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ABSTRACT: Cellulose thread substrates offer a platform for microsampling and reactive ionization of free fatty acid (FFA) isomers
for direct differentiation by mass spectrometry. Ambient corona discharge forms when direct current high voltage is applied to the
tiny sub-fibers on the thread substrate in the presence of a polar spray solvent (MeOH/H-O, 2:1, v/v) facilitating chemical reactions
across C=C bond of unsaturated fatty acids. The process was applied for diagnosis of obesity, which we observed to show a better
discriminatory power when compared with determinations based on body mass index. Overall, the integrated reactive thread-based
platform is capable of (i) microsampling and dry-state, room temperature storage (>30 days) of the biofluids, (ii) in-capillary lig-
uid/liquid extraction, and (iii) in-sifu epoxidation reactions to locate C=C bond position in unsaturated fatty acids via reactions with
reactive oxygen species present in ambient corona discharge. The study showcased the ability to correctly characterize FFAs, includ-
ing degree of unsaturation, and the determination of their relative concentrations in clinical biofluid samples.

INTRODUCTION

Obesity can serve as a risk factor for many chronic conditions and
diseases.!? It is also a criterion for metabolic syndrome,>* which
describes a cluster of factors (e.g., high blood pressure, high tri-
glyceride levels, high glucose levels, etc.) that lead to an increased
risk of these diseases. Common obesity-related conditions are Type
2 diabetes and cardiovascular disease.’ In 2019, heart disease was
reported to be a leading killer in the United States, increasing espe-
cially in older (>65 years old) populations.® Understanding body
metabolism and pathogenesis of these diseases remains important
clinically to help establish proper prevention and treatment proto-
cols.

Body mass index based on height and weight is typically used
to measure body fat.” Unfortunately, this diagnostic strategy cannot
express fat deposition in the body. Screening for early signs of obe-
sity will require chemical tools that can quantify fat deposits. Body
fat, or lipids, breaks down to form high concentrations of free fatty
acids (FFAs) in serum and plasma.®® Fatty acid metabolism, in
turn, has been used to monitor the progression of various dis-
eases.!®!! In general, there are different fatty acid compositions for
healthy and diseased state biological samples and those differences
can be identified with many analytical techniques, such as nuclear
magnetic resonance (NMR),!?13 liquid chromatography-mass spec-
trometry (LC-MS)'¥-16 and gas chromatography- mass spectrome-
try (GC-MS).17-1° While these traditional methods are sensitive and
selective, they require extensive sample preparation and large
amounts of solvent and sample.

Aside from pre-analytical challenges, these nonpolar FFAs are
structurally diverse, existing biologically with their isomers, mak-
ing their characterization and differentiation important. Tradition-
ally, standalone mass spectrometry is silent to molecular isomers,
since the mass-to-charge (m/z) ratio of a given set of isomers is the
same. Mitigating this problem typically includes the use of a

separation technique, like LC, GC, or ion mobility, that can sepa-
rate the isomers before MS detection in two distinct steps. To cir-
cumvent this analytical challenge, related to the differentiation of
positional isomers of FFAs (i.e., fatty acids that differ only in
double bond positions)***!, we propose that an integrated analytical
system capable of microsampling of biofluid (<50 puL), direct anal-
ysis of collected samples, and in-situ reactions specifically at the
C=C position during MS analysis will serve to improve the utility
of standalone mass spectrometers in clinical applications without
sophisticated front-end sample processing. Such capability will be
useful for field, point-of-care analysis using portable mass spec-
trometers especially in resource-limited settings.

Herein, we present a reactive thread spray MS platform that
enables ambient ionization of FFAs directly from untreated bioflu-
ids (e.g., serum and plasma) while also facilitating epoxidation re-
actions across C=C bonds via an atmospheric pressure chemical
ionization (APCI) mechanism. When wetted by a suitable solvent
(e.g., methanol/water, 2:1, vol./vol), the tiny sub-fibers in cellulose
thread substrate allow the generation of ambient corona discharge
upon the application of —4 kV direct current (DC) high voltage. The
discharge results from the presence of the high electric field gener-
ated at the tip of the sub-micron thread fibers. The presence of wa-
ter, ambient air, and energetic electrons in the vicinity where the
corona discharge is generated initiates plasma reactions (in the
form of APCI)?*? that result in the formation of reactive oxygen
species such as ozone (O3), atomic oxygen (O), and singlet oxygen
('02). The oxidizing abilities of these reactive oxygen species are
well known, including the ability of atomic oxygen to oxidize C=C
double bond(s)* to form an epoxide (M+0). The epoxide product
ions [M+O-H]~ are known to undergo unique fragmentation?>2
when subjected to collisional activation in tandem MS (MS/MS) to
give a set of diagnostic ions that are specific to the number and
position of the double bonds in FFAs.



Recently, several analytical platforms have been reported that
focus on C=C localization.?”»*® These can be categorized into two
distinct groups: 1) gas-phase reactions utilizing energetic photons
in photodissociation?? or ozone reagents in ozonolysis3**! under the
high vacuum environment of the mass spectrometer and 2) con-
densed-phase chemical reactions occurring at atmospheric pressure
involving external reagents such as acetone for online Paterno-
Biichi photochemical reactions, dioxirane for offline solution/LTP
(low-temperature plasma) interfacial reactions, meta-chloroperox-
ybenzoic acid for bulk-phase epoxidation reaction,3*** hydrochlo-
ric acid for online reactions®® in nano-electrospray ionization
(nESI) utilizing glass capillaries with large orifices, and NH4OH
for online epoxidation in traditional nESI that employs reactive
electrodes such as Ir.2” The current work joins a third category in
that it seeks to develop a self-sustained analytical system that har-
nesses the electrical energy from electrospray to induce chemical
reactions under ambient conditions and in real-time during ioniza-
tion without the use of external reagents or plasma gases.35-37 The
following four additional attributes can be identified in favour of
our reactive thread spray methodology: 1) simplicity, requiring no
modification of existing instrumentation, ii) low-cost, as the device
is created from spooled cellulose thread substrates, iii) the ability
to analyze complex mixtures directly without any sample workup,
and iv) high sensitivity due to a delayed extraction mechanism that
cannot not be implemented in any other substrate-based ambient
ionization method such as paper spray,3® coated blade spray,* and
touch spray.*

Our previous studies on thread spray*!-#* all focused on non-

reactive spray conditions. This is our first report focusing on im-
plementation of an APCI-based mechanism in thread spray. We
aimed to apply the optimized reactive thread spray MS platform to
detect FFA concentrations in serum and to localize the C=C bond
positions in different FFA taken from obese and healthy patients.
We are interested in studying how the relative concentrations of
oleic (18:1, omega-9), cis-vaccenic (18:1, omega-7), linoleic (18:2,
omega-6), a-linolenic (18:3, omega-3), y-linolenic (18:3, omega-
6), palmitic (16:0), and stearic (18:0) acids vary from both sets of
samples (Figure 1). Given that the saturated fatty acids (palmitic
acid and stearic acid) have no unique fragmentation patterns
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Figure 1. General overview of fatty acid type and concentration for
clinically healthy and obese patients.

in the non-polar alkyl chain, (except for the loss of water, CO, and
CO2 from the carboxylic headgroup), characterization studies fo-
cused on the unsaturated analytes via their epoxide reaction prod-
ucts using reactive thread spray. As will be shown, the reactive
thread MS platform enabled standalone MS, that are traditionally
silent to isomeric species, to differentiate these isobaric fatty acid
analytes in untreated clinical samples.

EXPERIMENTAL SECTION

Chemicals and Reagents. Oleic acid (analytical standard)
was purchased from Supelco (Bellefonte, PA). Palmitic acid (>
99%), stearic acid (Grade 1, > 98.5%, capillary GC), palmitoleic
acid (98.5%, GC), cis-vaccenic acid (> 97%, capillary GC), linoleic
acid (= 99%), linolenic acid (= 99%), and y-linolenic acid (= 99%),
and methanol (99.9%, HPLC grade) were purchased from Sigma-
Aldrich (St. Louis, MO). 100% 18.2 MQ water was obtained from
a Milli-Q water purification system (Millipore, Billerica, MA).
100% Cotton spool thread was purchased from a local store (JoAnn
Fabrics, Columbus, OH) and Kimble 51 expansion borosilicate
glass melting point capillaries (O.D. 1.5 mm) were purchased from
Kimble Chase (Rockwood, TN). Human serum samples were pur-
chased from Innovative Research (Novi, MI).

Mass Spectrometry. Mass spectra were acquired on a
Thermo Fisher Scientific Finnigan LTQ linear ion trap mass spec-
trometer (San Jose, CA, U.S.A.). The tip of the thread (length= 50-
60 mm) was positioned parallel to the MS inlet via a copper alliga-
tor clip, which was connected to an external high-voltage supply
(0-6 kV). The thread spray ionization method generates ions with-
out gas assistance so a close interface distance (0.5-5 mm) between
the tip and the MS inlet was used to optimize signal intensity. MS
parameters used were as follows: 200 °C capillary temperature, 3
microscans, and 60% S-lens voltage. Ion transfer optics were not
optimized outside of S-lens voltage. Thermo Fisher Scientific Xcal-
ibur 2.2 SP1 software was applied for MS data collecting and pro-
cessing. Tandem MS with collision-induced dissociation (CID)
was utilized for analyte identification with energies between 25-35,
that was optimized for each analyte. The total run time for each of
the replicates (N=5, serum volume of 10 pL) was 5 minutes, allow-
ing for 30 second total scan time for each fatty acid.

RESULTS AND DISCUSSION

Method Optimization and Fatty Acid Characterization.
To begin these studies, we used a monounsaturated fatty acid
(MUFA), oleic acid (18:1, 9Z), to investigate the effect of corona
discharge in thread spray and the possible epoxidation reactions.
Oleic acid is classified as a non-essential omega-9 fatty acid, mean-
ing that it can be produced in the body and supplemented in diet.
MUFAs are beneficial to health and are suggested to help reduce
inflammation.*5¢ In a typical experiment, a single thread, on which
the sample is deposited, is placed in a glass capillary and the appli-
cation of —4 kV and the polar methanol/water spray solvent yields
corona discharge (Figure 2 and Video S1), which produces mass
spectrum that is markedly different from similar thread spray ex-
periment conducted with non-polar ethyl acetate spray solvent
(Figure S1). Given the reactivity of species present in a corona dis-
charge event, this setup enables the detection of analytes of low
polarity,*’*8 specifically unsaturated fatty acids, which are oxidized
via the addition of atomic oxygen across the C=C bond. Upon col-
lision-induced dissociation (CID) in MS/MS analysis, the epoxide
reaction product dissociates to give diagnostic fragment ions. In
order to form a stable corona discharge for quantitative MS analy-
sis, solvent optimization experiments were conducted by monitor-
ing the intensity of the expected?® fragments for oleic acid (18:1,
9Z,omega-9) at m/z 155 and 171 (Figure 3A). We found methanol:
water, 2:1 (vol./vol.) solution to be the optimal spray solvent (Fig-
ure S2A). Note that FAs having the same double bond position
(e.g., oleic acid, 18:1, 9Z and palmitoleic acid, 16:1, 9Z) produce
the same diagnostic ions when subjected to CID. However, pal-
mitoleic acid (MW 254 Da), an omega-7 MUFA, can be



differentiated from oleic acid (omega-9; MW 282 Da) using mo-
lecular weight information. Thus, MS/MS experiments at m/z 269
target the epoxide product from palmitoleic acid to give diagnostic
ions at m/z 155 and 171 (Figure S2B and C), which indicate double
position at the 9Z position. The method is equally applicable for the
differentiation of positional isomers such as oleic acid and cis-vac-
cenic acid (omega-7, 18:1, 11Z). While oleic acid yields m/z
155/171 diagnostic ion pairs, the epoxide (m/z 297) from vaccenic
acid produces m/z 183 and 199 ions (Figure S3). The unique frag-
ment ions from these two isomeric species mean that a mixture con-
taining the two isomers can be analyzed effectively and directly
without prior separation steps as illustrated in Figure 3B where 1:1
mole ratio of pure oleic and cis-vaccenic acid were mixed and sub-
jected to reactive thread spray MS analysis.
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Figure 2. Schematic illustrating microsampling with cellulose
thread followed by reactive thread spray MS analysis of collected
biofluid via an APCI mechanism. Insert shows photograph of
thread spray MS at the onset of corona discharge.

When it comes to diet, monitoring the ratio of omega-6 to
omega-3 fatty acids is common.*”* High levels of omega-6
FAs and/or low levels of omega-3 FAs have been associated
with the pathogenesis of many conditions and diseases.*** The
most common of the omega-6 essential fatty acids is linoleic
acid (18:2, MW 280 Da), which can only be obtained through
diet. One of the metabolic pathways of linoleic acid include its
conversion to arachidonic acid (20:4, MW 304 Da) potentially
leading to pro-inflammatory responses in the body.55? Con-
versely, the most common omega-3 essential fatty acid is a-lin-
olenic acid (18:3, MW 278 Da). a-Linolenic acid is a precursor
for eicosapentaenoic acid (20:5, MW 302 Da) and docosahex-
aenoic acid (22:6, MW 328 Da). These long chain FAs are re-
sponsible for anti-inflammatory activity in the body™ and can
be useful in reducing the risk of obesity-related diseases.5*%
The overall goal for health and diet is to balance the intake of
these classes of FAs. Therefore, ability to monitor the relative
concentrations of these polyunsaturated fatty acids (PUFAs) di-
rectly from biofluids can be very useful, which we demonstrate
using the reactive thread spray MS platform.

Encouraged by results from the analysis of MUFAs, we
applied the optimized parameters of the reactive thread spray
MS method (spray voltage and solvent composition) for the
characterization of linoleic (18:2, 9Z and 12Z) and isomers o-
linolenic (18:3,9Z, 12Z, and 15Z) and y-linolenic (18:3, 6Z, 9Z,
and 12Z7) polyunsaturated fatty acids (Figure S4B and C). For
example, linoleic acid has double bonds in the 9Z and 12Z po-
sitions, which can both undergo oxidation. For a non-selective
epoxidation reaction, we expected mono-epoxide product to
compose of a mixture consisting of reaction at both double bond
positions. Therefore, the isolation of [M+O-H]™ at m/z 295 in
MS/MS experiments followed by activation upon CID should
yield a mixture of four diagnostic fragment ions corresponding

to two pairs of ions for the respective double bond positions
(Figure S4A). Table 1 summarizes the diagnostic ion pairs for
all fatty acids tested in this study. It is important to note that
these three PUFAs are not the only highly abundant FAs of this
class. The purpose of this study was to begin exploring the ca-
pabilities of reactive thread spray. Future studies will be more
comprehensive and explore longer chained PUFAs.

Profiling of Clinically Obese Samples by Reactive
Thread Spray MS. The ability to collect microvolumes of bi-
ofluid samples in the cellulose thread substrate and to perform
direct analysis can be enormously beneficial for personalized
healthcare. This is because such an advanced healthcare system
requires sample collection away from the laboratory, something
that is currently challenged by our inability to preserve the mi-
crosample integrity during transport. Not only does the thread
spray method enable microsampling and sample storage under
ambient conditions without cold storage requirements, but it
also uses ambient air to generate stable corona discharge at
moderate DC voltages for in-situ epoxidation of C=C bonds for
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Figure 3. Tandem MS spectra of A) pure solution of oleic acid and
B) 1:1 equimolar solution of oleic and cis-vaccenic acid. Solution
concentrations were 200 uM in 2:1 methanol: water (vol./vol.). CID
energy was between 25-35 manufacturer’s units.

Table 1. Summary of fatty acid analytes and their corre-
sponding diagnostic fragment ion pairs as derived from di-
rect analysis by reactive thread spray MS.

Diagnostic Fragments

Acid Omega Notation [MW (g/mol) [M-H]* [M+O-H] (miz)

Palmitic (16:0) - 256 256 . 211, 237

Stearic (18:0) - 284 283 - 239, 265
Palmitoleic (16:1) Omega-7 254 253 269 155, 171

Oleic (18:1) Omega-9 282 281 297 155,171
Cis-vaccenic (18:1) Omega-7 282 281 297 183,199

Linoleic (18:2) Omega-6 280 279 295 155,171, 195,211
a-Linolenic (18:3) Omega-3 278 277 293 155,171; 195,211; 235, 251
y-Linolenic (18:3) Omega-6 278 277 293 113,129; 153,169; 193, 209




subsequent differentiation of positional isomers of MUFAs and
PUFAs using a standalone mass spectrometer. The unique ad-
vantage presented by this method is that this procedure can be im-
plemented in a resource-limited setting (e.g., on a portable instru-
ment) since no sample preparation and plasma/spray gases are re-
quired. In addition, when utilized for direct biofluid analysis, the
thread spray platform offers delayed extraction and enrichment ca-
pabilities without solvent evaporation limitations. This is contrary
to other substrate-based ambient ionization methods where rapid
solvent evaporation in the open environment of the ion source man-
dates the synchronization with MS analysis during analyte extrac-
tion.5%57 The inevitable consequence is limited sensitivity due to
inefficient analyte extraction (occurring on time scales of fraction
of seconds) during the synchronized analysis. Thread spray offers
an optimized 60 s delayed extraction capabilities for enhanced sen-
sitivity.!

It is important to note that the thread spray ion source is made
reactive only when using highly polar spray solvents in the nega-
tive-ion mode. The reactivity can be turned off simply by changing
spray solvent (Figure S5). We applied the reactive thread spray
strategy developed in this work to characterize clinically obese se-
rum samples. In this proof-of-concept study, we selected samples
from two donors (Obese 1 and Obese 2) who had no history of
smoking, medication use, and pre-existing conditions (Table S1).
This allows us to control potential interferences of these factors
with free fatty acid serum concentrations. The two obese samples
were characterized in terms of total cholesterol, triglyceride con-
centration, high-density lipoprotein (HDL), and low-density lipo-
protein (LDL) levels. Lipemia levels of the samples were charac-
terized as medium and low for Obese 1 and Obese 2, respectively,
by Innovative Research. We used the reactive thread spray MS
method to gain insight in discerning whether the two samples can
be distinguished based on their free fatty acid composition and rel-
ative concentration.

To do this, we analyzed a total of eight (8) FFAs, six of which
were unsaturated and two saturated. Fatty acid profiles were cre-
ated using five replicate serum samples. Obese 1 and Obese 2 sam-
ples were used to create a baseline to showcase how FA profiles
can vary for different levels of obesity. We also spiked a separate
non-obese serum sample with 200 uM concentrations of each fatty
acid to serve as a control. Moreover, we used two additional serum
samples as blind samples in which their obesity status and chemical
composition were unknown. That is, no clinical data was provided
for these blind samples. This targeted profiling study was achieved
via the use tandem MS for the selected eight free FAs. MS/MS
product ion intensities were used to determine the relative amounts
of omega-3, -6, and -9 FAs to make inferences about the diets of
the four patients used in this study (i.e., two obese and two blind
samples). In general, patients with metabolic syndrome are ex-
pected to have higher omega-6 and lower omega-9 content®? rela-
tive to control samples. These same people would also have high
saturated FFA content, which is associated with excessive intake of
butters, sugars, and starches, that have been shown to increase the
risk for obesity-related diseases by increasing plaque build-up in
the arteries.’®% Therefore, in addition to the common unsaturated
FAs, we also monitored two of the most common saturated FAs
found in meats, cheeses, and dairy products, palmitic (16:0) and
stearic (18:0) acids. While these FAs have no double bonds to un-
dergo oxidation, we used their respective fragments denoting the
losses of H20 and CO:z to confirm their presence in these studies.

Experiments were conducted as described above where a sin-
gle thread was dipped into 10 pL of serum and then placed inside a
glass capillary for proper application of solvent and voltage for MS

detection. Figure 4 shows FA profiles of the spiked control, Obese
1, and Obese 2 samples. These profiles were constructed to aid data
visualization and to show relative amounts of each fatty acid in
comparison to each other. This is, the eight FAs chosen are not fully
inclusive of those that are relevant clinically. The spiked serum pro-
file (Figure 4A) shows relative ionization efficiencies for the
equimolar mixture of the eight fatty acids. Hydrophobic analytes
are known to have higher ionization efficiencies,® and we see a
similar correlation with our
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Figure 4. Free fatty acid profiles for (A) control, spiked serum sam-
ple, (B) Obese 1 serum sample and (C) Obese 2 serum sample. Each
percentage provided is relative to the total intensity of the eight
fatty acids analyzed in the sample. The different shades of a given
color are representative of different fatty acids of the same class.
Purple = saturated, grey = omega-7, orange = omega-9, blue =
omega-6, and green = omega-3.

method. For example, based on log P values,®! the saturated fatty
acids have higher log P values (palmitic acid, log P =7.17 and stea-
ric acid, log P = 8.23) than the unsaturated acids (linoleic acid, log
P = 7.05 and a-linolenic acid, log P = 6.64), which is reflected in
Figure 4A. The magnitude of and other factors related to (e.g., dou-
ble bond position or degree of oxidation, etc.) the differences in
ionization efficiencies of these analytes was not directly studied in
current work but could be explored to fully understand the mecha-
nism of APCI on thread substrates. In the current study, we used
the “spiked” control serum sample to ensure that differences in
fatty acid ion intensities from obesity samples are not merely due
to ionization suppression. For example, this control study showed
that when analyzed in equimolar concentrations, palmitic acid
gives a higher ion intensity than steric acid, as well as oleic acid
and a-linoleic acid.

Considering the Obese 1 profile (Figure 4B), it is apparent
this patient has high saturated FA levels with an omega-6/omega-3
ratio of 1.12 + 0.18. Obese 2 (Figure 4C) has a slightly lower sat-
urated FA makeup with a similar omega-6/omega-3 ratio (1.08 +
0.078). The higher content of steric acid for Obese 1 sample cannot
be attributed to just ionization efficiency differences due to the fact
the controlled spiked experiments revealed palmitic acid to be more
easily ionized than stearic acid. Likewise, relatively high content of
a-linoleic acid detected in Obese 2 sample is real when compared
with Obese 1 and spiked samples. We expected to see these types
of profiles for the two obese sample due to their reported low-den-
sity lipoprotein levels, which are outside of the normal range (< 100
mg/dL). This is addition to Obese 1 sample reported to have high-
density lipoprotein levels below the normal range of > 60
mg/dL.%%% The content of omega-9 (i.e., oleic acid) FA serves as
complementary evidence for characterizing these two samples as
obese. Both samples have ~5% relative concentration of omega-9
in serum compared to the eight FAs analyzed, implying that their



diets do not include large amounts of vegetable-based oils, like ol-
ive oil where oleic acid content is high.®

To validate the discriminatory power of our thread-based sam-
pling and analysis platform, we analyzed two blind serum samples,
Blind samples #1 and #2. We used the reactive thread spray MS
method to create FFA profiles (Figure 5) for both blind samples.
Although there is no clinical data for these blinded samples, we
were able to use their FFAs profiles to make some general conclu-
sions about their lifestyles when compared with the two obese sam-
ples previously analyzed with the same method. Blind sample #1
showed the lowest omega-6/omega-3 ratio (0.67 + 0.075) with the
lowest saturated FA makeup. Blind sample #2 on the other hand
was shown to have the highest saturated FFA content and highest
omega-6/omega-3 ratio (3.22 £ 0.40) of all the serum samples ana-
lyzed.

Overall, Blind sample #1 shows the most promise of a person
supplementing their diet with healthier foods. For clinically healthy
people, it was hypothesized that the omega-6/omega-3 ratio would
be low as well as the saturated FA levels, which is seen here for
Blind #1 and summarized in Figure 6. The sketches presented in
Figure 6B are relative interpretations based solely on tandem MS
data and the FFA profiles we obtained. For example, based on the
Blind #2 profile, we can infer that their diet was lacking in proper
nutrients and could mean that they have an increased waist circum-
ference as shown in the sketch. In contrast, the profile Obese #2
suggest they had a diet more balanced than Obese 1, shown by the
omega-6/omega-3 ratio, but not as balanced as Blind #1. This
would mean they could be slightly overweight. We also can con-
firm this finding with the saturated/unsaturated ratios. Higher rela-
tive saturated content is indicative of an unbalanced diet.

levels we can predict to map onto high Omega-6/Omega-3 ratio.
This experiment was limited by sample available, but we identified
one clinical sample that matched our LDH/LDL/triglyceride pre-
dictions. We analyzed this sample using our reactive thread spray
MS method and the corresponding ion intensities of the eight fatty
acids were measured. The FFA profile of this experiment is pro-
vided in Figure S6, which closely resembled FFA profile for Blind
#2 and Obese #1 as predicted based on triglyceride and LDL levels
(Table S1). That is, we determined omega-6/omega-3 and satu-
rated/unsaturated ratios for the additional control samples to be 1.9
+ 0.14 and 1.5 £ 0.16, respectively. See Figure 6A for the corre-
sponding values for Blind #2 and Obese #1. Instead of relying on
limited commercial samples, future studies would need to increase
sample size alongside tightly controlled subjects in terms of diet
intake,® exercise regimen, and health status,®’ including preg-
nancy.®® Regardless, this study serves as a strong foundation for
potential applications of reactive thread spray MS for clinical diag-
nostics using serum samples.

To investigate the quantitative ability of the reactive thread
spray MS method, we constructed standard addition calibration
curves to quantify the amount of oleic acid in Obese 1 sample. We
monitored the linear response for the parent epoxide peak, m/z 297,
which is specific to reactive thread spray process. Although cis-
vaccenic acid is isobaric with oleic acid, it is abundant mainly in
sea buckthorn oil. This makes its contribution to the quantitation on
oleic acid in human serum very small. This was confirmed by tan-
dem MS analysis.
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Figure 5. Free fatty acid profiles for blind serum samples.
These serum samples have unknown clinical profiles. Each per-
centage provided is relative to the total intensity of the eight fatty
acids analyzed in the sample. The different shades of a given color
for both Blind #1 (A) and Blind #2 (B) samples are representative
of different fatty acids of the same class. Purple = saturated, grey =
omega-7, orange = omega-9, blue = omega-6, and green = omega-
3.

Although body mass index (BMI) of Obese #1 (BMI = 30) is
smaller than Obese #2 (BMI = 42), our FFA profile data indicate a
better lifestyle/diet (or less severe form of obesity) for Obese sam-
ple #2. As suggested by others, BMI values are not a good indicator
for diagnosing obesity.®5 Our data correlates well with parameters
such as HDL, LDL, and triglyceride levels. Thus, we sought to use
additional control samples whose HDL, LDL, and triglyceride

Palmitoleic . Cis-Vaccenii

Figure 6. Data analysis for all sample types. Each fatty acid
(FA) was identified by their unique fragmentation pattern, as listed
in Table 1, and each class is represented by the overall sum of those
fragment peaks. For example, omega-6 FAs are linoleic and y-lin-
olenic acids, and their fragment ion intensities were added to give
an overall total “omega-6 content. Standard deviations are repre-
sentative of 5 replicates. B) Suggested patient sketches based off
statistical analysis and FA profiles. Note, these depictions are not
confirmed since the serum samples collected and analyzed were
done blind.

The unknown concentration present in Obese 1 serum was
found to be 9.10 + 0.96 uM (Figure S7A), which is lower than the
common FFA range of 30-320 pM found in healthy serum and
plasma samples® and thus confirming a depletion of this non-es-
sential omega-9 fatty acid in this patient. We also monitored the
unreacted oleic acid peak [M-H] at m/z 281, to see if it would war-
rant comparable or better accuracy using this platform (Figure
S7B). Interestingly, oleic acid concentration in this clinical sample
was again found to be 10.8 + 0.98 uM with similar precision and
linearity. This proves that using the peak generated from the on-



line oxidation process for reactive thread spray is acceptable for
quantification.

As already mentioned, another benefit associated with the use
of thread substrate is ability to stored collected biofluid sample un-
der ambient conditions with minimal degradation. We conducted
stability tests for Obese 1 and Obese 2 serum samples focusing on
three FFAs (palmitic, stearic, and oleic acids) that have shown clin-
ical relevance (Figure S8). We were able to monitor the fragment
peaks of these analytes and see a relatively stable signal intensity
for 28 days. For both obese samples, we observed < 30% overall
degradation, validating this method as one that can also be used as
a storage medium prior to MS analysis for sensitive detection.

CONCLUSIONS

In conclusion, we have shown that thread spray ionization can be
used in an APCI mode for the analysis of unsaturated fatty acids in
serum. The reactive species generated in the corona discharge al-
low for on-line epoxidation reactions that can be used to differenti-
ate between fatty acid isomers. It is also capable of discriminating
between serum samples with varying levels of obesity by consider-
ing eight fatty acids and their fragmentation patterns obtained in
tandem MS studies. The creation of FA profiles gives comparative
data that can be used to group patient samples into classes that can
potentially give insights to lifestyle and diet. The low micromolar
sensitivity suggests early detection is possible with the reactive
thread spray MS platform. Using three clinical controls samples,
which serves as references, we were able to make inferences about
blind serum samples without clinical data. We determined that rel-
atively high omega-6/omega-3 ratios with a high saturated FA con-
tent were indicative of some level of obesity, as shown for Blind #2
and Obese 1 samples. Future studies would extend and scale up this
work by increasing the sample size and conducting complementary
clinical analysis, including but not limited to, dietary intake, medi-
cation, and pre-existing conditions to extend this method to obe-
sity-related diseases such as Type 2 diabetes and cardiovascular
disease.
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