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Device Engineering and Bioinstrumentation for Chemical Analysis of Human Exhaled
Breath Condensate

Abstract

Portable methods for measurement and quantification of biological analytes have tremendous
promise to advance non-invasive personal health monitoring devices. Exhaled breath
metabolomics shares this promise and has been gaining popularity as a non-invasive technique
amenable to a vast range of medical uses. Novel sampling technologies, rapid portable breath
chemical analysis platforms, and miniaturized manufacturing methods have the potential to be
scaled up for wide use in basic medical practice. This work presents design and implementation
for collection and chemical analysis of human exhaled breath condensate. Exhaled breath
condensate (EBC) samples were collected with a novel miniaturized sampler. Breath metabolite
abundances were compared in healthy control subjects and asthmatic subjects. This work also
investigates the relationship between breath aerosol size and EBC metabolomic content.
Additionally, this work contributes to the fundamental performance of electrospray with a

microfluidic chip, a technique used for liquid biochemical detection in analytical chemistry.
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Chapter 1: Introduction

Introduction

Portable methods for measurement and quantification of biological analytes have tremendous
promise to advance non-invasive personal health monitoring devices. Exhaled breath
metabolomics shares this promise and has been gaining popularity as a non-invasive technique
amenable to a vast range of medical uses. Novel sampling technologies, rapid portable breath
chemical analysis platforms, and miniaturized manufacturing methods have the potential to be
scaled up for wide use in basic medical practice.

Exhaled breath is a complex mixture containing basic respiratory gases, hundreds of volatile
organic compounds (VOCSs) of exogenous and endogenous origin, and aerosolized droplets of
non-volatile compounds from the liquid lining of the lung. Depending on the sampling method,
there are two fractions of breath: exhaled breath vapor (EBV) and exhaled breath condensate
(EBC). EBV mainly contains the gaseous fraction of the breath with VOCs. EBC is obtained
when the exhaled breath is cooled and converted into a liquid phase comprising soluble exhaled
gases and non-volatile metabolites of the extracellular lining fluid.*

In Chapter 2, a proof-of-principle pilot study describes altered metabolites in a small cohort
of healthy control subjects and mild asthmatic subjects. For this, breath samples were collected
as condensates with a novel miniaturized sampler. The EBC obtained was analyzed with liquid
chromatography-mass spectrometry (LC-MS) to discriminate asthma phenotypes or even define
specific metabolite differences between subjects. This work compares breath metabolite
abundances in six healthy control subjects and five asthmatic subjects. Exhaled breath
condensate (EBC) samples were collected with a novel miniaturized sampler. This device
enables breath sample collection in multiple environments, including intensive care units,
outpatient clinics, workplaces, and at home. A total of 293 breath samples were collected and
analyzed longitudinally, including about 28 samples per subject. EBC was analyzed with liquid
chromatography-mass spectrometry (LC-MS) to define specific metabolite differences between
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subjects. Untargeted and targeted metabolomic analyses were performed simultaneously, but
with separate data analysis procedures.

The pilot study described in Chapter 3 uses a previously described hand-held human breath
sampler device with varying notch filter geometries to redirect the trajectory of breath aerosols
based on size.? Curved flow profiles have greater inertial effects on larger breath aerosols which
cause them to strike the interior walls before they can arrive at a collection site. In this present
work, we investigate metabolite content of various aerosol fractions. The non-volatile fraction of
breath condensate was analyzed with high performance liquid chromatography mass
spectrometry (LC-MS) for broad metabolite coverage.® Additionally, the trajectories of these
aerosols were simulated with varying notch filter lengths using COMSOL Multiphysics®
software. It is hypothesized that: (1) increasing the length of the notch filter in this device will
prevent larger aerosols from reaching the collection tube thus altering the breath aerosol size
distribution sampled in EBC; and (2) there is not a systematic large-scale difference in EBC
metabolomic content that correlates with breath aerosol size.

Chapter 4 presents the microfabrication and performance of a novel three-dimensional
electrospray ionization (ESI) emitter tip made from glass. Electrospray lonization (ESI) is a
prevalent technique for liquid chemical detection in analytical chemistry.* ESI generates a fine
liquid aerosol through electrostatic charging. A high electric potential (typically £ 2-5 kV) is
applied between the end of a capillary and a counter electrode installed in proximity (typically 1—
2 mm). Tiny micro—droplets tear away from the surface of a liquid Taylor cone searching for a
surface to land. These ions land on a counter electrode plate which can then be detected
amperometrically. Our fabrication method involves the novel application of two layers of positive
and negative photoresists in addition to Parafiim® wax tape. We also use isotropic wet etching
of glass in hydrofluoric acid (HF) solution and chromium (Cr) deposition. This approach creates
a three-dimensional ESI tip with accurate and high quality small-scaled geometric features. This
allows for higher charge densities leading to increased ionization efficiency for better signal
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stability and repeatability. Open edge and tiered depth details were successfully created from a
multilayer planar mask. This is a benefit for integrated microfluidic systems that often require
micro features for their functionality but large millimeter size features for their physical periphery.
The fundamental performance of electrospray was demonstrated with our glass microfluidic
chip. The electrospray signal was measured in response to varying the distance between the
electrospray emitter tip and a metal counter electrode plate in addition to the varying

concentration of a background electrolyte.
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Abstract

Portable methods for measurement and quantification of biological analytes have tremendous
promise to advance non-invasive personal health monitoring. Exhaled breath metabolomics
shares this promise and has been gaining popularity as a non-invasive technique amenable to a
vast range of medical uses.

This work compares breath metabolite abundances in six healthy control subjects and five
asthmatic subjects. Exhaled breath condensate (EBC) samples were collected with a novel
miniaturized sampler. This device enables breath sample collection in multiple environments,
including intensive care units, outpatient clinics, workplaces, and at home. A total of 293 breath
samples were collected and analyzed longitudinally, including about 28 samples per subject.
EBC was analyzed with liquid chromatography-mass spectrometry (LC-MS) to define specific
metabolite differences between subjects. Untargeted and targeted metabolomic analyses were
performed simultaneously, but with separate data analysis procedures.

Individual differences among subjects were found longitudinally. When presented by health
condition, group differences were enhanced with a clear separation between subjects belonging
to either the control or asthmatic group. Unexpectedly, targeted compounds consistently had
lower intensities in asthmatics. There is a distinct pattern of a day/night cycle with elevations of
peak area values in evening samples. These differences were presented mainly in asthmatic
subjects, which can be explained by asthma being a representation of exaggerated amplitudes
compared to healthy circadian patterns.

Untargeted and targeted analysis of EBC using this device allows the discovery of novel
endogenous metabolic signals in a biological sample and the daily monitoring of selected
metabolites related to diseases and medical conditions.

Introduction
Portable methods for measurement and quantification of biological analytes have tremendous

promise to advance non-invasive personal health monitoring devices. Exhaled breath
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metabolomics shares this promise and has been gaining popularity as a non-invasive technique
amenable to a vast range of medical uses. Novel sampling technologies, rapid portable breath
chemical analysis platforms, and miniaturized manufacturing methods have the potential to be
scaled up for wide use in basic medical practice.

Exhaled breath is a complex mixture containing basic respiratory gases, hundreds of volatile
organic compounds (VOCSs) of exogenous and endogenous origin, and aerosolized droplets of
non-volatile compounds from the liquid lining of the lung. Depending on the sampling method,
there are two fractions of breath: exhaled breath vapor (EBV) and exhaled breath condensate
(EBC). EBV mainly contains the gaseous fraction of the breath with VOCs. EBC is obtained
when the exhaled breath is cooled and converted into a liquid phase comprising soluble exhaled
gases and non-volatile metabolites of the extracellular lining fluid.! EBC is considered a
simplified metabolite signature that only contains water soluble volatiles and non-volatile
compounds.® EBC can be a valuable matrix for biomarker discovery, providing vital information
about lung health.

EBC has been used to diagnose diseases, to monitor status of medical conditions using
physiologic markers, and to identify presence of exogenous compounds that could be etiologic
or exacerbating factors in specific diseases.®’ Several publications have reported the
application of EBC sampling as a quick screening tool for respiratory conditions focused on
inflammatory markers. EBC is considered a filtrate of blood, reflects the lung epithelia,* and has
been used for diseases such as asthma,® chronic obstructive pulmonary disease (COPD),°
pneumonia,’® or cystic fibrosis.!* EBC collection devices can be used in several locations,
including intensive care units (ICUs), outpatient clinics, workplaces, and at home.

This current study conducts a simultaneous targeted and untargeted analysis of
inflammatory and oxidative stress markers reported in studies of asthma.!>® Common
inflammatory markers are formed by the lipid oxidation (oxylipins), mainly involving eicosanoids
that are metabolites of arachidonic acid (C20:4n6). We analyze a balance between pro- and

6



anti-inflammatory oxylipins commonly examined in EBC. A pro-inflammatory profile has been
shown in patients with a pathophysiology of bronchial obstruction,'® that presented higher
concentrations in EBC of leukotrienes (LTB4) and cysteinyl-leukotrienes (LTC4, LTD4, LTE4),}"-
20 and thromboxanes (TXA2, TXB2 and 11-dehydro-TXB2).23:22 Anti-inflammatory activity can be
promoted in numerous diseases like asthma® by the presence in the airways of
hydroxyeicosatetraenoic acid (5-, 12- and 15-HETE), its derivatives such as lipoxin A4
(LXA4),%22% and resolvin E1 (RvVE1),% an EPA metabolite.

The oxidative stress markers can be linked to DNA damage, lipid peroxidation, redox
enzyme activity and decreased antioxidant defense levels.?® Some studies have determined in
EBC that 8-hydroxy-2'-deoxyguanosine (8-OHdG) is generated by DNA degradation,?’
prostaglandins (PGD2, PGE2, PGF2 and 8-iso-PGF2) are induced by lipid peroxidation,*2?8 and
o-tyrosine modifies proteins.?® These metabolites will serve as our targeted measure of
inflammatory responses and oxidative stress markers. However, there are two main challenges
in detecting these specific compounds using a single methodology. One problem is the low
concentrations presented in EBC, which makes the detection of some of the compounds very
difficult, and another issue is the difference in chemical structures of these compounds, which
usually require specific sample treatments.

In order to overcome these limitations, parallel-untargeted metabolite analysis can offer a
more general measure of the biological status in health, and has the potential to discover novel
biomarkers, which can also be up- or down-regulated in diseased cells. Untargeted analysis
allows a better comprehension of the specific breath compounds related to certain conditions,
offering additional information that cannot be considered in an initial hypothesis. Additionally,
untargeted analysis allows putative identification of potential metabolites related to both
exogenous factors of potential etiologic interest and endogenous chemicals of possible

mechanistic significance.



In this proof-of-principle pilot study, we describe the altered metabolites in a small cohort of
healthy control subjects and mild asthmatic subjects. For this, breath samples were collected as
condensates with a novel miniaturized sampler. The EBC obtained was analyzed with liquid
chromatography-mass spectrometry (LC-MS) to discriminate asthma phenotypes or even define

specific metabolite differences between subjects.

Materials and Methods

Human Subject Pilot Study

This research adhered to clinical practices and protocols as approved by the University of
California, Davis Institutional Review Board (IRB Protocol #1055441). Informed consent was
obtained from all subjects or their parents when subjects were under 18 years of age. Twelve
adolescents were recruited in total, including subjects who had physician diagnosed and treated
asthma and healthy control subjects with no history of lung disease. The age range from all
subjects was between 14 and 18 years of age, and all EBC samples were collected
longitudinally by the subjects in their homes. All subjects followed the same protocol and
instructions for breath collection.

Briefly, all subjects underwent a training visit, in which they were instructed on the use of the
handheld EBC collector. All subjects completed an intake questionnaire about their overall
health, symptoms including fatigue, shortness of breath, weekly physical activities, medication
use, as well as healthcare utilization including clinics and emergency department (ED) visits in
the last 6 months. They were instructed to complete a daily diary about respiratory symptoms,
medication use, time of collection, humidity, temperature, and any comments about ease of use.
Exhaled Breath Condensate Collection
Breath sample collection is achieved using a condenser surface in a miniature breath collector

that has been previously published.* Briefly, the condenser surface is installed in a flow

chamber and cooled with a thermoelectric element. The vapor in exhaled breath is condensed



on the cooled surface as it passes. The conversion of exhaled breath to liquid phase facilitates
sample manipulation and chemical analysis when metabolite concentrations are very low. The
EBC sampler has a disposable mouthpiece, a set of inhale and exhale one-way flap valves to
allow condensation of exhaled breath only, and a saliva filter.? The sampling time is 15-20
minutes, and the miniature EBC sampler collects between 200-500 pL of EBC during normal
tidal breathing. EBC samples were stored at -15 °C in personal household freezers, until they
were returned to the lab for analysis. Subjects collected breath samples twice per day, (morning
and night, approximately 8 AM / 8 PM) for 2 weeks. No nose clip was worn during collection.
Subjects performed normal tidal breathing. In order to reduce the effect of food related
confounders, the subjects restrained from food consumption or brushing their teeth one hour

before the EBC collection procedure and rinsed their mouth with water prior to sampling.
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Figure 1. Metabolomics workflow for the human breath study.

Prior to subject enroliment, the surfaces were immersed in a ‘Piranha’ bath (4:1, H>O-
(30%):H.S04 (98%)) for one hour to clean the surface. The surfaces were thoroughly rinsed
with deionized (DI) water, dried with nitrogen gas, and stored in a clean environment. The

miniature EBC sampling device was reused by each subject. All parts of the device, including



the glass pipettes, were thoroughly cleaned once per day by subjects. The cleaning protocol
included: 70% ethanol disinfectant spray followed by a deionized (DI) water spray and air-dried.
After breathing into the device, subjects collected the EBC sample into a clean borosilicate
glass vial with a reusable glass pipette. The 28 EBC samples obtained for each subject were
kept frozen during transport and then stored in a laboratory freezer at -80 °C until analysis. The
analytical procedure workflow followed in this study is shown (Figure 1).

Although the EBC sample volume is small, the sampling rate of this miniature EBC sampler
is higher than commercial samplers, when compared by surface area of the condenser
element.? We also note that EBC sampling for a shorter period would be more practical for
portable self-diagnostic platforms. The time duration was required due to the size-scale
mismatch between a miniature collection element and the large bench-top instruments used for
chemical analysis of the collected EBC sample. The minimum sample volume for bench-top
mass spectrometers exceeds that of microfluidic platforms. The amount of sample collection
could be reduced to a few microliters and sampling time to a few minutes when collection and

analysis are coupled with near-real-time detection micro-scaled systems.3!

Sample Preparation

Frozen EBC (250 pL) was directly lyophilized inside the glass vials. The obtained dried extract
was reconstituted using 25 pL of mobile phase (95% water in acetonitrile). Afterwards, samples
were shortly vortexed, sonicated for 10 min at 4°C and centrifuged at 13,000 rpm for 10 min at 4
°C. The supernatant was transferred to a glass vial and stored at -80 °C until analysis. A pooled
quality control (QC) sample was also prepared with each batch of samples by mixing healthy
EBC and spiking it with a known concentration of eicosanoid standard mix. QCs, and non-
spiked EBC samples (QC blank) were prepared following the sample preparation process for all

samples. Blanks (mobile phase) were injected repeatedly during the analysis.
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Instrumental Analysis

A simultaneous untargeted and targeted metabolomics analysis was performed on an Agilent
1290 series HPLC system coupled with an Agilent 6530 quadrupole-time of flight (QTOF) mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). 20 uL of each sample was injected
through an InfinityLab Poroshell 120 EC-C18 column (2.7 um, 3.0 mm x 50 mm; Agilent
Technologies, Palo Alto, CA, USA). The mobile phases consisted of water (A) and acetonitrile
(B), both with 0.1% formic acid. The solvent flow rate was set to 0.6 ml min?, the column
temperature to 35 °C and the autosampler to 5 °C to increase sample stability. An electrospray
ionization (ESI) source with an Agilent Jet Stream nebulizer was used in negative mode with the
following operating parameters: capillary voltage, 4000 V; nebulizer pressure, 25 psi; drying
gas, 10 L min; gas temperature, 250 °C; fragment voltage, 130 V. The qTOF calibration was
performed daily with the manufacturer’s solution. Mass measurements were recalibrated using
the reference mass m/z 112.9856 (deprotonated trifluoroacetic acid (TFA)) in negative ion
mode. Mass spectra were acquired at MS resolution level at a scan rate of 2 spectra/s in the
over a range of m/z 100-950, and for MS/MS over at a scan rate of 5 spectra/s in the over a
range of m/z 50-750. Collision energies for precursor ions were set within the range 5-20 eV,
after a preliminary optimization by injecting eicosanoid standard mix. The targeted compounds
detected by LC-MS/MS are reported in Supplemental Table S1. Molecular formula and exact
masses are provided together with LC-MS retention times and preferred precursor ions used for
AutoMS/MS analysis. Confirmation qualifier masses and optimal collision energies used are

also listed.

Data Processing and Statistical Analysis

The metabolomic data analysis procedure workflow is shown in Figure 1. Untargeted and
targeted information were acquired simultaneously in a single chemical analysis, but the

treatment of the obtained data was performed separately. However, in both cases, LC-MS data
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were initially checked for qualitative purposes with Agilent’'s Mass Hunter Qualitative Analysis
B.06.00 software. For untargeted analysis, data mining was performed using an automated
algorithm for peak finding, alignment and integration in Agilent's Mass Hunter Profinder B.08.00
software. Because of the huge amount of data, raw data was treated by batches using Bach
Recursive Feature Extraction with the following parameters: mass tolerance and window of 20
ppm and 0.025 Da, retention time (RT) range 0.2-16.5min and window of 0.3 min, with
minimum absolute abundance of 1000 counts. The obtained dataset was exported into a .cef
format and imported to Agilent’'s Mass Profiler Professional (MPP, V13.0) software for re-
alignment, identification and initial statistical analysis. Same mass and retention time windows
were set to compile all data into a single dataset. Afterwards, the identification of the obtained
molecular features (markers), described as mass@retention time, was performed using ID
browser, an integrated software in MPP. ID browser used the accurate mass information of the
aligned spectra to calculate the proposed molecular formula and tentative compound name of
each compound or marker. Based on matching experimental and theoretical isotope pattern of
the markers, the software proposed formulas and names with scores above 70%. Compounds
were identified by using the METLIN database. The dataset was filtered by removing
compounds that appear in blank samples with signals higher than 10 (peak sample/blank ratio).
Final data was normalized using probabilistic quotient normalization with median values per
sample to correct the bias between sample collection and preparation.*?

Due to the low amount of signal detected for the targeted analysis, quantification was not
possible. For that, we worked with the intensity of the peak detected corresponding to the listed
compounds in Supplemental Table S1. Data was treated with Agilent's Mass Hunter
Quantitative (qTOF) Analysis B.07.00 software, where the peaks were compared and
constrained into a MassHunter quantification method on the accurate mass precursor ion level,

using the MS/MS information to confirm the compounds identification manually with adducts and
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spectral scoring accuracy. The targeted dataset containing integrated peak area values was
corrected by batch analysis using prepared QCs.

Datasets were analyzed using univariate and chemometric data compression techniques.
Both analyses were performed with MATLAB R2017a and PLS Toolbox V8.6.2 software. Tables
were constructed using Excel software (Microsoft, Redmond, WA, USA). These techniques
identified similarities and differences between analyzed samples. Univariate statistical analysis
was performed using a two-sided Wilcoxon rank sum test (MATLAB command ranksum), which
is a non-parametric statistical method testing the null hypothesis that data from two sets are
samples from continuous distributions with equal medians, against the alternative that they are
not. The test assumes that two samples are independent. Having a p value less than 0.05
indicates the rejection of the null hypothesis of equal medians at the 5% significance level. For
untargeted analysis, Principal Components Analysis (PCA) was applied as an unsupervised
method that explores the intrinsic variation of the data detecting potential patterns. PCA
simplifies the complexity of high-dimensional data by transforming the data into fewer
dimensions with a “best-fitting” straight line or plane.®® Partial Least-Squares Discriminant
Analysis (PLS-DA), however, is a supervised classification technique that uses a response
category and allows the filtering of the discriminant compounds or markers.®* All techniques
provided a list of potential markers related to the health condition and other relevant biological
information of the study.

Results and Discussion

Demographic and Clinical Characteristics Data from Participants at Baseline

From February 2018 to December 2018, six asthmatic patients and six healthy participants from
the northern Central Valley California region were recruited. A total of 293 breath samples were

collected and analyzed longitudinally in the study, with about 28 samples for each of the 11

subjects. One hundred sixty samples were collected from the six control subjects and 133 from
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five asthmatic subjects. Of these, samples from one asthmatic participant were excluded as
contaminated. All samples from the subject who was excluded from the study contained a white
solid powder that was only observed when the sample was lyophilized. This precipitate
consisted of fibrin or mucous substances soluble with mobile phase, which clogged the LC
system making the instrumental analysis not feasible. All control subjects were in good health
and had no history of smoking. Health symptoms and medicinal use as reported by participants
while collecting breath samples are represented in Supplemental Figure S1. Asthmatic
subjects were 16.7 + 1.3 years of age and healthy control subjects were 17.2 + 1.5 years of age.
For the control group there were three male and three female subjects, and for the asthmatic
group three male and two female subjects. All asthmatic participants were prescribed daily
inhaled corticosteroid. Mean prescribed inhaled corticosteroid dose range was 440 ug/day.

Three of the five asthmatic participants were also on a leukotriene antagonist.

40F q 60 T T T T } T T T
(a) - { (b) |
?320- g 1 a0 | ? 4
g .
o e
£ L Ay
‘§—2[l' ¥
i :
40k

-40 0 40 80 120
Scores on PG 1 (13.09%)

Scores on PC 4 (5.11%)

| 0L
+
40 (c) .QQQ -
3 9& T T~ - -
= . =] I
S | sweae , e e 20l ¢ 01 ¢ so7 i
% 1] S ’—’ﬁ e E Rl o S02 m 508
: e % A s03 A 509
§40 =4 | w0l 804 v os10 |
: I 4 Asthmatic oS0 * s
| = Control O 506 —-- 95% Conf.
= I --- 95% Conf. Level a0 L | | ) ‘ ) ) |
a0 D esonlorpary 2 40 40 30 20 0 0 10 2 Rl 4)
Scores on PG 2 (6.47%)

Figure 2. Scores plot from the Principal Components Analysis (PCA) obtained with untargeted LC-MS
data. All samples were distributed in two-dimensional score plots represented by PC1 and PC2 (a), as

well as PC2 and PC4 (b and c¢). Samples were colored by subject batches (a and ¢) and by health
condition (b).
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Untargeted Metabolomics Analysis

A total of 3,583 metabolite features were obtained from the LC-MS chromatograms in negative
mode. Data was previously aligned and filtered, as described in section 2.5. The resulting data

were autoscaled before building the multivariate models.
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Figure 3. PLS-DA scores plot obtained with untargeted LC-MS data. Sample discrimination by health
condition using 2 components (LV1 versus LV2). Control/healthy samples are colored in green and
asthmatic samples are colored in red.

PCA was first established based on these features to discover the presence of inherent
similarities in mass spectral profiles between groups of samples (Figure 2). Individual
differences between subject batch of samples were studied (Figure 2a and 2b), as well as main
differences between health conditions (Figure 2c¢), defined by control/healthy versus asthmatic.
Although PCA shows low explained variance, the highest variability (13% in first principal
component, PC1) is due to one of the subjects (S-01) front the rest of participants (Figure 2a).
These results corresponded to the signal obtained by the Total lon Chromatogram (TIC) from
the samples (Supplemental Figure S2) and S-01 already presented higher LC-MS intensities
on the TIC profile through all the samples. No parameters (ambient humidity, temperature,
dryness of mouth, shortness of breath) from S-01 were significantly different from other subjects

during time of sampling, except reports of high fatigue. S-01 was part of the control group and
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these differences among other controls could be explained by either an unknown health
condition, an incorrect sample collection procedure, or sample contamination during the
experimental process.

When PC 2 and PC 4 were studied, even explaining only around 10% of the total variance,
differences could be distinguished between most of the subjects (Figure 2b). That information
can be used to define specific metabolites per subject by reaching the loadings or variables that
describe those sample distributions in the PCA score plot. When the same data was presented
by health conditions (Figure 2c); then, group differences were enhanced with a clear separation
between subjects belonging to the control group and the ones belonging to asthmatic group.

Based on the preliminary PCA results, a PLS-DA model was constructed to discriminate the
difference under the already established separation between health conditions. As shown in
Figure 3, the subjects from the asthmatic and control groups were appreciably separated from
each other using two latent variables (LV). The model was validated by applying cross-
validation with random subsets, and a test validation using 66% of the samples randomly to
build the PLS-DA model and the rest as external test samples. In both cases, all the samples
were correctly classified by the health condition. The clear sample separation by PLS-DA score
plots indicates which loadings define the model components. Loadings are described by the
data variables or features, which include the potential asthmatic marker metabolites that
distinguish the sample groups. For example (Figure 3), positive values for LV1 allow the
identification of characteristic features for control/healthy subjects. In the same way, negative
LV1 and LV2 describe specific features from subjects from the asthmatic group. Although LV
loadings provide useful asthmatic- versus control-regulated features, Variable Importance for
the Projection (VIP) score values are principally used to select potential features. The
contribution of VIPs from the PLS-DA allows a reliable selection of differential metabolites when

selecting VIP values that exceed 1.0. Based on these criteria the number of relevant variables
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was reduced to 1338. From those, the 30 compounds with highest VIPs were selected and

presented in Table 1.

Potential Metabolite Identification

Metabolite identification of untargeted data was performed based on the MS and MS/MS
spectra and the accurate masses obtained using METLIN database. In Table 1, potential
biomarkers are listed with their exact molecular mass and retention time. Molecular formula and
compound identification are described together with their identification (ID) score, calculated
with the average values from molecular formula extraction and database ID scores. PLS-DA
values from VIP scores, LV1 and LV2 loadings are also presented. Those values allow the
health condition regulation. Once the features were identified, we listed them as eicosanoid or
compound related to inflammation process.

Six metabolites (bolded in Table 1) were identified as eicosanoid related, four of them
specific from asthmatic subjects: 9-deoxy-9-methylene-16,16-dimethyl-prostaglandin  E2,
unoprostone isopropyl ester, 17,20-dimethyl prostaglandin Fla and 2,3-dinor-TXB1. All of them
are prostaglandin related compounds, except the last one, which is a metabolite from
thromboxane B2. Also, 8R,11S-DIHOME and 5S, 12S-DIHETE were identified as regulated by
control group. The first one is formed by bacterial oxidation of oleic acid; and the latter, is an
epimer of leukotriene B4. Although, no asthma pro- or -anti-inflammatory studies are related to
these compounds, this pilot study is presenting preliminary data from potential metabolites that
can be related to asthmatic conditions. Further studies can provide more information and

confirmation of these promising results.
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Targeted Eicosanoid Metabolite Analysis

The eicosanoid profile of the EBC samples was also characterized using targeted metabolomic
analysis (Table 2). From the 30 compounds screened using the LC-MS method, seven were
detected in more than half of the samples. We mainly detected in more than 80% of the total
samples the sum of 9(S)- and 13(S)-hydroxyoctadecadienoic acids (HODE). These are oxidized
derivatives of linoleic acid through 15-LOX pathway. All the compounds which formed through
cytochrome P450 pathway (EpOMEs and DIiOMEs) and prostaglandins B2 and E2 also
appeared in most of the samples. The rest of compounds were detected in less samples, but
found in more than 15% of the samples. Except for prostaglandin F2a and 8-isoPGF2a, 15(S)-
HHTrE, 9-oxoODE and 8-OHdG that were rarely detected in overall the samples. Table 2
excludes undetected (zero) values in the dataset, unless if the compound was not ever detected
from a subject. In this case, the value was set to zero and visualized with a white color. We
found that excluding or including undetected values in the dataset did not significantly alter the
metabolomic differences and patterns among subjects and between the control and asthmatic
groups (data not shown).

Table 2 shows the averaged peak signal obtained per each sample after normalization by
mean and subsequently normalization by feature scaling per subject (blue-scaled columns).
Here, we observe differences between individual sample batches. Maximum peak area values
are listed in Table 2. When the maximum mean peak area values are multiplied by the feature
scaled values (0 to 1) in its corresponding column, original average peak area (a.u.) values are
obtained. While most of the compounds showed high variability, some of them appeared
through all samples at high intensities, like 9(S)- and 13(S)-HODE. However, when peak areas
are averaged and feature scaled by the control and asthmatic groups, these differences were
enhanced (green-scaled columns). 12(S)-HETE presented high intensities for the control

samples versus lower amounts for asthmatics. Surprisingly, this tendency occurs in several of
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the compounds, by which compounds seem to have lower intensities in asthmatic subjects than

the controls.
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Figure 4. Exhaled breath condensate biomarker peak area distributions, which are significantly
correlated between control and asthmatic subjects (p<0.05).

To confirm this trend, a Wilcoxon signed rank test was applied to compare medians between
the two groups. Fourteen out of thirty targeted compounds showed levels in EBC with significant
differences between asthmatics and healthy control subjects (p<0.05). The targeted
inflammatory biomarkers are shown for control (n=6) and asthmatic (n=5) subjects. Vertical
axes are scaled non-uniformly and vary for each biomarker. n values above box plots indicate
number of times the compound was detected for the control group and the asthmatic group.
Biomarkers are grouped by arachidonic acid cascade metabolomic pathways. Biomarkers
labelled with (+) and (=) are known to be pro-inflammatory and anti-inflammatory, respectively.
Biomarkers further labelled with an asterisk (*) are likely but inconclusive in literature. The thirty
targeted compounds are listed along with their CAS ID, classification, and family in

Supplemental Table S3. Functional descriptions of these targeted compounds are provided in

Supplemental Table S4. Abundances of these fourteen compounds are summarized in Figure

21



4, where boxplots are also presented. Undetected (zero) values are excluded in this dataset.
Boxplots allow a simple visualization of these differences between groups. We found six
compounds that are formed by COX pathway: prostaglandins E2, B2, F2a and A2, thromboxane
B2 and 6-keto PGF1a. All seem to be specific from the control subjects, with lower intensities in
asthmatics. The same pattern appears with the metabolites generated by 5-, 12- and 15-LOX
pathways, which include leukotrienes D4 and C4, lipoxin A4, 5- and 12-HETE and 9-oxoODE,
as well as o-tyrosine that is formed by oxidation stress of proteins. 9(10)-EpOME presents an
up-regulation towards asthmatics, although there are no studies proving the inflammatory effect
of this metabolite. One plausible explanation for this pattern can be the inflammatory
suppression caused by the medication prescribed for the asthmatic subjects. These medications
can reduce the abundance of compounds, which are related to the asthmatic condition. Peak
area distributions of the remaining sixteen compounds are summarized in Supplemental
Figure S3 (p>0.05). Responses to asthma medications vary considerably among patients.
Additionally, asthma is unlikely to be a single disease, but rather a series of complex,
overlapping individual diseases or phenotypes, each defined by unique interactions between
genetic and environmental factors.® Further asthmatic studies with larger sample sizes and
more frequent sampling are needed to verify the effects of medicinal dosage and time of use on
metabolomic profiles during breath sampling.

Finally, detected targeted compounds were correlated and studied considering possible
confounder parameters and information collected during the study. Temperature and relative
humidity considering all samples (24.7 + 2.7 °C, 45.2 + 10.6 %RH) showed no significant
changes to the abundance of these compounds (data not shown). However, data showed
interesting patterns when it was presented longitudinally (Figure 5). During the 14 days of
collection EBC was sampled morning (AM) and evening (PM), and these time points were
clearly differentiated for some of the compounds, such as 12(S)-HETE, 9(S)- and 13(S)-HODE.
Vertical axes are scaled non-uniformly and vary for each biomarker. There is a distinct pattern
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of a day/night cycle with elevations of peak area values in the evening samples. Moreover,
these differences were presented mainly in asthmatic subjects, which can be explained by
asthma being a representation of exaggerated amplitudes in comparison to healthy circadian
patterns. Average peak areas for all thirty targeted compounds separated into four groups
(control/asthmatic, AM/PM) are summarized with boxplots in Supplemental Figure S4. This
could help further understand the variation of asthmatic symptoms throughout the day with
worsened symptoms during the night and early morning.

Conclusion

In future applications, this miniature breath collector may transport the collected sample from its
collection surface unit into an interfaced analytical or storage unit with minimal power input. The
amount of sample collection could be reduced to a few microliters and sampling time to a few
minutes when collection and analysis are possible with novel microfluidic platforms. The
miniaturized EBC collection device allows for minimal sample volumes needed for
representative studies. This opens a non-invasive way to study metabolic effects of
environmental exposure and medical interventions using measurable targets in many health
conditions including asthma. Untargeted analysis measures all endogenous metabolic signals in
a biological sample, which allows for the discovery of novel biomarkers that can explain
differences in health conditions. Targeted analysis allows for quantifying a predefined set of
selected metabolites, which are related to certain diseases and medical conditions. Further
untargeted metabolite analysis may be explored, similarly done for targeted metabolites. This
device is able to finely resolve time data sequence on the order of hours and can lead to a
substantial amount of potential data to be collected for increasing the power of various studies.
Currently, there are no other reports of EBC studies that allow for monitoring individuals
longitudinally instead of cross-sectionally at study visits which can be a major advantage in
personal health monitoring. Additionally, its portability is advantageous because it enables

breath samples to be collected in multiple environments, including intensive care units (ICUs),
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Figure 5. A time course of peak area values for targeted inflammatory biomarkers found in exhaled
breath condensate from control and asthmatic subjects.
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outpatient clinics, workplaces, and at home.

Inflammatory airway disease such as asthma causes exaggerated fluctuations and
amplitudes in metabolomic profiles in comparison to normal circadian patterns. Health
conditions of interest, ones that are mostly independent on circadian rhythms, would allow for
the pooling of samples to obtain more amount of sample per analysis. This would achieve lower
limits of detection to more accurately quantify known biomarkers and discover novel biomarkers.
Studies with larger sample sizes would also allow for determining regional differences and
dependencies for metabolomic profiles. The addition of positive ionization mode or other
alternative separation and detection platforms would present further opportunities to discover

more metabolites correlated with other respiratory diseases including asthma.
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Supplemental information

Supplemental Table S1. The list of targeted compounds detected by LC-MS/MS. Molecular formula and
exact masses are provided together with LC-MS retention times (RT) in minutes and preferred precursor
ions used for AutoMS/MS analysis. Confirmation qualifier masses and optimal collision energies are

listed.

Compound Formula Exactmass  RT (min) Precur?(?r: Qualifier CE (V)
o-fyrosine C9H11NO3 181.074 0.5 1801 > 136.1 10
8-OH-2-dG C10 H13 N5 05 283.092 0.5 2821 > 192.1 20
6-keto-PGF1a C20 H34 O6 370.236 4.47 3692 > 163.1 20
8-iso-PGF2a C20 H34 05 354.241 5.03 3532 > 193.1 15
TXB2 C20 H34 06 370.236 5.06 3692 > 169.1 10
PGF2a C20 H34 05 354.241 5.43 3532 > 193.1 15
PGE2 C20 H32 05 352.225 5.68 3512 > 271.2 5
11-dehydro-TXB2 C20H3206 368.22 5.81 3672 > 161.1 15
PGD2 C20 H32 05 352.225 5.94 3512 > 271.2 5
LXA4 C20 H32 05 352.225 6.4 3512 > 115.04 10
LTC4 C30H47N3 09 S 625.303 6.93 6243 > 272.7 10
LTD4 C25H40N206 S 496.261 6.97 4953 > 177.03 10
LTE4 C23H37NO5S 439.239 7.09 4382 > 333.2 10
LTF4 C28 H44N208 S 568.282 7.11 5672 > 438.2 10
PGA2 C20 H30 04 334.214 7.13 3332 > 2711.2 10
PGJ2 C20 H30 O4 334.214 7.29 3332 > 2331 5
12(13)-DIHOME C18 H34 04 314.246 8.28 3132 > 183.1 15
9(10)-DiIHOME C18 H34 O4 314.246 8.49 3132 > 201.1 15
PGB2 C20 H30 O4 334.214 8.63 3332 > 265.2 5
N-acetyl-LTE4 C25H39N 06 S 481.25 8.76 4802 > 351.2 10
12(S)-HHTre C17 H28 O3 280.204 8.92 27192 > 179.1 15
15-deoxy-d12,14-PGJ2 C20 H28 O3 316.204 9.74 3152 > 271.2 5
13(S)-HODE, 9(S)-HODE C18H3203 296.235 10.31 2952 > 195.1 15
15(S)-HETE C20 H32 03 320.235 10.6 3192 > 175.1 10
13-0xoODE C18H30 03 294.219 10.76 2932 > 113.1 20
9-0xoODE C18H30 03 294.219 11.02 2932 > 185.1 20
12(S)-HETE C20 H32 03 320.235 11.02 3192 > 179.1 10
5(S)-HETE C20 H32 03 320.235 11.27 3192 > 115.04 10
12(13)-EpOME C18H32 03 296.235 11.67 2952 > 195.1 15
9(10)-EpOME C18H32 03 296.235 11.81 2952 > 1711 15
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Supplemental Table S2. Demographic and clinical characteristics of the patients at baseline.

Asthmatic Healthy
(n=5) (n=6)
Age-year 16.7+1.3 17.2+15
Female sex no% 40% 66%
Mean prescribed inhaled 440 (0-960) | O
corticosteroid dose range ug/day
Leukotriene-receptor antagonist 60% N/a
Overall health score 2.5 (2-3) 1.5(1-2)
(1-5)*
Affected by fatigue 4.4 (0-7) 2.5 (0-5)
(0-10)**
Affected by shortness of breath 4.2 (2-7) 0
(0-10)++
Hours of physical activities/week 2.7 (1.5- 3.16 (1.5-
+++ 4.5) 7.5)
e Stretching/strengthening 1.1 (0.5- 0.42 (0-0.5)
e Other demanding exercise | 3.0) 2.75 (1-6.8)
1.6 (1.0-
3.0)
Medical visits in the last 6 months
e Office visit 3.8 (0-13) 1.3 (0-4)
e ED visit 1(0-1) 0

*Qverall health score with score of 1 indicates excellent health, 5 indicates poor health.

**Eatigue score in the last month with score of 0 indicates no fatigue, 10 indicates severe fatigue
++Shortness of breath in the last month with score of 0 indicates no shortness of breath, 10 indicates
severe shortness of breath

+++Hours of physical activities performed weekly in the last month including stretching or other more
demanding activities including walking, swimming, bicycling and other aerobic exercise
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Supplemental Table S3. Targeted inflammatory biomarkers in exhaled breath condensate used in this

study.

Compound Common name CAS ID Classification Family

o-tyrosine o-tyrosine 709-16-0 Oxidation stress phenylalanine and derivatives
8-OH-2dG 8-Hydroxy-2'-deoxyguanosine 88847-89-6 Oxidation stress purine 2'-deoxyribonucleosides
6-keto-PGF1a 6-keto Prostaglandin F1a 58962-34-8 Ant-inflammatory prostaglandins
TXB2 Thromboxane B2 54397-85-2 Pro-inflammatory thromboxanes
8-is0-PGF2a 8-iso Prostaglandin F2a 27415-26-5 Pro-inflammatory prostaglandins
PGF2a Prostaglandin F2a 551-11-1 Pro-inflammatory prostaglandins
PGE2 Prostaglandin E2 363-24-6 Anti-inflammatory prostaglandins
11-dehydro-TXB2 11-dehydro Thromboxane B2 67910-12-7 Pro-inflammatory thromboxanes
PGD2 Prostaglandin D2 41598-07-6 Pro-inflammatory prostaglandins
LXA4 Lipoxin A4 89663-86-5 Anti-inflammatory lipoxins

LTD4 Leukotriene D4 73836-78-9 Pro-inflammatory leukotrienes

LTC4 Leukofriene C4 72025-60-6 Pro-inflammatory leukotrienes

LTE4 Leukotriene E4 75715-89-8 Pro-inflammatory leukotrienes

LTF4 Leukotriene F4 83851-42-7 leukotrienes

PGA2 Prostaglandin A2 13345-50-1 prostaglandins

PGJ2 Prostaglandin J2 60203-57-8 Ant-inflammatory prostaglandins
PGB2 Prostaglandin B2 13367-85-6 prostaglandins
12(13)-DIHOME (#)12(13)-DIHOME 263399-35-5 long-chain fatty acids
9(10)-DIHOME (£)9(10)-DIHOME 263399-34-4 long-chain fatty acids
N-acetyl-LTE4 N-acetyl Leukotriene E4 80115-95-3 Pro-inflammatory leukotrienes
12(S)-HHTre 12(S)-HHTrE 54397-84-1

15-deoxy-d12,14-PGJ2 15-deoxy-A12,14-Prostaglandin J2  [87893-55-8 Anti-inflammatory

13(S)-HODE, 9(S)-HODE 13(S)-HODE, 9(S)-HODE 29623-28-7, 73543-67-6

15(S)-HETE 15(S)-HETE 54845-95-3 Pro-inflammatory

13-0x0ODE 13-Oxo0DE 54739-30-9 Pro-inflammatory

9-oxoODE 9-oxoODE 54232-59-6 Pro-inflammatory

12(S)-HETE 12(S)-HETE 54397-83-0 Pro-inflammatory

5(S)-HETE 5(S)-HETE 70608-72-9 Pro-infammatory

12(13)-EpOME
9(10)-EpOME

(%)12,13-Epoxyoctadecenoic acid
(£)9,10-Epoxyoctadecenoic acid
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Abstract

Exhaled breath aerosols contain valuable metabolomic content due to gas exchange with blood
at the alveolar capillary interface in the lung. Passive and selective filtering of these aerosols
and droplets may reduce the amount of saliva contaminants and serve as an aid to enhance
targeted metabolomic content when sampled in EBC. It is currently unknown if breath aerosol
size distribution affects the types or abundances of metabolites sampled through EBC. This pilot
study uses a previously described hand-held human breath sampler device with varying notch
filter geometries to redirect the trajectory of breath aerosols based on size. Ten notch filter
lengths were simulated with the device to calculate the effect of filter length on the breath
aerosol size distribution and the proportion of aerosols which make their way through to an EBC
collection tube. From three notch filter lengths, we investigate metabolite content of various
aerosol fractions. We analyzed the non-volatile fraction of breath condensate with high

performance liquid chromatography mass spectrometry (LC-MS) for broad metabolite coverage.
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We hypothesize that: (1) increasing the length of the notch filter in this device will prevent larger
aerosols from reaching the collection tube thus altering the breath aerosol size distribution
sampled in EBC; and (2) there is not a systematic large-scale difference in EBC metabolomic
content that correlates with breath aerosol size. From simulation results, particles typically larger
than 10 um were filtered out. This indicates that a longer notch filter in this device prevents
larger particles from reaching the collection tube thus altering the aerosol particle size
distribution. Most compounds were commonly present in all three filter lengths tested, and we
did not see strong statistical evidence of systematic metabolite differences between breath
aerosol size distributions.
Introduction
Exhaled breath aerosols contain valuable metabolomic content due to gas exchange with blood
at the alveolar capillary interface in the lung. Two possible mechanisms of breath aerosol
generation in the lung are droplet formations at the air-liquid interface due to shear forces in the
upper airways, as well as from a reopening of terminal airway structures. There is a tendency
for airways to narrow upon expiration and expand during inhalation, which can create tiny
aerosols.*® Exhaled breath is a complex mixture that contains primary respiratory gases, volatile
organic compounds (VOCs), and non-volatile compounds from the liquid lining of the lung.*’
Exhaled breath aerosol sampling is a simple and non-invasive medium for public health and
occupational exposure biomonitoring.*® Due to the COVID-19 pandemic, critical attention is
warranted on infectious aerosols sourced from respiratory activities.3**! The use of respirator
surfaces, hospital masks, and ventilators for trapping these aerosols has been discussed.#4?
Here, we present novel technology for exhaled breath sampling, non-targeted metabolomic
analysis, and sizing of exhaled aerosols.

Exhaled breath condensate (EBC) is a fraction of breath that contains water soluble volatiles
and non-volatile compounds?. It is a biological matrix in which biomarkers may be identified,

similar to saliva and blood and can allow for the discovery of hew metabolites and can provide
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additional health information. Passive and selective filtering of these aerosols and droplets may
reduce the amount of saliva contaminants and serve as an aid to enhance targeted
metabolomic content when sampled in EBC. The design of a breath sampling device will
inevitably affect the particle size range of the collected sample. For instance, long tubing and
sharp turns will contribute to losses of larger aerosols. A standardized collection method should
thus consider sampling device geometry to account for different aerosol size distributions.
Currently, no EBC collection methods count the number of aerosol particles or enable
differentiation of their sizes.

It is currently unknown if breath aerosol size distribution affects the types or abundances of
metabolites sampled through EBC. In the last few decades, multiple approaches have been
carried out to determine the size distribution of exhaled aerosols. Early studies used glass slides
and filters with subsequent microscopic analyses which often determined the sizes of droplets
above the micron range.**** In more recent studies, sensitive sampling-based optical particle
counters measured aerosols from up to five individuals that were in the submicron size
range.**“*® An instrument limit of detection for breath aerosol sizes can inadvertently skew a
measured size distribution if they are unable to detect smaller aerosol sizes. Another common
issue in previous studies is that exhaled aerosol sizes were not measured immediately at the
mouth or nose exits. These droplets may go through evaporation, dilution, sampling loss, and
other influences from the environment before being measured, which causes error in estimating
the original size distribution. Aerosol size distribution during normal tidal breathing has been
observed to be similar among up to 16 individuals investigated with diameters primarily in the
submicron range.*~*° Particles expelled from other breathing activities (i.e. coughing and
talking) may be much larger (> 10 um).*3%° These larger particles may also be present during
tidal breathing, especially through longer sampling durations (5-15 mins) and when non-tidal
episodes can occur.*® Currently, a category of sampling devices are available to collect breath
aerosols with specifically designed polymer filters, and are used for drug monitoring.5*
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This pilot study uses a previously described hand-held human breath sampler device with
varying notch filter geometries to redirect the trajectory of breath aerosols based on size.?
Curved flow profiles have greater inertial effects on larger breath aerosols which cause them to
strike the interior walls before they can arrive at a collection site. Shorter notch filter lengths
allow larger particles (= 10 um diameter) to pass through while longer notch filter lengths restrict
airflow and prevent larger particles from reaching the collection site. In this present work, we
investigate metabolite content of various aerosol fractions. We analyzed the non-volatile fraction
of breath condensate with high performance liquid chromatography mass spectrometry (LC-MS)
for broad metabolite coverage.® Additionally, we simulate the trajectories of these aerosols with
varying notch filter lengths using COMSOL Multiphysics® software. We hypothesize that: (1)
increasing the length of the notch filter in this device will prevent larger aerosols from reaching
the collection tube thus altering the breath aerosol size distribution sampled in EBC; and (2)
there is not a systematic large-scale difference in EBC metabolomic content that correlates with

breath aerosol size.
Materials and Methods

Exhaled Breath Condensate (EBC) Sampling Hardware

EBC sample collection was achieved using a hand-held human breath sampler described in
previous work.? Briefly, the outer casing of the device was constructed from polycarbonate
tubing and insulated with polyethylene foam. A borosilicate glass tube was used as a condenser
surface. Hollow space between the glass condenser tube and insulated housing was filled with
dry ice pellets. Computer-aided design (CAD) models of the human breath sampler illustrate
these components (Figure 6). Three vertical notch filter lengths were experimentally tested with
the device at 23, 28, and 33 mm (Figure 6e). An airway chamber contains a pair of
asynchronous valves designed to promote unidirectional breath flow and keep the condenser

chamber closed for condensation from the ambient air. This device features a saliva trap to
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allow selective filtering of breath aerosols by capturing heavy droplets (= 100 um) and allowing
small aerosols (< 20 pum) which originate in the deep lungs to pass through, and this was
demonstrated earlier using an amylase assay.? The housing is constructed out of
polytetrafluoroethylene (PTFE), a chemically inert material used to reduce chemical
absorbance. The mouthpiece used has an inner diameter of 22 mm and is made of polystyrene
butadiene (BE 120-22D; Instrument Industries, Inc. Pittsburg PA, USA). Further details on the

inner dimensions of the device are annotated in Supplemental Figure S5.

R T Tr
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' I Filter length

Velocity (m/s)

Figure 6. CAD models of the human exhaled breath condensate (EBC) sampler. (a) Model of the
whole device and (b) Sectioned in half. (c) A simulation snapshot illustrating the velocity of exhaled
aerosols. (d) Isometric view of simulation snapshot. (e) The vertical notch filter length variable for
experiments in this study were 23, 28 and 33 mm.

Simulated Passive Droplet Filtering

Ten notch filter lengths were simulated with the device to calculate the effect of filter length on
the breath aerosol size distribution and the proportion of aerosols which make their way through
to the EBC collection tube. Additionally, three notch filter lengths were experimentally tested

with the device to determine if there are variations of breath metabolomic profiles.
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Aerosol particle flight paths inside the Teflon™ housing were estimated with a particle
tracing application in COMSOL Multiphysics® simulation software with the assumption that
particles were at thermal equilibrium with the carrier fluid and underwent no phase change (no
evaporation or condensation) in flight. This is reconciled with a ‘freeze’ wall boundary condition,
so when patrticles strike a wall they no longer move. Particles pass through the sampling device
into a chilled glass tube (-30 °C), the collection site, and are counted at tina = 0.5 s. The fluid
properties at the inlet were approximated with those of saturated moist air mixture at body core
temperature (36.6 °C), taken from previous work and literature. A set of simulations consisted of
a uniform distribution of particles with 1000 evenly spaced diameter values in a range of 0.01 to
20 um to demonstrate what may happen to larger particles that originate from tidal breathing
and other breathing activities. Presumably, particles generated in situ and then exhaled are
liquid spheres. The principal component of EBC is condensed water vapor which represents
nearly all the volume (>99%) of fluid collected in EBC.%2*® Nonvolatile and water-soluble
molecules inside respiratory droplets may increase or decrease the density of these droplets.
The density of the droplets also changes as a function of temperature. We assume these
alterations are negligible and we assume that the average density of these exhaled breath
aerosols to have the density of water (1 g/cm?3, at 4 °C). The breath aerosols were modeled in
these simulations as spheres and with a density of 1 g/cm?.

The number of exhaled particles per exhalation has been found to vary among subjects by
orders of magnitude, ranging widely from 102 to 10° particles per exhalation. Based on these
results, the number of particles released from the inlet is set to an upper estimate of Ninet = 10°
for the simulations. All particles are released with a velocity of 2 m/s at time t = 0 s at 100
different locations the inlet surface. The inlet flow rate corresponds to an average tidal breathing
rate (12-20 breaths min?, tidal volume 0.5 L, exhaled in 1s).°*% We assume an initial velocity of

2 m/s to be a generalized value of breath aerosol velocity from tidal breathing in healthy
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adults.®®8 Ten vertical notch filter sizes (0, 3, 8, 13, 18, 23, 28, 33, 38, and 43 mm) were

iterated with the same uniform distribution.

EBC Sample Collection

Collection of EBC was performed with the device from one healthy volunteer to standardize the
aerosol emission source (male, age 27, no history of smoking). The sampling was time
controlled at 10 min with normal tidal breathing. To reduce the effect of food related
confounders, the volunteer restrained from food consumption one hour before EBC collection
and rinsed the mouth with water prior to sampling. All parts of the device were thoroughly
cleaned with 70% ethanol disinfectant spray and deionized (DI) water and air-dried after each
use. After sampling, the frozen EBC condensate was removed and transferred to a clean
borosilicate glass vial (Sigma-Aldrich, SU860099 SUPELCO), immediately sealed with a
stainless-steel threaded cap with PTFE fluorosilicone rubber septum (Sigma-Aldrich, SU860101
SUPELCO) and placed in a laboratory freezer at -80 °C until mass spectrometry analysis. A
total of 6 EBC samples were collected, 2 replicates for each filter length tested (23, 28, and 33
mm).

EBC Sample Analysis

EBC samples were directly lyophilized and the obtained dried extract was reconstituted in
mobile phase (5% acetonitrile in water) to obtain a concentration factor of 20. Samples were
analyzed using an Agilent 1290 series HPLC system coupled with an Agilent 6530 quadrupole -
time of flight (qTOF) mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). 20 L of
each sample were injected through an InfinityLab Poroshell 120 EC-C18 column (2.7 um, 3.0
mm x 50 mm; Agilent Technologies, Palo Alto, CA, USA). The mobile phases consisted of water
(A) and acetonitrile (B), both with 0.1% formic acid. The solvent flow rate was set to 0.6 ml min,
the column temperature to 35 °C and the autosampler to 8 °C to increase sample stability. An

electrospray ionization (ESI) source with an Agilent Jet Stream nebulizer was used in positive
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and negative mode with the following operating parameters: capillary voltage, 4000(-)/3500(+)
V; nebulizer pressure, 25 psi; drying gas, 10 L min?; gas temperature, 250 °C; fragment
voltage, 130 V. Mass spectra were acquired at MS resolution level at a scan rate of 2 spectra/s
over a range of m/z 100-950.

Data Processing

The LC-MS data were initially checked for qualitative purposes using Agilent's Mass Hunter
Qualitative Analysis B.06.00 software. For the untargeted analysis, data mining was performed
using an automated algorithm for peak finding, alignment, and integration in Agilent's Mass
Hunter Profinder B.09.00 software. A Bach Recursive Feature Extraction method was used with
mass tolerance and window of 20 ppm and 0.025 Da, RT window of 0.3 min, with minimum
absolute abundance of 1000 counts. The obtained dataset was exported into a .pfa format and
imported to Agilent's Mass Profiler Professional (MPP, V13.0) software for identification, and
initial statistical analysis. Afterwards, a tentative identification of the obtained molecular features
(markers), described as mass@retention time, was performed using ID browser, an integrated
software in MPP. Based on matching experimental and theoretical isotope pattern of the
markers, the software proposed formulas and names with scores above 70%, using the METLIN
database. The dataset was filtered by removing compounds that appear in blank samples with
signals higher than 10 (peak sample/blank ratio). Final data were normalized using probabilistic
guotient normalization with median values per sample to correct the bias between sample
collection and preparation.®?

Results and Discussion

Simulated Passive Droplet Filtering

Figure 7 shows the numerical solutions for breath aerosols with different diameters passing
through the device. The data were grouped into 25 evenly distributed bins. The absence of a

notch filter (designated as length 0 mm) corresponds to nearly 5.5% of particles trapped which
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are greater than 10 um in diameter. The trapping of larger particles increases with a greater
length of the notch filter, which supports our first hypothesis. Notch filter lengths of 18, 23, 28,
33, and 38 all appear to have the same effect on the particle size distribution, all correlating to
an averaged 43.5% trapping of particles, mostly larger than 10 um in diameter. Increasing the
notch length from 13 to 18 mm as well as from 38 to 43 mm appear to have much greater
changes on the resulting particle size distribution in the collection tube. A notch length of 43 mm
corresponds to nearly 70.8% of particles trapped, mostly larger than 5 pm in diameter. The
percentage of particles trapped is defined to be the number of breath aerosols which pass
through to the chilled glass tube divided by the total particles in the device, multiplied by one
hundred. These counts of particles which made it to the collection tube compared to the ones

remaining at the trapping site are plotted (Figure 7b).
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Figure 7. COMSOL Multiphysics® software simulations of breath aerosol particles which passed
through the exhaled breath condensate (EBC) sampling device into a chilled glass tube, the collection
site at time tina = 0.5 S. Ten vertical notch filters were iterated. (a) A uniform diameter distribution of
particulates enters the inlet with 1000 evenly spaced values in a range of 0.01 to 20 um at 100
different locations. Data are grouped together into 25 evenly distributed bins. (b) Total count of breath
aerosols which pass through to the chilled glass tube compared to the count of these aerosol particles
trapped in a reservoir by the filter.

The velocity profiles are modeled in steady state of the sampling device (Supplemental

Figure S6). It is evident the notch filter length has a direct impact on the velocity flow profile of
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Table 3. The list of highest abundant metabolites (highest to lowest) putatively identified by untargeted
liquid chromatography-mass spectrometry (LC-MS) analysis among all exhaled breath condensate

(EBC) samples.

Variable Mass RT(min) Formula Compound Name ID Scores Description

number (m/z)

1 199.200 411 CI12H2402 3-Methyl-undecanoic acid 73.35 Fattyacid

2 324.200 470 C18H2805 Cibaric acid 80.21 Fattyacid

3 266.162 8.64 C12H2704P Tributyl phosphate 94.70 Extractantand a plasticizer

4 326.200 231 Cl4H28N604 ArgGlylle 94.34 Amino acid

5 282.200 2.09 CI9H28N O3 Glycopyrrolate 94.92 Anticholinergic

6 238.100 1.80 C9H1807 (x)-1,2-Propanediol 1-O-b-D-glucopyranoside 84.95 Found inherbs and spices

7 370.200 2.49 C20H28N404 lle AlaTrp 94.19 Amino acid

8 294.190 716 CI16H28N204 Oseltamivir 95.60 Antiviral

9 255.300 7.38 C17H360 14-Methyl-1-hexadecanol 89.69 Fattyalcohol

10 206.200 3.74 CI15H280 7-Ethyl-4-tridecen-6-one 7548 =

n 209.100 2.82 CI13HI1IN3 Proflavine 74.70 Disinfectant

12 452.300 3.06 C29H4205 (3beta,17alpha,23S)-17,23-Epoxy-3,29-dihydroxy-27-norlanosta- 91.75 Oxosteroid
7,9(11)-diene-15,24-dione

13 154.100 3.00 CSH1402 Allyl hexenoate 77.28 Flavouring ingredient

14 211.100 3.00 Cl14HI3NO 2-Hydroxyiminodibenzyl 86.16 Aromaticcompound

15 424.300 4984 C(C21H4506P 1-Octadecyl Lysophosphatidic Acid 94.17 Glycerophospholipid

16 422.300 6.62 C25HA504P Dolichyl phosphate 92,93 Lipid

17 310.200 434 C20H26N20 Astrocasine 82.05 Alkaloid

18 540.400 6.51 C30HS9N O7P PC(22:2(13Z,16Z)/0:0) 95.73  Lecithin

19 193.100 3.00 CBHISN502 NG-amino-L-Arginine 85.72 Inhibitor of nitric oxide synthase

20 286.100 2.53 CI2HI7NO7 3-Hydroxy-N-methylpyridinium glucuronide 87.089 O-glucuronide

21 546.300 3.02 C29H59N O7P PC(0-18:0/3:1(2E))[S] 94.04 -

22 557.400 6.51 C37H4803 1?,25-dihydroxy-25,25-diphenyl-26,27-dinorvitamin D3/ 1?,25 95.82 Secosteroid
dihydroxy-25,25-diphenyl-26,27-dinorcholecalciferol

23 366.300 437 C26H4A002 26:6(82,117,14Z,172,20Z,237) 91.13 Omega-3 fatty acid

24 550.400 313 C31HS5908P PA(13:0/15:1(9Z)) 88.52 =

25 222.100 263 C11H14N203 PheGly 83.07 Dipeptide

26 138.000 0.59 C3H8O05S (R)-2,3-Dihydroxypropane-1-sulfonate 72.20 Alkanesulfonic acid

27 187127 284 C9HISNO4 Dexpanthenol 95.19 Cholinergic agent

28 348.200 231 C18H3206 2,3-dinor Thromboxane B1 74.19 Eicosanoid

29 108.100 299 CoH14 hexane 77.14 Neutotoxin

30 229.200 453 CI13H27NO2 2-amino-tridecanoic acid 9143 -

31 288.100 8.64 C13H2103PS Iprobenfos 91.66 Rice fungicide

32 258.170 8.63 CI2H24N604 AlaArgAla 71.12 Amino acid

33 148.000 691 C4H705P Deamino-?-keto-demethylphosphinothricin 80.02 -

34 90.033 057 C3HRO4 2,2-Dihydroperoxypropane 99.37 Added to foods as a bleaching agent

35 656.500 8.02 C36H71N207P PE-Cer(d16:2(4E,6E)/18:0(20H)) 7535 -

36 243.185 5.12 CI3H26N 04 L-Hexanoylcarnitine 90.85 Human metabolite

37 250.200 395 C15H26N20 Retamine 88.54 Painreliever

38 156.001 485 C7H5ClO2 4-Chlorobenzoate 97.77 Bacterial xenobiotic metabolite

39 250.160 11.69 C14H22N202 Rivastigmine 96.64 Acetylcholinesterase inhibitor

40 253.200 434 CI7H27NO3 Pramoxine 87.47 Topical medication to relieve pain

41 651.400 322 C32HE2N 010P PS(12:0/14:0) 8223 -

a2 517.400 5.04 C35H53N O3 dl-alpha-Tocopherol nicotinate 91.39 Esterof vitaminE

43 176.000 6.91 C5H11N304 O-Ureidohomoserine 88.48 -

44 673.500 8.02 C38H7INO8  GlcCer(d14:2(4E,6E)/18:0) 9192 -

45 208.100 203 C%SH14N403 Carnosine 87.13 Synthesized in vivo

46 731500 8.77 C40H81N2O7P PE-Cer{d14:1(4E)/24:0(20H)) 89.71 Lipid

47 310.185 9.73 Cl16H31CIO 2-chloropalmitaldehyde 80.31 Lipid

48 222.200 250 C15H2802 2,5-dimethyl-2E-tridecenoic acid 91.22 Fattyacid

49 340.200 376 C17H28N205 Perindoprilat 72.99 ACEinhibitor

50 610.356 7.16 C31H52N205S Valnemulin 92.42  Pleuomutilin antibiotic
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the breath aerosols. The ambient pressure of the device was set to 1 atm and the resulting
pressure profiles inside the device for each simulation (Supplemental Figure S7). Mols et al.
concluded that a pressure drop of 950 Pa across an endotracheal tube resulted in excessive
tidal volumes and airflow, which was perceived as discomfort.>® A notch filter length of 43 mm
could cause respiratory discomfort with a pressure difference of ~140 Pa which may depend

upon one’s health condition.

Table 4. The number of common compounds found from exhaled breath condensate samples using
different vertical notch filter lengths. The table lists the number of compounds common for filter length
combinations in liquid chromatography-mass spectrometry (LC-MS) negative and positive electrospray
ionization modes.

LC-MS ESlnegative LC-MS ESl positive LC-MS ESl total

mode count mode count count
Total 744 5481 6225
Common all filters 458 3439 3897
Common in 2 filters 148 111 1259
Unique 68 575 643
23 and 28 mm 113 540 653
23 and 33 mm 35 336 371
28 and 33 mm 0 235 235
23mm 29 179 208
28 mm 39 396 435
33mm 0 0 0

Metabolomic Content of the EBC

A total of 6,225 metabolites were obtained from the LC-MS chromatograms in negative and
positive ionization modes. Data were previously aligned and filtered, as described below.
Metabolite identification of untargeted data were performed based on the MS and MS/MS
spectra and the accurate masses obtained using METLIN database. The putatively identified
biomarkers are listed with their exact molecular mass and retention time (Table 3). It lists the 50
highest abundant metabolites (highest to lowest) detected by untargeted LC-MS analysis
among all six EBC samples. Molecular formula and compound identification are described
together with their identification (ID) score, calculated with the average values from molecular

formula extraction and database ID scores.
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The number of common compounds found from exhaled breath condensate samples using
different vertical notch filter lengths are listed (Table 4). Table 4 lists the number of compounds
common for filter length combinations in LC-MS negative and positive electrospray ionization
modes. Most compounds were present in all EBC samples collected from the device using each
filter length. Compounds were considered unique to a filter length if they were present in at least
one of the two replicate samples per filter length. Approximately 11% of compounds were
unique to a filter length, both for negative and positive ionization modes. The notch filter with
length 28 mm had a higher number of unigue compounds in both negative and positive
ionization modes in comparison to the 23 mm notch filter. The notch filter with length 33 mm had
no unigue compounds in either ionization mode. A higher number of compounds were present
in both 23 and 28 mm filter lengths in comparison to the two other sets (23/33 and 28/33 mm).
We do not believe these differences can be determined as statistically significant given the
samples were from only one person and the extremely limited sample numbers involved (n=6
total). We do not observe striking data at this time that breath aerosol size affects metabolite
profiles.

Conclusion

Our human exhaled breath condensate sampler described was modified with varying notch filter
lengths to determine if breath aerosol size affects EBC metabolite content. From simulation
results, particles typically larger than 10 um were filtered out for notches longer than 18 mm.
This indicates that a longer notch filter in this device prevents larger particles from reaching the
collection tube thus altering the aerosol particle size distribution. Three notch lengths were
experimentally tested with the sampling device. Most compounds were commonly present in all
three filter lengths, and we did not see strong statistical evidence of systematic metabolite
differences between breath aerosol size distributions. If there are differences in metabolomic

content based on breath aerosol size, it is possible that they are not significant for practical
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sampling if the sampling device design has already been optimized for proper saliva filtering,
cooling temperature, and air flow rates.

Acknowledgements

This study was supported by: NIH award U01 EB0220003-01 [CED, NJK]; the NIH award UL1
TR000002 [CED, NJK]; NIH award 1P30ES023513-01A1 [CED, NJK]; and NIH award UG3-
0ODO023365 [CED, NJK]. Student support was provided by the National Center for Advancing
Translational Sciences, National Institutes of Health, through grant number UL1 TR001860 and
linked award TL1 TR001861. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the funding agencies. The authors also gratefully
acknowledge Dr. Konstantin Zamuruyev (NASA Jet Propulsion Laboratory) for technical

discussions.

48



Supplemental Information

This pilot study simulates the trajectories of breath aerosols in a hand-held human exhaled
breath condensate (EBC) sampler device. Ten notch filter lengths were simulated with the
device to calculate the effect of a filter length on the breath aerosol size distribution and the
proportion of aerosols which make their way through to the EBC collection tube. We used
COMSOL Multiphysics® Particle Tracing Module software to simulate the trajectories of these
aerosols. This document provides supplemental details of the simulation methods used in this

study.

Mesh Generation
The ‘Free Tetrahedral’ feature was used to create a mostly tetrahedral mesh or in other words,
to enable the discretization of the geometry into small units of simple shapes. The Delaunay
tessellation method was used to modify the mesh in the boundary regions for simplification. The
predefined mesh element size was set to ‘Coarse’. The mesh has 1.48x10° number of elements
with 4.88x10* vertices, consisting of the following proportions of element shapes: tetrahedra
(55.9%), prisms (32.7%), triangles (9.39%), quadrilaterals (1.76%), hexahedra (0.18%) and
pyramids (0.07%).
Particle Tracing for Fluid Flow
The COMSOL Multiphysics® Particle Tracing Module is used as a flexible tool to compute the
trajectories of particles. The Particle Tracing Module uses a Lagrangian method to solve
ordinary differential equations using Newton’s law of motion. The default Newtonian formulation
was used to solve second order equations for particle positions.

A Constant (Newton) nonlinear method was used to control the damping factor used in the
damped Newton iterations. The damping factor was set to the default value 1. This time-
dependent solver had a Jacobian update once per time step, which computes a new Jacobian

on the first iteration of each time step. The ‘Tolerance’ termination technique was used to
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terminate the Newton iterations when the estimated relative error is smaller than a specified
tolerance. The absolute tolerance was set to 10°.

For COMSOL Multiphysics’® particle tracing approach to be valid, the volume fraction of the
particles must be much smaller than the volume fraction of the continuous phase, generally less
than 1%. When the volume fraction of particles is not small, the fluid system is categorized as a
dense flow and a different modeling approach is required. The volume fraction of the particles

(with an average diameter of 10 pum) in the device is estimated to be:

3

Npgrei 10° particles
particle p .5.236 % 10-10

e = ———— =838x1077 « 0.01
Vaevice °°" particle 62.5 cm3 particle

~

which is far less than 1% and thus the particle tracing approach is valid for particle deposition
predictions. Npqrticie 1S the total number of particles in the device. Vyeyic. is the volume of the
device and Vper particle 1S the average volume of the particles.

The initial particle deposition setting was set to ‘Density’ which particles are positioned in at
the inlet surface by sampling from a user-defined spatial distribution. This user-defined spatial
distribution, ‘Number of particles per release’ N (dimensionless), was set to 100. In other words,
particles were released at 100 different positions at the inlet at time t = 0s. The ‘Release
distribution accuracy order’ was set to the default value 5, which determines the integration
order that is used when computing the number of particles to release within each mesh element.
The higher the order, the more accurately particles will be distributed among the mesh
elements. The ‘position refinement factor’ was set to the default value 0, which assigns each
particle with a unique position. The initial distribution of the particles’ positions ranges from the
center of the device’s duct and can be as close as approximately 0.5 mm away from the wall of

the device.
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The generalized minimum residual (GMRES) iterative solver was used to solve the general
linear system of the form Ax = b. COMSOL Multiphysics® estimates the error of the solution

while solving. Once the error is small enough, as determined by the convergence criterion:

p|M~1(b — Ax) < tol - |M~1b|
the software terminates the computations and returns a solution. Left-preconditioning was used
with the GMRES solver and M is designated as the preconditioner matrix. The residual
tolerance value was set to 0.01.

The ‘Generalized alpha’ time stepping implicit time-dependent solver algorithm was used for
tracking particles in the simulation. Generalized alpha is an implicit, second-order accurate
method with a parameter a to control the damping of high frequencies. With a = 1, the method
has no numerical damping and a = 0 gives the maximum numerical damping. The amplification

of high frequency a value was set to 0.75.
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Supplemental Figure S5. CAD model and details of the inner dimensions of the human exhaled breath
condensate (EBC) sampler used in passive droplet filtering COMSOL Multiphysics® simulations. All
dimensions are in millimeters unless otherwise noted. (a) Model of the device, sectioned in half. (b)
Isometric view of the model.
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Supplemental Figure S6. Steady state velocity profiles of the exhaled breath condensate sampling
device using COMSOL Multiphysics® simulation software. Ten filter lengths were simulated: (&) 0 mm
(b) 3mm (c) 8 mm (d) 13 mm (e) 18 mm (f) 23 mm (g) 28 mm (h) 33 mm (i) 38 mm (j) 43 mm.
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Supplemental Figure S7. Steady state pressure profiles of the exhaled breath condensate sampling
device using COMSOL Multiphysics® simulation software. Ten filter lengths were simulated: (a) 0 mm
(b) 3mm (c) 8 mm (d) 13 mm (e) 18 mm (f) 23 mm (g) 28 mm (h) 33 mm (i) 38 mm (j) 43 mm.
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Abstract

This paper presents the microfabrication and performance of a three-dimensional electrospray
ionization (ESI) emitter tip made from glass. Our fabrication process relies on standard
microfabrication techniques (i.e., deposition, photolithography, and wet etching). This fabrication
method involves the novel application of two layers of positive and negative photoresists in
addition to Parafilm® wax tape. Open edge and tiered depth details were successfully created
from a multilayer planar mask. This is a benefit for integrated miniaturized and microfluidic
systems that often require micro features for their functionality but relatively large millimeter size
features for their physical periphery. We demonstrate the fundamental performance of
electrospray with this microfluidic chip. The emitter tip was fixed on a linear axis stage with high
resolution (10 um) to finely control the tip distance from a metal counter electrode plate. A

custom printed circuit board system was built to safely control four voltages applied to the
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microchip ports from a single high voltage power supply. To readily form the electrospray, non-
aqueous solvents were used for their low viscosity and a constant voltage of +2.7 kV was
applied to the sheath electrospray microchannel. The liquid being sprayed was 80/20 (v/v)
methanol/acetonitrile with 0.1% acetic acid in the sheath microchannel and with ammonium
acetate (10-40 mM) in its remaining microchannels. The electrospray signal was measured in
response to varying the distance (1.4 to 1.6 mm) between the electrospray emitter tip and a
metal counter electrode plate in addition to the varying concentration of the background
electrolyte, ammonium acetate. Stable and repeatable electrospray signal showed linear
relationships with emitter tip distance and concentration (r?0.95).

Definitions of Abbreviations:

buffer inlet (BI); computer aided design (CAD); chromium (Cr); deionized water (DI water); light
emitting diode (LED); printed circuit board (PCB); polydimethylsiloxane (PDMS); mixture of
H.SO4:H2O, at 4:1 ratio (Piranha); polylactic acid (PLA); polymethylmethacrylate (PMMA);
platinum (Pt); standard cubic centimeters per minute (sccm); scanning electron microscope
(SEM); sample inlet (SlI); sheath liquid inlet (SLI); sample outlet (SO); single pole triple throw
(SP3T)

Introduction

Electrospray lonization (ESI) is a prevalent technique for liquid chemical detection in analytical
chemistry.* ESI generates a fine liquid aerosol through electrostatic charging. A high electric
potential (typically = 2-5 kV) is applied between the end of a capillary and a counter electrode
installed in proximity (typically 1-2 mm). Tiny micro—droplets tear away from the surface of a
liquid Taylor cone searching for a surface to land. Due to liquid solvent evaporation and charge
preservation, an emitted droplet undergoes a series of Coulomb explosions to reduce its electric
repulsion between charges and achieves a charge limit corresponding to that of an ion.®° In this

way, ions contained in a liquid phase sample are transferred into a gas phase. These ions land
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on a counter electrode plate which can then be detected amperometrically. ESI operations are
best performed in the stable cone jet mode when ESI current is most reproducible. The ability to
achieve stable and effective spray depends on the applied voltage, the distance between the
spray tip to the counter electrode, and the viscosity.5! Electrospray is stable when a cone can be
observed with a steady stream of droplets issued from it and when there is steady current in the
external electrical circuit.

This paper presents the microfabrication and performance of a novel three-dimensional
electrospray ionization (ESI) emitter tip made from glass. Only recently have three approaches
been proposed for the fabrication of monaolithically integrated ESI microfluidic chips from
glass.®2%% Hoffmann et al. integrated a manually pulled ESI tip onto a commercial microchip.
Another approach, by Mellors et al., created an ESI tip by sawing a corner at the end of a
microchannel with a dicing saw. These two methods either rely on low-throughput manual-
pulling or harsh mechanical machining to make their glass ESI tips. Sainiemi et al. present
parallel microfabrication of three-dimensional ESI glass emitters that are also monolithically
integrated with microfluidic channels. This approach can replace commercial electrospray
needles by providing equally robust emitter tip performance. Further studies have since
implemented these three techniques.®®*=’2? In addition to the work presented by Sainiemi et al.,
our fabrication process only relies on standard microfabrication techniques (i.e., deposition,
photolithography, and wet etching). We address the needs of integration of an electrospray
emitter tip by considering the combination of meso- and micro-features, open edged features,
and the possibility of microfabrication on a wafer scale. Our fabrication method involves the
novel application of two layers of positive and negative photoresists in addition to Parafilm® wax
tape. We also use isotropic wet etching of glass in hydrofluoric acid (HF) solution and chromium
(Cr) deposition. This approach creates a three-dimensional ESI tip with accurate and high
quality small-scaled geometric features. This allows for higher charge densities leading to
increased ionization efficiency for better signal stability and repeatability. Open edge and tiered
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depth details were successfully created from a multilayer planar mask. This is a benefit for
integrated microfluidic systems that often require micro features for their functionality but large
millimeter size features for their physical periphery. Dimensional control during isotropic etching
is susceptible to undercutting although the etching process is beneficial when fabricating three-
dimensional structures. As glass under the emitter tip is removed, a sharpened curved profile is
formed.

Glass is an important material of choice for analytical and medical field applications due to
its excellent material and chemical properties (i.e., mechanical strength, chemical inertness,
optical transparency, and native hydrophilicity). ESI tips can be easily realized with well-
established silicon microfabrication protocols, although silicon is electrically conductive and thus
prevents its integration with chemical separation methods (e.g., chromatography or capillary
electrophoresis) which require high voltages for operation. Polymer microfabrication also offers
monolithic integration of ESI tips (SU-8 photolithography®’4, PMMA, PDMS’®, polyimide’’,
and thiol-ene.”®”® However, polymers can suffer from swelling or degradation by organic
solvents.8081

We demonstrate the fundamental performance of electrospray with our glass microfluidic
chip. This device allows efficient ionization without the use of external pressure sources. The
emitter tip was fixed on a linear axis stage with high resolution (10 um) to finely control the tip’s
distance from a metal counter electrode plate. A printed circuit board system was custom built to
safely control four voltages applied to the microchip’s four ports from a single high voltage
power supply. To readily form the electrospray, non-aqueous solvents were used for their low
viscosity and a constant voltage of +2.7 kV was applied to the sheath electrospray
microchannel. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1% acetic
acid in the sheath microchannel and with ammonium acetate (10-40 mM) in its remaining
straight cross microchannels. The electrospray signal was measured in response to varying the
distance (1.4 to 1.6 mm) between the electrospray emitter tip and a metal counter electrode
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plate in addition to the varying concentration of the background electrolyte, ammonium acetate.
Stable and repeatable electrospray signal showed linear relationships with emitter tip distance
and concentration (r?20.95).

Chemicals and Reagents

Acetic acid, ammonium acetate, and methanol were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile was purchased from Fisher Scientific (Pittsburg, PA). All chemicals and
reagents were of analytical or HPLC grade. Water was purified with a Elga Purelab Classic DI
Water System (Woodridge, IL). Before use, all sample and buffer solutions were filtered (0.22

pm) and degassed by sonication for 5 min.

(a) ? SLI
Bl @
& ESI tip -7
SO

Figure 8. (a) Schematic of the microfluidic chip layout. SI: sample inlet, SO: sample outlet, Bl: buffer
inlet, SLI: sheath liquid inlet. (b) Photograph of the microfluidic chip with an integrated electrospray
emitter tip, held by a tweezer. (c) Scanning electron microscope (SEM) image of drill-free reservoir
port. (d) SEM image of the ESI emitter tip.
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Materials and Methods
The microfluidic glass chip has a monolithically integrated three-dimensional ESI emitter tip. A
schematic and a photograph of the microfluidic chip are presented (Figures 8a, b). The overall
length and width of the microfluidic chip are 34 and 18 mm, respectively. The buffer
microchannel (buffer inlet to ESI tip) has a length of 25 mm, a depth of 100 um, and a width of
20 um. The sample loading microchannel (sample inlet to sample outlet) has a length of 10 mm,
a depth of 100 um, and a width of 20 um. The sheath liquid inlet microchannel has a length of
10.8 mm, a depth of 100 um, and a width of 200 um. The sheath liquid microchannel offers the
possibility to apply a voltage for ESI and functions as a buffer zone, which means the buffer inlet
microchannel is not affected by the nebulized flow. The access ports have a diameter of 1.5
mm, one of which is shown in a scanning electron microscope (SEM, FEI Scios DualBeam)
image (Figure 8c). The bottom side cavities were etched to a depth of 560 pum which set the tip
thickness and to form an open edge. The top side etch cavities were etched to a depth of 110
pm to further define the tip edge. An SEM image of the ESI emitter tip is shown (Figure 8d).
The microfluidic chip was fabricated in a class-100 cleanroom facility (Center for Nano and
Micro Manufacturing, UC Davis, CA). Standard microfabrication procedures (i.e.,
photolithography, wet etching, and deposition) were used with Borofloat® glass, purchased from
S.I. Howard Glass Co., Inc. (Worchester, MA, USA). In summary, the microchip consists of two
halves: access ports and microchannels; both halves contain a part of the ESI tip. The top side
of a wafer is defined to be the side that looks up when holding by the orientation of physical
placement of the microchip. The bottom side of the wafer is defined to be its opposite side. The
prepared glass halves were etched in 49% HF acid from both sides sequentially in order to
create three-dimensional features. The chips were cleaned, and the two halves were bonded in
thermal fusion. The wafers were then diced into individual chips after thermal fusion bonding.
The manufacturer recommended and standard recipes were followed for microfabrication. A
summarized illustration of the microfabrication process is presented (Figure 9).
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glass ' chromium . + photoresist (SPR 220-7)
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Figure 9. Summary and illustration of the microfabrication process. 1. Start with new glass wafer and
sputter chromium (Cr) both sides. 2. Apply SPR 220-7 on top side, S1813 on bottom side. UV
exposure to define ESI tip edge on top side. UV exposure to define alignment marks on bottom side.
Develop both sides. Etch Cr both sides. 3. Apply Parafilm® tape on bottom side. 4. Etch glass in HF
and remove both photoresists and Parafiim® tape. 5. Apply SU8 3010 on bottom side. UV exposure to
define microchannels on bottom side. Develop SU8 3010 on bottom side. 6. Apply SPR 220-7 on
bottom side. UV exposure to define ESI tip and alignment marks (not shown) on bottom side. Develop
SPR 220-7. 7. Etch Cr and etch glass in HF. Remove SPR 220-7. 8. Etch Cr and etch glass in HF with
Parafilm® applied on bottom side. 9. Remove SU8 3010 and Parafilm®. Etch Cr both sides. 10.
Surface plasma activation and thermal fusion bonding of the access ports wafer and the
microchannels wafer.

The microfabrication process started with two clean wafers that were sputtered with 200 nm
of chromium each on both sides (CHA Industries AutoTech II, Fremont, CA). The following
steps apply to the access port wafer's top side and the microchannel wafer's bottom side.
Images of the wafers during the fabrication process are provided (Supplemental Figure S8).
Adhesion promoter hexamethyldisilazane (HMDS, Avantor Performance Materials, Inc., Center
Valley, PA) was spin-coated and then with SPR 220-7.0 photoresist (Dow Electronic Materials
MEGAPOSIT, Malborough, MA) to have a thickness of approximately 10 um. The following
steps apply to the access port wafer's bottom side and the microchannel wafer's top side.

S1813 photoresist (Shipley, Malborough, MA) was spin-coated to have a thickness of
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approximately 2 um. The access port wafer’s top side and the microchannel wafer’s bottom side
were exposed to ultraviolet (UV) light at 250 mJ/cm? in hard contact mode (Karl Suss, MA4,
Garching, Germany). The access port wafer's bottom side and the microchannel wafer top side
were exposed to UV light at 150 mJ/cm? in hard contact mode. Both wafers were then
developed in Microposit MF CD-26 aqueous developer (Dow Electronic Materials, Malborough,
MA). The wafers were then hard baked in a vacuum oven at 155 °C for 90 min. Afterwards, both
wafers were placed into a chromium etch bath (Transene Chromium Etchant 1020, Danvers,
MA) for 1 min. Parafilm® tape (Bemis, Sheboygan Falls, WI) was applied to the access port
wafer’'s bottom side and the microchannel wafer’s top side. With separate wafers, etching rates
and resulting cavity depths were determined with profilometry measurements (Dektak XT 2D,
Bruker, Germany) and are shown (Supplemental Figure S9). Then, both wafers were wet
etched in 49% hydrofluoric (HF) acid. The access port wafer was etched for 90 min with a etch
depth of 560 um and the microchannel wafer was etched for 85 min with an etch depth of 530
pm. Both wafers were placed in a Piranha bath to remove all photoresist.

The following steps were then applied to the microchannel wafer’s top side. HMDS was
spin-coated and then with SU8 3010 photoresist to have a thickness of approximately 12 um.
The wafer was exposed to UV at 130 mJ/cm? in hard contact mode. The wafer was then
developed in SU8 developer (MicroChem Corp., Westborough, MA). SPR 220-7.0 was spin-
coated to have a thickness of approximately 10 um. The photoresist was exposed to UV at 250
mJ/cm? for 2 cycles, 30 seconds apart in hard contact mode. The wafer was then developed in
CD-26 aqueous developer. The wafer was then hard baked in a vacuum oven at 120 °C for 90
min. The wafer was placed in a chromium etch bath for 1 min. Parafiim® tape was applied on the
bottom side of the wafer. The wafer was then wet etched in 49% HF acid for 17 min for an etch
depth of 110 um. The Parafilm® tape was then carefully removed. The SPR 220-7.0 layer was
removed with an O; reactive ion etch (RIE) plasma cleaning (Plasma Equipment Technical
Services, Brentwood, CA). Parafilm® tape was applied again on the bottom side of the wafer.
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The wafer was wet etched in 49% HF acid for 15 min to have an etch depth of 100 um. The
Parafilm® tape was then carefully removed. The remaining photoresist was stripped off with a
Piranha bath.

The following steps were then applied to the access port wafer’s bottom side. HMDS was
spin-coated and then with SPR 220-7.0 to have a thickness of approximately 10 pum. The
photoresist was exposed to UV at 250 mJ/cm? for 2 cycles, 30 seconds apart in hard contact
mode. The wafer was then developed in CD-26 aqueous developer. The wafer was then hard
baked in a vacuum oven at 155 °C for 90 min. Parafilm® tape was applied on the top side of the
wafer. The wafer was placed in a chromium etch bath for 1 min. The wafer was then wet etched
in 49% HF acid for 27 min for an etch depth of 175 um. The Parafilm® tape was then carefully
removed. Remaining photoresist was stripped off with a Piranha bath.

The following steps were then applied to both wafers. The wafers were placed in a
chromium etch bath for 1 min. Both wafers were then placed in a Piranha bath. Both cleaned
wafer halves were loaded into a plasma activation system (EVG 810, EVGroup, Austria) and the
substrates were exposed to two separate capacitive coupled plasmas in sequence for a
temporary bond, with a process previously described.?? The two wafers were aligned onto each
other with a mask aligner (EVG 620, EVGroup, Austria) to form the temporary bond. The
wafers were then permanently bonded together using thermal fusion (EVG 501, EVGroup,
Austria) for 9 hours with 19 kN pressure at 450 °C. To dice the bonded wafers into individual
microfluidic chips, the wafers were loaded into a dicing saw (Disco DAD 321, Japan) with the
fluid ports downwards and Kapton® tape over the ESI tips to prevent water entrance into the
channels.

Experimental
An expanded CAD model of the microfluidic chip fixture assembly is shown (Figure 10a). The
microfluidic chip is housed in a custom machined white Delrin top and bottom fixtures that are

attached to PEEK™ reservoir wells (P/N: C360-405R, LabSmith, Livermore, CA) which contain
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the electrospray solutions. The electrode fixture contains platinum wires (23 gauge, LabSmith,
Livermore, CA) that are located within the microchannel reservoir wells. The electrode fixture
was 3D-printed with an Ender-3 Pro 3D Printer (Creality 3D Technology Co. Ltd, China) with
polylactic acid (PLA) material. The microchip fixture subassembly was fixed onto a linear stage
(ULTRAIlign™ 561D-XYZ, Newport, USA) to precisely control the distance between the emitter
tip and an aluminum counter electrode plate. The linear stage was mounted on top of a grey
Delrin base plate. The counter electrode plate was also mounted onto a grey Delrin base and
was set at a height to be adjacent to the microchip’s emitter tip. The electrospray signal from the
counter electrode plate was digitized by a data acquisition system, later described. The distance
between the ESI emitter tip and the counter electrode plate was determined by calibrating the
known movement of the emitter tip on the linear stage with the distance travelled as displayed
on the digital microscope.

The custom voltage control and signal conditioning electronics are packaged on a printed
circuit board (PCB) miniaturized system. The high voltage control electronics (Figure 10b) were
designed for safe use and supply of four high voltage outputs from a single high voltage power
supply. High voltage supplied to the system is fed into a series of resistors which provide three
intermediate voltage values. These intermediate voltages can be adjusted with potentiometers
mounted on the resistor tree board. Each of the outputs to the reservoirs are controlled by
custom solid-state relays, which act as single pole triple throw (SP3T) switches. Each solid-state
relay board corresponds to an output for each reservoir on the microfluidic chip. On the solid-
state relay board that corresponds to the electrospray reservoir, the excess current from the
buffer inlet microchannel (typically ~20 pA) was grounded through a 50 MQ coupled in parallel
with the electrospray voltage supply.®* The controller board is connected to a custom LabVIEW®
software program. The relays were constructed from high voltage transistors and photovoltaic
optocouplers to allow high voltage operation. Solid state relays have advantages over
mechanical relays such as high reliability, long lifespan, small form factor, low power

64



(a)
Pt electrode fixture ————— Microchip

Reservoir wells ~——<& 5 ~ Counter
randl, L3

Microchip top fixture — & 8 o electrode plate

Output signal

Microchip bottom —>" wire

fixture <N

(b)

Controller
board

Solid state
relay
boards

Resistor tree board

Figure 10. (a) Expanded microchip fixture assembly consisting of the linear stage, the microchip and its
top and bottom fixtures, the Pt electrode fixture, and counter electrode plate. (b) Electronics for the
control of four voltages from a single high voltage source. (c) Photograph of the experimental setup. 1.
National Instruments connector block. 2. Digital microscope displaying a top-down view of the glass
emitter tip. 3. National Instruments Chassis. 4. DC power supply for a vacuum pump (not shown). 5. High
voltage power supply. 6. Microchip fixture and Pt electrode fixture. 7. High voltage control electronics. 8.
Linear stage. 9. Signal conditioning electronics.
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consumption, ho moving parts, and silent operation. The controller board includes several LEDs
to indicate the state of the outputs, including one to warn of a live high voltage supply. The
controller also features analog timing circuits to ensure that no high-voltage shoot-through
can occur in the relays under any switching scenario. The spacing of the components on the
PCBs in the subassembly was done per the guidelines for high voltage PCB design in IPC
2221B.

The PCBs for the high voltage control system were designed using KiCad 5.1.10 open-

source software (http://kicad-pcb.org/). PCBs were manufactured by BasicPCB (Aurora, CO).

The PCB circuits (Supplemental Figure S10) and parts list (Supplemental Table S5) are
provided in the Supplemental Information. The manufacturer recommendations were followed
for assembly. The controller board and the solid-state relay boards have dimensions of 2 x 3 in.,
and the resistor tree board has dimensions of 3 x 4 in. These PCBs were made with FR4
material and thickness of 0.62 in. Solder paste stencils were designed and purchased from
Stencils Unlimited (Lake Oswego, OR) to solder on electrical surface mount components.
Electrical surface mount components were placed onto the PCBs with solder paste under a
digital microscope by using tweezers and a manual pick-and-place system (SMT Caddy, CA).
Once components were placed on the PCB, re-flowing the solder was carried out with an
automatic reflow oven (T-962 A, Shenzhen Bangqgi Chuangyuan Technology Co., Ltd.,
Shenzhen, China). The boards were then mounted together with nylon hardware on a 3D-
printed support structure made from green PLA.

A photograph of the benchtop experimental setup is shown (Figure 10c). A high-voltage
power supply (Model PS350, Stanford Research Systems, Sunnyvale, CA) was used to supply
a voltage to the high voltage control electronics which then provided four voltages to the
microchannel reservoir wells. A digital microscope (Andonstar AD407, Shenzhen Andonstar
Tech Co., Ltd., China) was used to display a top-down view of the electrospray at the glass
emitter tip. The data acquisition was developed on National Instruments PXI hardware
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comprised of: PXI-1031 Chassis, Module PXI-6281, and SCB-68 I/O connector block. The
electrospray current signal is conditioned with a LMC662 (Texas Instruments, Dallas, TX) in a
transimpedance (current-to-voltage) amplifier configuration. The circuit was designed using a
common operational amplifier integrated circuit (IC) that was powered by a single 9 V battery.
Electrical schematics for the power supply of the signal conditioning system are provided
(Supplemental Figure S11) and the electrical schematic for the signal conditioning circuit is
provided (Supplemental Figure S12). Data were recorded at 1000 samples/s using a National
Instruments 1/0 card and a custom LabVIEW® software program (code provided via GitHub for

non-commercial use, see details below).

Figure 11. (a) Digital microscope image with a top-down view of the glass microfluidic chip emitter tip. (b)
Digital microscope image with a top-down view of the electrospray Taylor cone generated at the glass
emitter tip. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1% acetic acid from the
Sheath Liquid Interface (SLI) reservoir and 80/20 (v/v) methanol/acetonitrile with ammonium acetate at a

concentration of 20 mM from the remaining three reservoirs.

Results and Discussion

In this study, electrospray was conducted using non-aqueous solutions in positive ionization
mode. Aqueous content typically has higher surface tension and thus a higher voltage is
required to access the cone jet mode. Unfortunately, higher voltages with aqueous solutions
increases the risk of electrochemical discharge. A mixture of methanol and acetonitrile as used
in this study are commonly applied solvents and ammonium acetate is a preferred choice as a
background electrolyte.®*%>7® Non-aqueous media may be suitable for electrochemical

measurements and enable detection of compounds that are otherwise difficult to oxidize or
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reduce under aqueous conditions.® For ESI, the formation of the electrospray favors lower

surface tension and heat of vaporization of organic solvents.
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Figure 12. Signal response of electrospray ionization to the distance between the electrospray emitter tip
and the metal counter electrode plate. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with
0.1% acetic acid from the Sheath Liquid Inlet (SLI) reservoir and 80/20 (v/v) methanol/acetonitrile with
ammonium acetate at a concentration of 20 mM from the remaining three reservoirs. A constant voltage
of +2.7 kV was applied to the SLI reservoir to perform electrospray.

Voltages were applied through the platinum wires placed in the microchannel reservoir
wells. In the electrospray experiments, a supply voltage of +3.0 kV was provided to the high
voltage control electronics. For all experiments, a voltage of +2.9 kV was supplied to the buffer
inlet (BI), +2.6 kV was applied to the sample inlet (SI) and sample outlet (SO), and +2.7 kV was
applied to the sheath liquid inlet (SLI). These output voltages were measured and verified with
an oscilloscope (MDO3012, Tektronix, Beaverton, OR). Figure 11la shows a digital microscope
image with a top-down view of the glass microfluidic chip emitter tip and Figure 11b shows a
digital microscope image with a top-down view of the electrospray Taylor cone generated at the
glass emitter tip. Once the voltage was applied, no accumulation of droplets at the opening tip
or liquid spreading occurred. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with
0.1% acetic acid from the SLI reservoir and 80/20 (v/v) methanol/acetonitrile with ammonium
acetate at a concentration of 20 mM from the remaining three reservoirs. While observing the

ESI signal intensity, the linear stage adjusted the position of the integrated emitter tip with
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respect to the counter electrode plate, and then the spray voltage initiated. Figure 12 shows the
signal response of electrospray to the distance between the emitter tip and the counter
electrode plate. Distances from the emitter tip to the counter electrode plate from 1600 to 1400
pm with 50 um intervals and 1 min durations. An initial spike in the signal is observed for the
1600 um distance interval since the emitter tip was briefly brought to a distance of 1580 um to
help initialize electrospray onset and formation and then it was quickly brought back to 1600 pum.
The PEEK™ reservoir wells have a volume of 85 pL, which is sufficient to providing solution for
electrospray for at least 5 min. The signal demonstrates that the integrated emitter tip is efficient
at generating a stable electrospray at varying emitter tip distances. The emitter tip geometry is
sufficiently sharp to facilitate the formation of a Taylor cone immediately when the ESI voltage is
applied and adjusting the emitter tip distance.

Replicated signal response data of electrospray ionization to the distance between the
electrospray emitter tip and the metal counter electrode plate are shown (Figure 13a). The
liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1% acetic acid from the SLI
reservoir and 80/20 (v/v) methanol/acetonitrile with ammonium acetate (20 mM) from the
remaining three reservoirs. Data are averaged over 1 min durations for n=5 replicates. The ESI
signal ranged from approximately 80 to 200 nA. These data obtained for the distance sweep
resulted a correlation coefficient of r?=0.99. Figure 13b shows replicate signal response data of
electrospray ionization to the concentration of ammonium acetate at an emitter distance of 1600
pm. The liquid being sprayed was the same as was done in Figure 13a with varying
concentrations of ammonium acetate. Data are averaged over 1 min durations for n=5
replicates. The ESI signal ranged from approximately 50 to 150 nA. These data obtained in the
concentration sweep resulted a correlation coefficient r>=0.95.

From the results shown, the system provides good electrospray stability and reproducibility.
The emitter tip geometry is sufficiently sharp to avoid potential liquid-spreading and to decrease
the required voltage for establishing a stable Taylor cone. High-resolution control of the emitter
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tip distance from the counter electrode plate by using a high-resolution linear stage allows for
precise measurements of electrospray signal dependency on distance. The solvents used in this
study, methanol, and acetonitrile, have lower viscosities compared to water. This lower viscosity
allows for a lower electrospray onset voltage thus avoiding electrical discharge. Ammonium
acetate is used as a typical BGE at low concentrations (10-40 mM) due to its high volatility and

compatibility with established separation and analysis methods (i.e., capillary electrophoresis,
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Figure 13. (a) Signal response of electrospray ionization to the distance between the electrospray emitter
tip and the metal counter electrode plate. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile
with 0.1% acetic acid from the Sheath Liquid Inlet (SLI) reservoir and 80/20 (v/v) methanol/acetonitrile
with ammonium acetate at a concentration of 20 mM from the remaining three reservoirs. A constant
voltage of +2.7 kV was applied to the SLI reservoir to perform electrospray. Data are averaged over 1 min
durations for n=5 replicates. (b) Signal response of electrospray ionization to the concentration of
ammonium acetate at an emitter distance of 1600 pm. The liquid being sprayed, and voltage applied to
the SLI reservoir were the same as was done in caption (a) with varying concentrations. Data are
averaged over 1 min durations for n=>5 replicates.
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mass spectrometry). Reproducible and stable data were shown for the dependence of the
electrospray signal on the concentration of ammonium acetate. Live video feedback from a
digital microscope used to display the electrospray emitter tip and formation of the Taylor cone
was particularly useful to determine the experimental parameters (onset voltage and emitter tip

distance) necessary for functional ESI.

Conclusion

In this work, we present the microfabrication and operation of a three-dimensional electrospray
ionization (ESI) emitter tip made from glass. Our fabrication process relies on standard
microfabrication techniques, yet it involves the novel application of two layers of positive and
negative photoresists in addition to Parafiim® wax tape. Open edge and tiered depth details
were successfully created from a multilayer planar mask. We demonstrate the fundamental
performance of electrospray with this microfluidic chip. The emitter tip was fixed on a linear axis
stage with high resolution to finely control the tip’s distance from a metal counter electrode
plate. High voltage control electronics were developed to safely supply four voltages applied to
the microchip’s four ports from a single high voltage power supply. To readily form the
electrospray, non-aqueous solvents were used for their low viscosity and a constant voltage of
+2.7 kV was applied to the sheath electrospray microchannel. The liquid being sprayed was
80/20 (v/v) methanol/acetonitrile with 0.1% acetic acid in the sheath microchannel and with
ammonium acetate (10-40 mM) in its remaining microchannels. The electrospray signal was
measured in response to varying the distance (1.4 to 1.6 mm) between the electrospray emitter
tip and a metal counter electrode plate in addition to the varying concentration of the
background electrolyte, ammonium acetate. Stable and repeatable electrospray signal showed
linear relationships with emitter tip distance and concentration (r?20.95). Data were also shown
for the dependence of the electrospray signal on the concentration of ammonium acetate. Live
video feedback from a digital microscope used to display the electrospray emitter tip and

formation of the Taylor cone was particularly useful to determine the experimental parameters
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(onset voltage and emitter tip distance) necessary for functional ESI. Further work envisions the
development and testing of the experimental design and setup with microfluidic chemical
separation methods (e.g., capillary electrophoresis) and its integration with novel micro-scaled
chemical sensors to allow further separation and detection of ionized molecules (e.g., high
asymmetric longitudinal field ion mobility spectrometry).848% Further work also envisions the use
of the electronics for precise voltage switching times between sample injection and separation
modes. These novel concepts may be applied to medical analyses and clinical diagnostics for

enhanced portability, reliability, and throughput.®
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Supplemental Information

(a

+PR stripped
off, -PR layer
is kept

isotropic
undercut
from etch 1

Supplemental Figure S8. Fabrication of open edge features with tiered depth geometries. (a) Wafer view
of microchips after four main steps: 1. The back side etched cavities (560 um) set the nozzle thickness
and form an open edge. 2. The front side etch cavities for the two wafers (110 and 175 um) define the
nozzle edge. 3. 100 um deep etch of microchannels and finish nozzle through wafer etch release. 4.
Wafer with chips ready for dicing. Panel (b) shows the same four processes observed in a microscope.
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Supplemental Figure S9. Measured depth and width of the etched cavities with a profilometer. Schott
Borofloat glass with 100 nm sputtered Chromium layer and spin-coated photoresist mask, etched in 49%
HF acid, no agitation for 10, 20, and 30 min. (a) SPR 220-7, 10 pm thick mask. (b) SU-8 3010, 10 pm

thick mask.
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Supplemental Figure S10. Electrical circuit schematics of the voltage divider system. (a) Controller
circuit board. (b) Resistor tree board. (c) (Next page) Solid-state relay board for the Buffer Inlet (BI)

reservoir, Sample Inlet (Sl) reservoir, and Sample Outlet (SO) reservoir. (d) Solid-state relay board for the
Sheath Liquid Inlet (SLI) reservoir.

75



us
TLX9905 T+
1 5 1M NG
ExTNRtS
o
SIGB >—2 *
KSis

Qs
I/ G2R1000MT33)

.d-méob

R13
820

[vso— ]

vz
TLX9905
1 3]

o~
—

&
K51h

us =N\ a5
T o & c2ric00ur3s)
js%_ Rit| | [Z bl
4 °
KETE) 4, [FlElnte~
-] AR as

XN G2R1C0OMTI3)

NxQUT

Bea—2

Supplemental Figure S10. (Continued) Electrical circuit schematics of the voltage divider system. (a)
Controller circuit board. (b) Resistor tree board. (c) Solid-state relay board for the Buffer Inlet (BI)
reservoir, Sample Inlet (Sl) reservoir, and Sample Outlet (SO) reservoir. (d) Solid-state relay board for the
Sheath Liquid Inlet (SLI) reservoir.
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Supplemental Table S5: A list of surface mount electrical components for the voltage control and signal
conditioning electronics.

Quantity
Description Manufacturer Manufacturer Part # Value per PCB Footprint
Solid state relays
Pin header Molex 50-29-1620 Conn_(1xM 2 Connector_PinHeader_2 34mm:FinHeader_1:04_P2 54mm_Verical
Pin header Molex 22-28-8151 Conn_(1=02 4 Connector_PinHeadzr_2 Mmm:PinHeader_1x02_P2 S4mm_Horzontal
MOSFET GeneSiC Semiconductor G2R1000MTI3 - 4 MKLTO-263-7_G2R1000MTI3)
Resistor Bourns CHV2512-Fx-1005ELF 10M 5 Resistor_SMD:R_2512_6332Metric
Resistor Vishay / Dale CRCWOB03820RFKEAHP &0 1 Resistor_SMD:R_0603_1608Matric
Resistor Bourns CHVOB03AFX-1004ELF 1M 2 Resistor_SMD:R_0603_1608Mstric
Photovoltsic coupler Toshiba TLXG905(TPLF - 2 Package_S0-MFSOPE-4_4 4x3 6mm_P1.27mm
Controll
Capacitor Samsung Electro-Mechanics  CLT0AT05KABNNNL TuF [ Capacitor_SMD-C_0603_1608Metric
Capacitor Samsung Electro-Mechanics  CL10AT06KOBNQONC 10uF 7 Capacitor_SMD:C_0603_1608Metric
Capacitor Samsung Electro-Mechanics  CL10B104KASNNWC 10nF 6 Capacitor_SMD:C_0603_1608Metrc
Capacitor Samsung Electro-Mechanics  CL10BZ22KBONNNG 2.2nF 1 Capacitor_SMD-C_0603_1608Metric
Dicde Comchip Technology CDBUN30 - & Diede_SMD:-0_0603_1608Metric
Diode ROHM Semiconductor RSX101MM-30TR 1 Diode_SMD:D_SOD-123
LED ROHM Semiconductor SMLMMW2ECTTE6C 5 LED_SMO:LED_0805_2012Metric
Dicde ongemi MMSD4148T1G - 1 Diode_SMD-D_SOD-123F
Pin header Molex 50-29-1620 Conn_(1=04 2 Connector_PinHeader_2 S4mm:PinHeader_1:04_P2 Sdmm_Verical
Pin header Molex 22-28-8151 Conn_0M=02 2 Connector_PinHeadsr_2 Mmm:PinHeader_1x02_P2 54mm_Honzontal
Pin header Molex 50-29-1620 Conn_01:06 1 Connector_PinHeader_2 Smm:PinHeader_1:x06_P2 5dmm_Verical
Pin header Molex 50-29-1620 Conn_(01:02 1 Connector_PinHeader_2 Smm:PinHeader_1:02_P2 Sdmm_Verical
Inductor Bourns BRNGM5TA-GSM GluH 1 MKL-BOURNS_SRNGD45TA
MOSFET Nexperia NXTO02AKVL - & Package_TO_SOT_SMD:S0T-23
MOSFET Vishay Semiconductors SI2347DS-T1-GE3 ; 3 Package_TO_SOT_SMO:S0T-23
Resistor Bourns CROG03-JW-512ELF 5K 1 Resistor_SMD:R_0603_1608Mstric
Resistor Bourns CHPOBDIAFX-1002ELF 10K 6 Resistor_SMD:R_0603_1608Metric
Resistor Bourns CHVOB03AFX-1003ELF 100K 6 Resistor_SMD:R_0603_1608Matric
Resistor Bourns CHPOBOIAFX-1000ELF 100 2 Resistor_SMD:R_0603_1608Mstric
Resistor Bourns CMPOBO3-FX-3300ELF 3% 5 Resistor_SMD:R_0603_1608Metric
Resistor Bourns CHPOBIIAFX-1001ELF 1K 1 Resistor_SMD:R_0603_1608Mstric
Potentiometer Bourns IH0y-001-104L 100K 1 MEKL:Potentiometer_Boums_3310Y_Vertical
MOSFET Microchip Technology TCA42TVOA - 1 Package_S50-501C-8_3 %4 9mm_P1.27mm
Dual push-pull
comparator Texas Instruments TLY3202AID 3 Package_50-501C-8_3 %4 9mm_P1.27mm
Voltage reference Texaz Instruments LMA1201845-2 5INOPE 1 Package_TO_SOT_SMD-S0T-23-5
Swntching voltage Microchip Technology /
regulator Micrel MIC4E680-5.0M 1 Package_50-501C-8_3 %4 3mm_P1.27mm
Resistor Tree
Capacitor TDK COAIPAXTTZWI05K250KE 1uF 10 Capacitor_SMD-C_2220_5650Metric
Capacitor Samsung Electro-Mechanics  187-CLI0AT05KASNNNL 1uF 1 Capacitor_SMD:C_0603_1608Metric
Diode onzemi 863-MMSD4148TIG - 2 Diede_SMD:D_SOD-123F
Pin header Molex 50-29-1620 Conn_01=1 2 Connector_PinHeadsr_2 Mmm:PinHeader_1:01_P2 S4mm_Vedical
Pin header Molex 50-29-1620 Conn_0=02 2 Connector_PinHeader_2 Mmm:PinHeader_1:x02_P2 Sdmm_Verical
Pin header Molex 50-29-1620 Conn_(01:02 10 Connector_PinSocket_2 54mm:PinSocket_1x02_P2 54mm_Vertical
Resistor Bourns CMP2512-FX¥-1003ELF 100K 1 Resistor_SMD:R_2512_6332Metric
Resistor Stackpole Electronics Inc HYCE2512FDD50KD 50K 1 Resistor_SMD:R_2512_6332Metric
Resistor Vishay / Dale CRCW2512348KFKEG 350K 5 Resistor_SMD:R_2512_6332Metric
Resistor Vishay ! Dale CRCW2512402KFKEG AMK 1 Resistor_SMD:R_2512_6332Metric
Resistor Bourns CHPOBD3AFX-1002ELF 10K 1 Resistor_SMD:R_0603_1608Metric
Resistor Bourns CMP2512-FX-1001ELF 1K 6 Resistor_SMD:R_2512_6332Metric
Potentiometer Bourns 3310v-001-204L 20K 3 MEKL:Potentiometer_Boums_3310Y_Vertical
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Supplemental Figure S11. Electrical schematic of the printed circuit board (PCB) that provides the
power for the signal conditioning system. (a) The output and input connections to the PCB. (b) Charge
pump based integrated circuit that provides the positive and negative voltage rails for the system. (c)
(Next page) Low-noise regulators supply the voltage bias that can be set to negative or positive

configuration according to the polarity of analytes under investigation.
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Supplemental Figure S11. (Continued) Electrical schematic of the printed circuit board (PCB) that
provides the power for the signal conditioning system. (a) The output and input connections to the PCB.
(b) Charge pump based integrated circuit that provides the positive and negative voltage rails for the
system. (c) Low-noise regulators supply the voltage bias that can be set to negative or positive
configuration according to the polarity of analytes under investigation.
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Supplemental Figure S12. Electrical schematic of the signal conditioning circuit which amplifies the input
electrospray current signal and converts it to a voltage that can be digitized by the LabVIEW® system.
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Chapter 5: Conclusions and Future Directions

The miniaturized EBC collection device described in Chapter 2 allows for minimal sample
volumes needed for representative studies. This opens a non-invasive way to study metabolic
effects of environmental exposure and medical interventions using measurable targets in many
health conditions including asthma. Untargeted analysis measures all endogenous metabolic
signals in a biological sample, which allows for the discovery of novel biomarkers that can
explain differences in health conditions. Targeted analysis allows for quantifying a predefined
set of selected metabolites, which are related to certain diseases and medical conditions. In
future applications, this miniature breath collector may transport the collected sample from its
collection surface unit into an interfaced analytical or storage unit with minimal power input. The
amount of sample collection could be reduced to a few microliters and sampling time to a few
minutes when collection and analysis are possible with novel microfluidic platforms. Further
untargeted metabolite analysis may be explored, similarly done for targeted metabolites. This
device is able to finely resolve time data sequence on the order of hours and can lead to a
substantial amount of potential data to be collected for increasing the power of various studies.
Currently, there are no other reports of EBC studies that allow for monitoring individuals
longitudinally instead of cross-sectionally at study visits which can be a major advantage in
personal health monitoring. Additionally, its portability is advantageous because it enables
breath samples to be collected in multiple environments, including intensive care units (ICUs),
outpatient clinics, workplaces, and at home. The addition of alternative separation and detection
platforms would present further opportunities to discover more metabolites correlated with other
respiratory diseases including asthma.

The EBC sampler device described in Chapter 3 was modified with varying notch filter
lengths to determine if breath aerosol size affects EBC metabolite content. This device features

a saliva trap to allow selective filtering of breath aerosols by capturing heavy droplets (= 100
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pm) and allowing small aerosols (< 20 pm) which originate in the deep lungs to pass through.
Ten notch filter lengths were simulated with the device to calculate the effect of filter length on
the breath aerosol size distribution and the proportion of aerosols which make their way through
to the EBC collection tube. Additionally, three notch filter lengths were experimentally tested
with the device to determine if there are variations of breath metabolomic profiles. From
simulation results, particles typically larger than 10 um were filtered out for notches longer than
18 mm. This indicates that a longer notch filter in this device prevents larger particles from
reaching the collection tube thus altering the aerosol particle size distribution. We did not see
strong statistical evidence of systematic metabolite differences between breath aerosol size
distributions. If there are differences in metabolomic content based on breath aerosol size, it is
possible that they are not significant for practical sampling if the sampling device design has
already been optimized for proper saliva filtering, cooling temperature, and air flow rates.

The work in Chapter 4 presents the microfabrication and operation of a three-dimensional
electrospray ionization (ESI) emitter tip made from glass. Glass is an important material of
choice for analytical and medical field applications due to its excellent material and chemical
properties (i.e., mechanical strength, chemical inertness, optical transparency, and native
hydrophilicity). ESI tips can be easily realized with well-established silicon microfabrication
protocols, although silicon is electrically conductive and thus prevents its integration with
chemical separation methods (e.g., chromatography or capillary electrophoresis) which require
high voltages for operation. We demonstrate the fundamental performance of electrospray with
this microfluidic chip. The emitter tip was fixed on a linear axis stage with high resolution to
finely control the tip’s distance from a metal counter electrode plate. High voltage control
electronics were developed to safely supply four voltages applied to the microchip’s four ports
from a single high voltage power supply. Stable and repeatable electrospray signal showed
linear relationships with emitter tip distance and concentration (r?20.95). Data were also shown
for the dependence of the electrospray signal on the concentration of ammonium acetate.
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Further work envisions the development and testing of the experimental design and setup with
microfluidic chemical separation methods (e.g., capillary electrophoresis) and its integration with
novel micro-scaled chemical sensors to allow further separation and detection of ionized
molecules from for example, EBC. Further work also envisions the use of the electronics for
precise voltage switching times between sample injection and separation modes. These novel
concepts may be applied to medical analyses and clinical diagnostics for enhanced portability,

reliability, and throughput.
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