimized via direct
infusion tandem MS experiments, and the two mass transitions of highest intensity were
selected for the quantitative MRM acquisition method (Figure 8). MS/MS was performed
in a QTRAP triple quadrupole instrument using an ESI source operating in positive ion
mode. For each peptide of interest, two MRM reaction were simultaneously monitored via a
scheduled MRM acquisition method. Peak ratio of internal standard and analyte led to both
quantification and a.: globin ratios of interest.

The a:p globin ratio cutoffs were used to differentiate between healthy and thalassemia
samples and the method was applied to 781 patients and 300 healthy individuals, and

the method showed significant differences in globin ratios between the two groups with

99 % confidence (Yu et al., 2017). The data show cutoff values for different subtypes of
thalassemia alongside the mean with 1st and 99th percentile ratios in healthy controls and
thalassemia patients indicating significant difference. A parallel study screened 600 DBS
and confirmed results via genotyping indicating the accuracy of this method. This method
also displayed insignificant matrix effects and carryover indicating its amenability to high
throughput screening. When combined with the aforementioned MS/MS approach for SCD
screening, tandem MS methodology is a powerful tool for the screening of both structural
abnormality of Hb (SCD) and abnormalities in Hb expression (B-thalassemia), which could
significantly increase the efficiency, sensitivity, and specificity of Hb type diseases.

lll. Emerging Mass Spectrometry Methods for Cancer Screening

As with newborn screening, tandem MS methodologies have also recently been applied

to cancer diagnosis. Deng et al. aimed to develop a low cost, high sensitivity, and high
throughput MS based technique for colon cancer screening based on a urine metabolomic
test that facilitated detection of adenomatous polyps (Deng et al., 2017). A targeted LC-
MS/MS method for quantification of metabolites in 685 urine samples was developed and
validated via NMR. The area under curve (AUC) of this method outperformed NMR test,
and sensitivity and specificity values were compared against commercially available fecal
tests in which the method showed enhanced sensitivity (86 %) versus that of current fecal
tests (<18 %) (Deng et al., 2017). Similar metabolomic analysis of plasma set from 282
stage O-11 colorectal cancer patients and 291 healthy individuals was performed by Nishiumi
et al. via GC-MS/MS methodology in an attempt to identify biomarkers of stage 0-11
colorectal cancer (Nishiumi et al., 2017). GC-MS/MS using a triple quadrupole instrument
and MRM analysis was used to distinguish single metabolite peaks from coeluted peaks and
background noise. The method yielded 99.3 % sensitivity and 93.8 % specificity once again
demonstrating the analytical power of MS/MS methods.

Epithelial ovarian cancer (EOC) screening has been widely improved upon by recent
advancements in MS based analysis. Lipid and proteome metabolites from EOC have
been evaluated via MS/MS methods. MALDI-MS imaging has been applied with top-down
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proteomics for distinction of tumor and benign tissue and for EOC stage specific metabolite
analysis. Li (Li etal., 2017) used MS to determine patients with EOC could be distinguished
clearly based on lipid profiles. LysoPG was shown as a predictive biomarker, and decreased
levels of triglycerides were discovered to be a metabolic feature that foreshadowed EOC
relapse. Huttenhain (Hittenhain et al., 2019) used a SRM MS/MS based strategy to develop
protein biomarkers from plasma for EOC prediction. This strategy, illustrated in Figure 9,
involves first identifying proteome metabolites of interest via discovery MS, followed by
quantification of the biomarker candidates using SRM analysis, and finally accompanied by
a validation of the protein biomarkers for EOC in patient tissues. This discovery dependent
LC-MS/MS protocol was used to identify five protein signatures for the distinction of
healthy individuals from those with EOC. When used in conjunction with CA125 ELISA
based assay, the sensitivity of biomarker identification increased.

IV. Ambient lonization Platforms for Rapid Cancer Screening

Although traditional MS methods can offer several advantages, such as sensitivity and
selectivity, there remain barriers to overcome, including lengthy sample preparation, large
volume consumption, and complex and expensive instrumentation. These limitations can
create unnecessary delays in analysis time and create difficulties in the creation of high
throughput testing with MS. To overcome some of these barriers, several ambient ionization
MS techniques have been developed that maintain the selectivity and sensitivity of the
traditional MS techniques while offering additional advantages. Ambient ionization (Al)
allows for the direct ionization and analysis of analytes in the raw sample (urine, sweat,
blood, serum, plasma, etc.), eliminating the need for sample preparation and separation/
extraction, allowing for a rapid analysis time and a uniquely convenient pairing in

the clinical realm. Although ambient ionization methods have been applied to newborn
screening, they have made significant contribution in cancer diagnosis. The application of
ambient ionization methods in cancer screening has come in the form of direct biofluid
analysis and tissue imaging and profiling. Some of the most common methods discussed
here fall within two major ambient ionization methodologies: substrate-based platforms and
spray-based platforms. The common methods in these categories are paper spray (Wang et
al., 2010; Jackson et al., 2018; Swiner et al., 2019) and desorption electrospray ionization
(DESI) (Takats et al., 2005).

A. Direct Biofluid Analysis by Spray-Based Ambient lonization Platforms

MS is particularly adept at tackling relevant, real-world issues due to the versatility of the
instrument and the ability to be mobilized outside of the traditional lab space. Indeed, recent
advancements relating to instrument design and ion source have permitted the analysis to

be performed in the field or in the operating room. The ability to take the analysis to the
field is due in large part to advancements in ambient ionization methods. For an ionization
platform to be considered ambient, it must fulfill specific criteria: that the ionization process
occurs in the ambient environment, that analysis can be performed directly without prior
sample preparation steps (e.g. extraction), that there is a capacity to interface the ionization
source with a mass spectrometer with an appropriate outfitting of an atmospheric pressure
interface, and that it generates ions softly (Monge et al., 2013). These criteria work well to
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specifically address concerns regarding the analysis of biological samples, where turnaround
time and sensitivity are paramount. Ambient ionization is particularly well-suited for in-situ
analysis of biological samples due to its ability to be brought directly to patients, its ability
to ionize analytes directly from tissues or biofluids, and its ability to softly generate ions to
preserve important molecular information. Consequently, many ambient ionization platforms
have been specifically developed for the purpose of providing a targeted approach to analyze
analytes to advance fields such as forensics and clinical chemistry. As such, it is no wonder
that many researchers seek to either use ambient ionization platforms to advance disease
screening or to directly implement ambient ionization techniques in a clinical setting.

Among ambient ionization methods, substrate-based spray techniques have emerged as
particularly valuable direct MS analysis methods as they offer on-line extraction of analytes
for rapid, targeted analysis. Compatible substrates for such spray-based techniques are
numerous but cellulose paper is most commonly used in the form of paper spray MS (Figure
10) (Wang et al., 2010). In paper spray, the sample (biofluid or tissue) is deposited onto

a paper substrate cut to a triangular sharp tip. Then, an appropriate solvent is applied

to selectively extract the analyte from the complex mixture. The application of direct
current (DC) high voltage to the wet paper substrate releases charged droplets from the

tip of the paper triangle via an electrospray mechanism. These charged droplets contain

the extracted analytes, which subsequently ionizes and transfers them to the proximal mass
spectrometer. Aside from paper, other substrates such as thread, (Jackson et al., 2018;
Swiner et al., 2019) metal blade, (Gomez-Rios et al., 2017) leaf, (Liu et al., 2011; Malaj et
al., 2012) and wooden toothpick (Yang et al., 2014). Variants of these methods have also
been implemented where chemical modification of the substrate (e.g., salinization to create
hydrophobic layer) has been used to improve performance (Manicke et al., 2011; Wang et
al., 2011; Gémez-Rios and Pawliszyn, 2014; Damon et al., 2016).

Recent advancements in paper spray have shown that it can be used as a tool for the
screening of cancer biomarkers (Mendes et al., 2020; Mahmud et al., 2021). To show

the potential of paper spray-MS to screen for cervical cancer, Mendes (Mendes et al.,
2020) employed an unmodified paper substrate, typical of this kind of ionization, wherein
blood plasma from participants was able to be deposited for subsequent analysis. Willing
participants were of healthy (n=49) and diseased (n=37) populations, as determined by the
absence or presence of intraepithelial lesions/malignancies, respectively. Of these 86 total
samples, they were divided into a training set and test set, where the training set was

used for model optimization and the test set was used for model evaluation. The screening
metabolites chosen were various lipid species that were extracted and detected in positive
ion mode, given their widely understood relationship to cancer diagnostics. The lipid
profiles for the healthy and diseased samples were compared and it was found that there
was a significant difference, as determined by the interval-successive projection algorithm
linear discriminant analysis performed. The results from the training set established a clear
differentiation between healthy and diseased samples and the confirmation of the model
showed agreement.

The established system provided an accuracy of 77% with a sensitivity of 86% whilst using
a low-resolution mass spectrometer and analysis took merely 90 seconds total (Mendes et
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al., 2020). Mahmud (Mahmud et al., 2021) used paper spray-MS to diagnose prostate cancer
progression. Using an untargeted approach, they looked at urine liquid samples from the
healthy participants (n=10) and of prostate cancer patients whose Gleason scores were GS7,
GS8 and GS9 (n=10 each) and performed the paper spray-MS analysis using paper spray
cartridges. Mass spectra for the different stages of prostate cancer were then compared to a
metabolite library and the tumor stage-specific metabolic features were determined. Using
these features, they were able to rapidly discriminate among tumor stages of prostate cancer
within one minute noninvasively using urine samples (Mahmud et al., 2021).

B. Direct Tissue Imaging with Desorption Electrospray lonization

Mass spectrometry imaging (MSI) has recently increased in prevalence in clinical omics
approaches. MSI relies on the use of an ionization source with sufficient spatial resolution
for mapping of analyte distribution in a given sample based on the m/z detected within
regions of the sample. Broadly, MSI may be broken into vacuum-based imaging techniques
such as matrix-assisted laser desorption ionization (MALDI) and atmospheric pressure
(AP) methods such as DESI and AP-MALDI. For direct tissue imaging, (Wiseman et

al., 2006) clinical ambient ionization rely on the principles of desorption electrospray
ionization (Takats et al., 2005). DESI imaging has been applied to the extraction and
subsequent analysis of small metabolites and lipids from tissue samples for the diagnosis
and screening of various cancers. For example, in 2017, Banerjee ef a/used DESI imaging
platform to diagnose prostate cancer (Banerjee et al., 2017). In this work, a label-free
DESI imaging protocol is employed to differentiate cancerous and normal tissues by using
known metabolic changes related to prostate cancer, which is particularly pertinent for the
removal of tissues, as it can assist in understanding where tissues need to be excised and
where it can remain. To capture this idea, various prostate biopsies were taken and analyzed
(n=54) using DESI imaging, looking specifically for metabolites and lipids that have been
previously associated with cancerous tissue (e.g., Krebs cycle metabolites, fatty acids,
various phospholipids), relative to healthy tissue. From these specific metabolites, they
found that there was greater accuracy in tissue differentiation among smaller metabolites,
when compared to the larger lipids. This finding agrees with a current-standing hypothesis
that malignant prostate cells undergo a more bioenergetically efficient Krebs cycle than
normal prostate cells which supports the claim that smaller metabolites of the Krebs cycle
could be particularly good at differentiating tissues. Specifically, it was determined that
the ratio between glucose and citrate was to be one of the more profound indicators

for normal versus cancerous tissues (Figure 11). Cancerous tissues demonstrate higher
concentrations of glucose and lower concentrations of citrate, relative to the non-cancerous
tissues. Specifically, it was found that the ratio of glucose to citrate was greater than 1 for
cancerous tissues and was less than 0.5 for normal tissues (Banerjee et al., 2017).

Another similar DESI imaging technique has been used to predict aggressiveness of ovarian
cancer (Sans et al., 2017) performing analysis on normal ovarian samples (n=15), borderline
ovarian tumors (n=15), and high-grade serous carcinoma (n=48). Sans et a/ selected various
lipids to investigate to see how lipid concentration is dependent on cell type. Of particular
note are the changes in fatty acid and lipid metabolism, given the differences in tumor
biology, which can be particularly helpful in identifying proliferation and aggressiveness of
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cancers. Specifically, higher degrees of unsaturation have a higher correspondence to high-
proliferating tumor cells with polyunsaturated fatty acids (specifically noted were FA 20:3
and FA 22:4) being in higher concentrations for high-grade serous carcinoma than any other
type of tissue. Different lipid classes are also associated with different degrees of cellular
aggressiveness and proliferation, with ceramides being noted as particularly abundant in

the borderline ovarian tumors and phosphatidylinositol and phosphatidylglycerol being
characteristic of high-grade serous carcinoma (Sans et al., 2017). Another such imaging
technique has been able to distinguish benign from malignant skin abnormalities using DESI
imaging, described by Margulis (Margulis et al., 2018). The researchers discuss the imaging
of very small, excised samples of tissue wherein DESI imaging was performed and analysis
was performed on a variety of analytes to determine those most closely associated with
normal versus cancerous tissues. Similar to previous studies that used DESI imaging to
differentiate healthy versus cancerous tissues, abnormalities can be traced to differences in
metabolism in the Krebs cycle. Using skin tissue from willing participants (n=86), they were
able to establish the efficacy of the platform to differentiate tissue types on the physical scale
of less than 200 pm in size.

Unlike previous discussion regarding imaging, MALDI imaging is not an ambient technique
but the principle is similar to that established by DESI imaging (Cornett et al., 2007; Walch
et al., 2008). MALDI imaging uses a laser to oblate a sample and the released molecules

are then analyzed and detected via MS. These analytes, like DESI imaging, can be used to
create fingerprints or profiles for typical tissue samples for healthy and cancerous patients.
Specifically, many recent works have shown the abilities of MALDI imaging to investigate
lung cancer, ovarian cancer, and cervical cancer, among others (Delcourt et al., 2017;
Ros-Mazurczyk et al., 2017; Briggs et al., 2019; Shu et al., 2020).

It turns out that the interaction of lasers with tissues can be performed outside of the vacuum
environment of the mass spectrometer and still produce ion imaging information. When a
matrix is used, the process is called AP-MALDI. By changing the wavelength of the laser
source, endogenous compounds in the tissue (e.g., water when using IR laser) can serve as
a matrix to facilitate the desorption of analytes from the tissue sample without applying any
external matrix. This experiment becomes an ambient ionization since no matrix is applied
and the analysis is performed in the open environment without transferring sample into
vacuum. However, in the absence of a matrix, neutral species are desorbed from the surface.
lon yield is enhanced when the neutral plume is intercepted with electrospray charged
droplets. This experiment, in which mid-IR laser is used for desorption and subsequent
ionization, is achieved with ESI called laser ablation electrospray ionization (LAESI) MS.
(Nemes and Vertes, 2007) When UV photons are used for analyte desorption, the process

is called electrospray-assisted laser desorption/ionization (ELDI) MS.(Huang et al., 2006)
Both LEASI-MS and ELDI-MS offer higher spatial resolution than DESI.

C. Real-Time Tissue Profiling with Handheld Ambient lonization Devices

While the analysis of tissues by DESI requires biopsied samples, there is great interest in
the differentiation of tissue samples in-vivo and in real-time for application in the operating
room. Such endeavors have led to the development of handheld ionization sources such as
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the MasSpec Pen (Zhang et al., 2017) and iKnife (Balog et al., 2013). The MasSpec Pen
(Figure 12) was first discussed by Zhang (Zhang et al., 2017) and describes a powerful,
handheld tool for profile analysis of tissues for diagnosis.

The MasSpec Pen connects the handheld device to the mass spectrometer directly via PTFE
tubing. The handheld device itself has three conduits which provide solvent through one
conduit and gas through a second conduit and these exit through a third conduit. The pen is
placed upon a tissue surface and solvent flow is initiated with a foot pedal after which the
solvent interacts with the surface of the tissue to extract molecules, which are then drawn
into the mass spectrometer via pressure differential for analysis. Given the various chemical
profiles noted, tissue type and characteristic can be identified without the need for biopsy or
lengthy preparation time (Zhang et al., 2017). Since the establishment of the MasSpec Pen,
the diagnosis of ovarian cancer using the device has been investigated (Sans et al., 2019).
This work, conducted by Sans et a/, does not show in-vivo analysis but it does provide
validation of the method through high degrees of accuracy and sensitivity (>86% and >81%,
respectively, for all analyses performed) in the differentiation of normal tissue samples,
low-grade serous carcinoma samples, and high-grade serous carcinoma samples. Three
different sample sets, with analyses performed across multiple years, involving more than
100 samples using both a relatively low resolution mass spectrometer (linear ion trap) and

a relatively high resolution mass spectrometer (orbitrap) helped to elucidate typical profiles
for healthy and cancerous tissues at both low-grade and high-grade severities. Specifically,
Sans et al selected small metabolites (e.g., ascorbate, taurine, glutamate) and phospholipid
species (e.g., glycerophosphoethanolamine, glycerophosphoinositol) as the ions most typical
of the representative spectra and would be the ions to aid in differentiation of tissue type.
Through machine learning, it was found that differentiation between not only healthy and
cancerous tissues was possible, but also a differentiation between low-grade and high-grade
serous carcinoma, even on the relatively low-resolution mass spectrometer.

Another notable example of a handheld ambient ionization device is the intelligent knife
(iKnife). The iKnife was first described by Balog (Balog et al., 2013) and relies on rapid
evaporative ionization mass spectrometry (REIMS) to produce ions from tissues (Schéfer et
al., 2009; St John et al., 2017) (Figure 13).

REIMS allows for analysis to be performed directly upon the various surfaces, such as
tissues, by analyzing the aerosols released during electrosurgical dissection. Upon the
application of electrosurgical activation, aerosols will be given off (dependent on tissue
size and type) which will be transferred through a plastic tube to the mass spectrometer.
Recent work specifically has shown that the iKnife is a powerful tool for the identification
of breast pathology and can be a powerful tool during breast cancer surgery, as noted in
work by St John (St John et al., 2017). In these works, typical spectra for normal samples
(n=253) and tumor samples (n=106) were established to create fingerprint spectra. It was
noted that certain spectral features and intensities were dependent on the tissue type, as well
as the setting used for the device itself. Notably, there was a high intensity of peaks for
phospholipids and triglycerides for normal tissue but for cancerous tissues the intensities
of phospholipid peaks were substantially higher, while triglyceride was substantially lower.

Mass Spectrom Rev. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grooms et al.

Page 21

Application of the iKnife device yielded sensitivity of 91% and specificity of 99% (St John
etal., 2017).

V. Exhaled Breath Analysis

Sinues, et al (Martinez-Lozano Sinues et al., 2013) suggested that the volatile organic
compounds exhaled can be used to monitor and probe the health of a patient, particularly
as it pertains to lung health. Given the potential breadth of the exhalome, the original
capabilities of exhaled breath analysis seemed vast and it seemed a promising technique,
as it allowed for a noninvasive means for diagnosis of lung diseases. Since volatile organic
compounds (VOC) in exhaled breath are the analytes of interest, it is easily coupled to
techniques such as gas chromatography (GC).

A. Diagnosis of SARS-CoV-2 (COVID-19) via Exhaled Breath

The SARS-CoV-2 (COVID-19) pandemic swept across the globe in late 2019 and early
2020 and demonstrated just how valuable it was for information to be gathered quickly

to tailor public health initiatives and patient care as effectively as possible. To gather this
information, much research was also given to investigating the implications of COVID-19
infections on a patient’s biochemistry through a variety of means. Widespread COVID-19
screening has been performed mainly via real time reverse-transcriptase polymerase chain
reaction (RT-PCR), which involves amplification of viral genetic material (Liu et al., 2020),
and antigen-detection rapid diagnostic tests (Ag-RDTs), which involves replication of viral
proteins (Agullo et al., 2021). MS-based methods have utilized exhaled breath to assist

in characterizing the metabolic profile of exhaled breath by critically ill patients, such as
the works performed by Liangou ef a/ (Liangou et al., 2021) and Grassin-Delyle et a/
(Grassin-Delyle et al., 2021) in 2021. In the work by Grassin-Delyle et a/ (Grassin-Delyle
et al., 2021) the metabolic profile of patients afflicted with respiratory diseases were
studied with a time-of-flight (TOF) MS. In this work, expired air was introduced into a
proton transfer quadrupole TOF MS via a heated transfer tube that could be connected
directly to the patient’s endotracheal tube. These data were compiled for patients with
acute respiratory distress syndrome (ARDS) who were COVID-19 positive and those that
were COVID-19 negative. Principle component analysis (PCA) was performed to establish
a “breathprint” for VOCs associated with the disease, to establish commonalities between
the COVID-19 positive patients (n=18) versus COVID-19 negative patients (n=10). Through
three different machine learning algorithms, the group was able to assign four specific
VVOCs (methylpent-2-enal, 2,4-octadiene, 1-chloroheptane, and nonanal) that can be used to
differentiate between patients with ARDS that have COVID-19 and those that do not, as
seen in Figure 14 (Grassin-Delyle et al., 2021). For the work performed by both Liangou
and Grassin-Delyle, the accuracy in assignment was consistently above 80%, for COVID-19
positive and COVID-19 negative patients, when accounting for variables such as smoking
status and age.

Other researcher groups have sought to couple separations-based GC to the exhaled
breath analysis via MS to enhance the capabilities for untargeted metabolite coverage
to assist with diagnosis of COVID-19 Many of the works that use orthogonal GC-MS
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techniques were inspired by preliminary work performed by Ruszkiewicz et a/that employs
the analysis of exhaled breath by gas chromatography-ion mobility spectrometry (IMS)
(Ruszkiewicz et al., 2020). While IMS is a powerful tool for the analysis of various
metabolites, there are certainly advantages in using mass spectrometry. Ibrahim et a/
(lbrahim et al., 2021) and Barberis et a/ (Barberis et al., 2021) both utilize tandem GC
coupled to MS to accomplish analysis of molecules from exhaled breath. Barberis et a/
utilized orthogonal two-dimensional gas chromatography mass spectrometry (GCxGC-MS)
to investigate exhaled breath condensate, as opposed to the exhaled breath itself. Exhaled
breath condensate is the liquid phase of exhaled air and contains diluted, nonvolatile
molecules which can serve as a source for biomarkers for various respiratory diseases.

B. Chronic Disease Diagnosis with Exhaled Breath Analysis

A recent work performed by Markar et a/ (Markar et al., 2019) investigated the ability

to use volatile organic compounds in exhaled breath to probe potential colorectal cancer
metabolites. In this work Markar et a/sought an alternative to fecal tests for the detection
and diagnosis of colorectal cancer through the use of exhaled breath testing for the analysis
of VOCs through selected ion flow tube mass spectrometry (SIFT-MS). SIFT-MS allows

the researchers to overcome limitations associated with traditional GC-MS analyses, such as
the semi-quantitative nature and the relatively long analysis time. SIFT-MS is based in the
foundations of chemical ionization MS wherein VVOCs interact with precursor ions that are
injected into the carrier gas to cause ionization of the VOCs, which produce characteristic
product ions. Given this workflow, SIFT-MS allows for the real-time quantification of VOCs
without prior sample preparation. To determine the efficacy of the system in the diagnosis of
colorectal cancer, samples were taken from patients with colorectal cancer (h=50), samples
from patients with other, non-cancerous gastrointestinal conditions (positive control, n=50),
and patients who had a healthy gastrointestinal tract (negative control, n=50). SIFT-MS

and GC-MS analyses were performed simultaneously, and results were compared. These
results showed that one such VOC, propanal, is an acceptable single breath biomarker

for the diagnosis of colorectal cancer with accuracies >79% and sensitivities of >71%,
which are similar to conventional fecal occult blood tests and fecal immunochemical tests.
Similar techniques have also been used to diagnose tuberculosis, as well. In these studies,
by Beccaria et al (Beccaria et al., 2018), patient exhaled breath was collected in a Tedlar
bag and subsequently passed through a filter to remove potential pathogens into a thermal
desorption tube which desorbed into a GCxGC-TOF MS. Patient samples (n=50) were taken
and used for analysis. With these analyses, more than 2000 features were detected, only 52
of which were established as being discriminatory. The accuracy of the platform was found
to be >80%, which serves as a testament to the importance of the VOCs found in exhaled
breath (Beccaria et al., 2018).

VI. Prospect of Mass Spectrometry Based Omics

The unique building blocks of a mass spectrometer — including the ionization source, the
mass analyzer, and the detector — allow ample pathways for innovation, creativity, and
problem solving in the ever-growing omics field for disease screening and diagnosis. This
includes the genome, transcriptome, proteome and metabolome as has been reflected in the
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recent advances described in this review for NBS, cancer, and chronic disease diagnosis.
While we focus mainly on the advantages of tandem MS methodologies for NBS and
ambient ionization MS for cancer and chronic disease diagnosis, the authors recognize that
there are many studies utilizing tandem MS methods and additional ambient methods for
cancer screening and diagnosis that yielded important insights into this field not discussed
at large within this text. We briefly summarize these additional contributions in Table 2
with recent work from Eberlin (Eberlin et al., 2013), Paraskevaidi (Paraskevaidi et al.,
2020), Sarbu (Sarbu et al., 2020), Fan (Fan et al., 2018), Wang (Wang et al., 2018), Li (Li

et al., 2021), Principe (Principe et al., 2013), @verbye (Dverbye et al., 2015), Sequeiros
(Sequeiros et al., 2016), Fujita (Fujita et al., 2017), Andreu (Andreu et al., 2017), Raimondo
(Raimondo et al., 2013), Zhang (Zhang et al., 2018), Luo (Luo et al., 2018), and Chi

(Chi et al., 2020). The multitude of studies utilizing MS as an analytical tool for disease
screening and diagnosis, as well as comparison and validation to standard methods relay the
exciting prospect of this field — especially when considering the MS based methods perform
comparatively or outperform standard methods in important figures of merit including
sensitivity, specificity, speed, ease-of-use, and cost. However, challenges remain to be
overcome for instance in the case of patient biofluid sampling and storage, which the
authors have identified as a key step in biomarker stability and preservation in samples
(Frey et al., 2022). Challenges associated with DBS sampling, utilized here both in LC-MS
methods for NBS and ambient methods for cancer screening, include susceptibility to
atmospheric degradation resulting in lowered analyte sensitivity and accuracy. Overcoming
these challenges will be particularly important in the screening of rural and underserved
populations where temperature, humidity, and time between sample collection and analysis
play a nontrivial role (Frey et al., 2022; Lee et al., 2022). Increasing world population

levels and inherent increase in cancer, chronic disease, and the need for NBS necessitates
the field have robust methods for accurate measure of low concentration biomarkers. In the
cases discussed herein, where early detection and diagnosis yield improved patient prognosis
and quality of life, we opine that mass spectrometry-based methods will continue to play

a critical role in omics fields. This will include the establishment of effective analytical
laboratories based on portable instrumentation in developing countries (Lee et al., 2021).

Conclusion

Recent advances in mass spectrometry take advantage of the minute changes in a patient’s
biochemistry to provide powerful, rapid, and targeted analyses to help provide detailed
screening or diagnostic information. Work continues to be done on traditional methods, such
as conventional GC-MS and LC-MS platforms to enhance the analytical capabilities, but
much work is also being done on non-traditional platforms, such as those characterized by
ambient ionization techniques. With recent developments in non-invasive and significantly
more rapid techniques, such as the exhaled breath analysis, iKnife, and MasSpec Pen, it

is possible to reduce barriers to access valuable healthcare for patients, while providing
exceptional information quickly and easily for healthcare providers. In this review, we have
discussed the biological basis for many genetic diseases and how various of types of MS/MS
methods have been applied in newborn screening. We believe such understanding can

guide the proper development of new analytical methods by targeting the correct chemical
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systems, while also improving sensitivity and turnaround time. Similar MS/MS methods
have also been applied to cancer screening. However, the given the magnitude of cancer
incidence and mortality, the effort to develop new analytical methods for this disease has
received far more attention. We have summarized how direct ambient mass spectrometry can
be used for metabolomics analysis targeting cancer screening. This can be achieved using
biofluids or tissue samples. Cancer screening via tissue analysis can be achieved though
profiling (iKnife and MasSpec Pen) or imaging (DESI) methods, with (MALDI) or without
(DESI, MasSpec Pen, and iKnife) sample pre-treatment. Though invasive tissue analysis

by profiling methods is often integrated with surgical operation procedures and do not
significantly add to the needed sources. Biofluid analysis is far more simple and minimally
invasive when compared with tissue analysis. A completely non-invasive method is also
discussed in the form of exhaled breath analysis. Collectively, mass spectrometry provides a
unique opportunity to analyze any type of sample to evaluate the biological machinery of the
body, including the metabolome.
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Figure 1:
Schematic illustration of factors leading to alteration of the body’s biology giving rise to

metabolites and disease biomarkers which are the targets of current mass spectrometric
screening and diagnostic platforms along with a collection of pre-analytical factors affecting
disease screening and diagnosis, thus demanding highly sensitive and accurate methods.
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Figure 2:
Ilustration of various MS/MS operational modes on a triple quadrupole and related hybrid

instruments for enhanced sensitivity with (A) selected ion monitoring (SIM) in which all
precursor ions are sequentially passed through the first two quadrupoles (e.g. Q1 and g2
respectively) with subsequent selection of analyte ion in quadrupole three (Q3) without
inducing fragmentation of the selected ions, (B) single reaction monitoring (SRM) in which
a single precursor ion of interest is selected in Q1 followed by collisional dissociation

in g2 and selection of a single fragment product ion in Q3, (C) illustration of two types

of multiple reaction monitoring (MRM) operation: (i) multiple fragment selection mode

in which a single ion is selected and fragmented as in SRM and Q3 sequentially selects
multiple fragment product ions of interest, and (ii) multiple precursor selection mode in
which two or more precursor ions are sequentially selected in Q1, followed by collisional
dissociation in g2 and selection of a single fragment product ion that the selected precursor
ions have in common, (D) parallel reaction monitoring (PRM) in which Q1 and g2 operation
is analogous to SRM but Q3 is replaced with a high resolution orbitrap mass analyzer that
simultaneously selects fragment product ions, (E) enhanced product ion (EPI) in which Q1
and g2 have analogous operation to SRM and PRM but Q3 is replaced with a linear ion trap
mass analyzer where fragment product ions of interest can be accumulated prior to detection
to enhance sensitivity.
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Figure 3:

Graphical summary of findings from Liao et al (2017) showing GALC enzymatic activity
levels across four control experiments obtained via MRM.
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Figure 4
General flow chart for the two-tiered NBS patient testing for MPS involving a first-tier,

high-throughput methodology performed via LC-MS/MS (shaded region) followed by a
second-tier, more selective NBS technique. A first tier GAG screening could eliminate 99%
of unaffected newborns giving rise to a valuable reduction in cost and time of more selective
genetic tests. Figure adapted from Kubaski et al 2017.
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Comparison of LC-MS/MS method applied by Lin et al (2017) with conventional
fluorometry assay method for the NBS of Pompe disease with (A) LC-MS/MS analysis
showing EOPD with lower activities than LOPD with statistical contrast as seen in the non-
overlapping error bars, and (B) fluorometry assay analysis showing no correlation between
GAA activity and severity of disease in EOPD and LOPD (reprinted with permission from
Linetal., 2017, copyright 2017 Oxford University Press).
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Figure6:
Schematic description of the Agena iPLEX SMA assay design consisting of a target

specific PCR reaction, then a single base extension with molecular weight modified
dideoxynucleotide terminators of the extension primer, annealing directly upstream of the
subject polymorphic site. Here, the two well defined positions ¢.840 and ¢.1155 of SMN1
and SMNZ2 genes were utilized as targets for PCR and single base extension primer design.
Black arrows represent multiplex PCR while blue arrows represent multiplex extension
primers (reprinted with permission from Lin et al., 2019, copyright 2019 Frontiers Media
S.A).
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Figure 7:

1000

Statistical analysis results to test instrument bias of SCD NBS from bloodspots with normal
Hb infants, HbS carrier infants, HbS/S infants, HbS/C infants, and HbS/beta-thalassemia
infants, and HbS/HPFH infants (reprinted with permission from Moat et al., 2017, copyright

2017 SAGE Publications).
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Product ion scanning MS/MS of selected proteospecific peptides. (a) T3 of alpha-globin
product ion spectrum, (b) T1 of alpha-globin product ion spectrum, (c) T1 of beta-globin

product ion spectrum, and (d) T2 of beta-globin product ion spectrum all obtained to identify
fragment ions of highest value for MRM analysis (reprinted with permission from Yu et al.,

2017, copyright 2017 Elsevier).
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Overview of study used with permission from Huttenhain et al (2019) with (A) discovery
phase in which EOC biomarker candidates were found using a proteomics-based study with
EOC tissue sample. (B) Biomarker candidates, which are the plasma-detectable, orthologous
human proteins detected to be differentially abundant in (A) were then quantified in plasma
samples from a large group of EOC patients along with healthy controls via SRM. (C) The
biomarker candidates for EOC detection that were most predictive were chosen, combined
in a protein biomarker signature, and submitted to further evaluation in an independent
validation set (reprinted with permission from Hittenhain et al., 2019, copyright 2019

Elsevier).
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Figure 10:
Analysis of DBS via paper spray-MS in which whole blood is placed directly on

chromatography paper cut into a triangle (reprinted with permission from Wang et al., 2010,
copyright 2010 John Wiley and Sons).
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Extracted ion chromatogram of glucose and citrate over a line scan of a typical prostate
tissue specimen that contains both normal (inset, left side) and cancerous (inset, right side)
areas. Inset shows staining of the tissue and position of the line scan (horizontal line)
(reprinted with permission from Banerjee et al., 2017, copyright 2017 National Academy of

Science).
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B . 5
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Syringe pump N \
3
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(3) Outgéing droplet

Schematic of MasSpec Pen operation with (A) complete visualization of operating room use
of the handheld device with integrated MS interface, (B) view of the handheld device alone
showing (1) incoming water, (2) gas input, and (3) outgoing droplet capillary, (C) schematic
of tissue sampling with the device showing the 3-D printed tip at three different times of
sampling: ¢ = 0s showing initial solvent interaction, ¢ = 2s showing solvation of sample on
the surface, and ¢ = 3s sequestering of sample into the outgoing droplet capillary (reprinted
with permission from Zhang et al., 2017, copyright 2017 The American Association for the

Advancement of Science).
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Schematic description of iKnife operation with (A) description of REIMS operation on

a breast tissue sample with subsequent histological validation, multivariate data analysis,
and application to recognition software and (B) Surgery room operation of the iKnife with
recognition software identifying cancerous versus normal tissue (reprinted with permission
from St. John et al., 2017, copyright 2017 Springer Nature).
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Figure 14:

Longitudinal analysis of VOCs in expired breath with the four features at /7/299.08, 111.12,
135.09, and 143.15 which contributed the most to models and were assessed in (A) the

first available sample for each patient and (B) over time during intubated, mechanically
ventilated patients in ICU with COVID-19 ARDs (n=28, red) or non-COVID-19 ARDs
(n=12, blue) (reprinted with permission from Grassin-Delyle et al., 2021 copyright 2021
Elsevier).
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Table 1:

Summary of MS/MS acquisition precursor/product ions for Hb peptides and internal standards used for SCD
NBS protocol for identification of clinically relevant beta-chain hemoglobinopathies (reprinted with
permission from Moat et al., 2017, copyright 2017 SAGE Publications).

Target Tryptic peptide  Parent/daughter
peptide and ion ions(m/zratios) Hb variant peptideratios
HbS BT1y4 461.66/472.15 SBT1 y4iwt pT1y4 (S:A)
HbC BT1b4 694.30/451.15 CBT1 b4/wt BT1y4 (C:A)
HbDPuniab BT13b3 689.22/377.08 DPBT13 h3/wt BT13 b3 (DPU2b:A)
HbOATE BT13y9 625.25/1001.45  OBT13 y9/wt BT13 y9 (OA:A)
HbE BT3y6 458.65/604.15 EBT3 y6/wt BT3y9 (E:A)
HbLepore 8T2y6 480.16/688.20 8T2 y6/wt BT2 y6 (Lepore:A)
HbF YT2y6 488.3/691.30
HbA wt BT1 y4 476.67/502.15 wt BT1 y4/HbFyT2 y6 (A(BT1):F)
Wt BT2y6 466.76/675.38 HbFyT2 y6/wt BT2y6 (F:A (BT2))
wt BT3y9 657.70/887.25 wt BT3 yo/HbFy T2 y6 (A(BT3):F)
wt BT13 b3 689.72/378.05
wt BT13y9 689.85/1001.35
Internal Standard 465.65/480.15
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Additional recent literature reporting advances in mass spectrometry-based cancer screening and diagnosis.

Disorders

Report Disease Type Method Accuracy
Eberlin et al (2013) Brain Cancer DESI-MS Histopathology Agreement
Paraskevaidi et al (2020) Cervical Cancer LA-REIMS 94% Sensitivity and 83% Specificity
Sarbu, et al (2020) Central Nervous System IMS-MS/MS Picomolar Sensitivity

Fan et al (2018)

Lung Cancer

Ultra high Resolution FT-MS

AUC of 0.51 -0.85

Wang et al (2018) Lung Cancer LC-MS/MS 83.1% Sensitivity and 67% Specificity
Lietal (2021) Lung cancer PS-MS 0.1 ppt sensitivity
Principe et al (2013) Prostate Cancer LC-MS/MS Literature Validation
@verbye et al (2015) Prostate Cancer LC-MS/MS 100% Specificity and Sensitivity >60%
Sequeiros et al (2016) Prostate Cancer MS/MS (SRM) Higher Sensitivity and Specificity than
standard
Fujita et al (2017) Prostate Cancer LC-MS/MS (SRM/MRM) AUC of 0.856

Andreu et al (2017) Bladder Cancer LC-MS/MS High Specificity, PCR comparison
Raimondo et al (2013) Kidney Cancer LC-MS/MS AUC of 73 - 89%
Zhang et al (2018) Pulmonary, Lung, Cervical, LC-MS/MS AUC Ranging from 0.8747 — 0.9853
Colorectal, Bladder,
Esophageal, Gastric Cancer
Luo et al (2018) Liver Cancer LC-MS/MS AUC Range of 0.807 — 0.901 and Sensitivity

Range of 70-80.3%

Chi et al (2020)

Oral Cancer

Multiplexed LC-MS/MS (MRM)

AUC Range of 0.753 - 0.914
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