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Abstract

Molecular Characterization of Biological Samples by Ambient
Ionization Mass Spectrometry to Advance Clinical Assessment of

Human Disease

Kyana Yvette Garza, Ph.D.

The University of Texas at Austin, 2021

Supervisor: Livia Schiavinato Eberlin

Ambient ionization mass spectrometry (MS) approaches have revolutionized the
way diagnostic molecular information can be obtained from biological and clinical
samples, requiring minimal to no sample pretreatment, being operationally simple, and
most importantly, providing near real time assessment of molecular information directly
from biospecimens. Ambient ionization approaches have been widely applied to various
clinical applications including screening of inborn errors of metabolism, therapeutic drug
monitoring, and disease diagnosis and subtyping, with the goal of evaluating their use for
addressing complex challenges in human health. Desorption electrospray ionization
(DESI) MS is the most extensively used ambient ionization method for the investigation
of molecular changes in tissue biospecimens, showing great potential for providing
complimentary information to routine histopathology. Since its inception, a variety of other
ambient ionization MS methods have been developed, with newer techniques, such as the
MasSpec Pen, envisioned for the intraoperative analysis of in vivo and ex vivo tissue

specimen during surgery. This dissertation describes the development and application of
viii



ambient ionization MS methods for the investigation of various human diseases. Chapter
2 provides discussion on the robustness of DESI-MS for breast cancer tissue section
evaluation and receptor status determination in a multi-center study, providing evidence of
its potential use to compliment routine histopathological assessment. Chapter 3 describes
the optimization of DESI-MS to expand the molecular information obtained from a single
tissue section, demonstrating for the first time the detection of proteins directly from tissue
sections by DESI-MS. Chapters 4 and 5 discuss the clinical translation of the MasSpec Pen
into an operating room for feasibility testing as well as the evaluation of the technology for
improving intraoperative surgical margin evaluation during breast cancer surgeries. Lastly,
Chapter 6 discusses the modification of the MasSpec Pen to better analyze clinical nasal

swabs and its application toward screening of COVID-19 disease using lipid information.
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Chapter 1: Introduction

CURRENT MASS SPECTROMETRY BASED TECHNOLOGIES USED IN THE CLINICAL LAB

Mass spectrometry (MS) has become routinely used in several areas of clinical
diagnostics to detect molecules from various types of biological specimens in vitro. The
unparalleled chemical specificity, high analytical sensitivity, and multiplexing capabilities
achieved by MS have transformed the practice of laboratory medicine and established it as
a key technique for the diagnosis of disease and metabolic disorders, immunoassays, and
microbial identification, among others.!"? In addition to the high analytical performance of
MS, its success in clinical labs can be contributed to the development of electrospray
ionization (ESI) and matrix assisted laser desorption/ionization (MALDI) MS. Liquid
chromatography (LC) coupled to ESI-MS, for example, is now considered the gold
standard for the multiplex screening of inborn errors of metabolism in newborns.>*
MALDI-MS has enabled the identification of bacterium species and genus in a fraction of
the time compared to conventional methods, ultimately revolutionizing bacterial
identification, and becoming and invaluable tool in clinical microbiology labs.’”” Although
various MS based techniques have been implemented in routine clinical practice to enable
clinical decision making, they often require extensive sample processing and preparation
prior to MS analysis, limiting their applications in diagnostic medicine where rapid

turnaround times are highly needed.



AMBIENT IONIZATION MASS SPECTROMETRY AND ITS POTENTIAL TO BE USED IN A
CLINICAL SETTING

The development of ambient ionization MS in the early 2000s greatly expanded the
potential of MS in the clinic.® Ambient ionization MS techniques share essential
operational features that are well suited for a clinical lab including minimal sample
preparation requirements and open-air sampling. Ambient MS approaches have been used
for various applications ranging from therapeutic drug monitoring” and newborn
screening®*, both of which are currently being performed in the clinic using MS, to
oncological and non-malignant disease detection and diagnosis.!®!! Since its inception, the
field of ambient ionization MS has been largely focused on analyzing various types of
healthy and diseased tissue samples'?, detecting alterations in the molecular profiles that
are associated with cell metabolism and dysregulated biochemical pathways involved in
cancer cell proliferation and malignant growth. Additionally, these approaches have been
employed to analyze biofluids, different types of bacteria and bacteria cultures'®, and
medical swabs.'!" '* While ambient ionization MS techniques have yet to be translated to
the clinic, analytical and clinical advances in ambient ionization MS are currently being
pursued to facilitate implementation of these methods into a clinical setting. Additionally,
many studies utilizing ambient ionization MS approaches have incorporated machine
learning to build classification models based on molecular information predictive of
disease state.? The incorporation of predictive classification models into software packages
with interpretable diagnostic readouts should further aid in the clinical translation of

ambient ionization MS.



Ambient ionization MS in a research laboratory

DESI-MS analysis of tissue
sections

Figure 1.1: Applications of ambient ionization MS in the research laboratory with a
focus on DESI-MS imaging.

Figure created with BioRendor.com.



The field of ambient ionization MS remains largely focused on in situ analysis of
biological tissue specimens. The most widely employed ambient ionization MS technique
for the analysis of biological tissue sections is desorption electrospray ionization (DESI)
MS. DESI utilizes a spray of charged solvent microdroplets that are directed towards a
sample surface to extract analytes from the sample through a solid/liquid extraction
process.® The secondary microdroplets formed through the continuous spray and splashing
process are then aspirated through an inlet transfer tube directly into the mass spectrometer
for chemical analysis. DESI can be used in the imaging mode, known as DESI-MS
imaging, by rastering the spray across the sample surface, which generates molecular
images showing the spatial distribution of the molecules detected. Recent advances in
DESI-MS imaging have expanded the molecular coverage of this technique to include the
detection of proteins directly from tissue sections through integration with ion mobility.!*>
16 Notably, the development of histologically compatible solvent systems has enabled
acquisition of rich metabolite and lipid information from tissue sections by DESI without
significant damage to sample histology or morphology.'” These solvent systems have
enabled single tissue sections to undergo hematoxylin and eosin (H&E) or
immunohistochemistry (IHC) staining and pathological evaluation after DESI-MS
analysis, thereby allowing unambiguous correlation between chemical and histologic
information. This advance is critical in enabling the incorporation of DESI-MS into the
clinical workflow at various stages of routine histopathological evaluation. Further, the
speed, relative ease of use, and minimal to no sample preparation requirements have

propelled DESI as a tool for rapid and direct analysis of biological samples in clinical
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research (Figure 1.1). In fact, DESI-MS has been used to investigate many types of cancers,

t1820 ovarian®!?2, thyroid®***, brain?>>?’, and prostate’®°, among others!'®

including breas
12 allowing for discrimination between normal and cancerous tissue based on alterations
in their metabolic and lipid profiles, and therefore showcasing the potential of DESI-MS
as a powerful approach for the detection, subtyping'®, and staging of cancer as well as
surgical margin evaluation.?% 3!

The development of handheld and surgical devices for direct tissue analysis, with a
specific focus on in vivo use in the operating room, has been a major research aim in the
field of clinical ambient ionization MS in the last decade as these technologies could
provide clinical professionals with MS-based tools capable of extracting informative
molecular information from tissues in vivo and freshly excised specimens. In the case of
oncological surgeries, for example, handheld MS devices could assist surgeons in guiding
tissue resection to assist in the complete removal of tumor tissue, identify regions of normal
tissues, and pinpoint sites of cancer metastasis, thus mitigating many challenges in tissue
evaluation that commonly occur during surgical procedures (Figure 1.2). The first handheld
MS-based device developed for intraoperative use was rapid evaporative ionization MS
(REIMS), otherwise known as the iKnife, which employs an electrocauterization device
commonly used in surgical procedures to generate gaseous molecular ions of cellular
components that are then transported to the MS through the tubing system for analysis.**
33 Since its development, additional handheld MS-based technologies utilizing liquid,

laser, and solid extraction processes have been developed and used for the molecular

characterization of healthy and diseased tissue samples'?, with intent to be used
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Ambient ionization MS in the operating room

Liquid extraction
Solid extraction
Laser based
Thermal evaporation

Figure 1.2: Ambient ionization MS and potential applications in a clinical setting
including surgical margin evaluation and COVID-19 screening.
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intraoperatively for in vivo and ex vivo analyses of tissue specimens. The MasSpec Pen,
which was developed in our lab, utilizes a simple and gentle liquid extraction process to
extract molecules from tissue samples which are then transferred to a mass spectrometer

for chemical analysis.>*>> Altogether, these technologies have been used to investigate

various types of cancer including breast** 3¢, brain®* *’, colon®?, and ovarian***°, among

others*!, successfully differentiating between normal and cancerous tissue based on
molecular information. Although more rigorous validation of these technologies for
intraoperative use is needed, they show promise for rapid intraoperative evaluation tissue

samples, with potential to expand the applications of MS in a clinical environment.

RESEARCH OBJECTIVES

Technologies that provide molecular characterization of biological samples offer
the exciting opportunity to incorporate molecular markers into clinical decision making for
various types of human diseases. Molecular technologies, such as ambient ionization MS,
can detect changes in the relative abundances of molecular species characteristic of altered
energy metabolism and dysregulated cellular and metabolic pathways. Capitalizing on this,
my research has been focused on developing and applying ambient ionization MS methods
to molecularly characterize multiple types of biological samples to evaluate their feasibility
for detecting human diseases, including breast cancer and COVID-19 infection. The main
objectives were to evaluate the robustness of DESI-MS imaging for the rapid
discrimination of normal and cancerous breast tissue in a multi-center study, integrating
DESI-MS with ion mobility to expand its molecular coverage for the analysis of biological

tissue sections, and to develop liquid extraction-based sampling approaches for the direct



analysis and molecular characterization nasal of swabs as well as in vivo and ex vivo normal

and cancerous breast tissue specimens, evaluating their potential for clinical use.

Evaluating the robustness of DESI-MS imaging for breast cancer diagnosis

Breast cancer is a heterogenous and complex disease that affects approximately one
in eight women during their lifetime. Breast cancer is diagnosed pre-operatively at both the
histological and molecular levels. Invasive ductal carcinoma (IDC) is the most common
histological subtype of breast cancer and is subtyped at the molecular level based on the
overexpression of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2). Rapid and accurate diagnosis of histological
subtype and receptor status plays an essential role in selecting the appropriate treatment
options for patients. Immunohistochemistry, the gold standard for ER, PR, and HER2
receptor status determination, can be time and labor intensive, subjective, and requires
experienced research personnel for interpretation to perform the assay and interpret the
results.*> Chapter 2 of my dissertation describes the application of DESI-MS imaging for
the molecular analysis healthy breast and invasive ductal carcinoma tissue section from
patients of different races and countries of origins in a multi-center study between the
United States and Brazil. DESI-MS imaging allowed for spatial correlation of molecular
information with histopathologically validated regions of IDC and normal breast tissue.
The molecular information obtained from the IDC tissue samples was further correlated
with ER, PR, and HER2 status. The least absolute shrinkage and selection operator
statistical method was used to build classification models for discriminating IDC from

normal breast tissue based on 44 lipid markers from data collected in the United States,
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yielding over a 95% accuracy when predicting on an independent test set of data acquired
in Brazil using a different orbitrap platform. For receptor status determination, over an 88%
accuracy was achieved for ER, PR, and hormone receptor (ER/PR) status determination
was achieved for cross validation. This multi-center study demonstrates DESI-MS imaging
as a robust technology for rapid breast cancer diagnosis as well as showcases the predictive
power of lipid information obtained by DESI-MS imaging for breast cancer prediction as

well as ER and PR status determination.

Integrating ion mobility into the DESI-MS imaging workflow to expand molecular
coverage

Ambient ionization mass spectrometry imaging has been extensively used for the
untargeted molecular analysis of biological tissue sections, detecting thousands of small
molecules including metabolite, fatty acid, and lipid species simultaneously. However,
analysis of larger biomolecules has proven challenging with these methodologies due to
the inefficient desorption of larger biomolecules, ion suppression from the complex
biological matrix, and competitive ionization from smaller molecular species, all of which
can lead to a lower abundance for the molecules of interest. Several direct liquid extraction
ambient ionization MS methods have found success in detecting proteins in biological
tissue section by incorporating ion mobility into the MS workflow.*** JTon mobility
separates molecules in the gas phase based on size, charge, and shape and enables selective
transmission of molecules of interest. Chapter 3 of my dissertation describes the successful
optimization of DESI-MS, a spray based ambient MS approach, to detect intact proteins

directly from tissue sections, and the integration of DESI-MS to a high field asymmetric
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waveform ion mobility (FAIMS) device for protein imaging. FAIMS acts as an ion filter,
separating molecules based on their differential ion mobility when the appropriate electric
field is applied.**’ The integration of FAIMS with DESI-MS enabled the semi-selective
transmission and detection of proteins in biological tissue sections by separating and
filtering out small interfering molecules and chemical noise. Optimized DESI-FAIMS-MS
parameters were used to image mouse kidney, mouse brain, and human ovarian and breast
tissue samples, allowing detection of 11, 16, 14, and 16 proteoforms, respectively.
Identification of protein species detected by DESI-MS was performed on-tissue by top-
down ultraviolet photodissociation (UVPD) and collision induced dissociation (CID), as
well as using tissue extracts by bottom-up CID and top-down UVPD. Alterations in the
relative abundances of protein species within healthy and diseased human ovarian and
breast tissues were observed. These results demonstrate that DESI-MS imaging is suitable

for the analysis of the distribution of proteins within biological tissue sections.

Clinical translation of the MasSpec Pen into the operating room

Intraoperative tissue analysis and identification are critical to guide surgical procedures
and improve patient outcomes. Evaluation of tissue specimens during cancer surgeries is
essential to determine the extent of tumor resection and surgical margin status.
Intraoperative tissue evaluation can currently be accomplished by gross examination
through palpation, imaging of resected bulk tissue, and histopathological analysis of frozen
tissue sections although these methods are not widely used across multiple centers due to

various challenges. Beyond cancer surgeries, surgical procedures for non-malignant
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conditions, such as those affecting the thyroid or parathyroid glands, can be hindered by
difficulties is distinguishing between and correctly identifying tissues with similar gross
anatomy. Chapter 4 of this dissertation focuses on the clinical translation and evaluation of
the MasSpec Pen technology for molecular analysis and evaluation of in vivo and freshly
excised tissues in the OR. Detection of mass spectral profiles from 715 in vivo and ex vivo
analyses performed on thyroid, parathyroid, lymph node, breast, pancreatic, and bile duct
tissues during parathyroidectomies, thyroidectomies, breast, and pancreatic neoplasia
surgeries was achieved. The MasSpec Pen enabled gentle extraction and sensitive detection
of various molecular species including small metabolites and lipids using a droplet of
sterile water without causing apparent tissue damage. Notably, effective molecular analysis
was achieved while no limitations to sequential histologic tissue analysis were identified
and no device-related complications were reported for any of the patients. This study shows
that the MasSpec Pen system can be successfully incorporated into the operating room,
allowing direct detection of rich molecular profiles from tissues with a seconds-long
turnaround time that could be used to inform surgical and clinical decisions without

disrupting tissue analysis workflows.

Application of the MasSpec Pen for breast cancer tissue evaluation

Breast cancer is the most common cancer among women in the United States and
is the second leading cause of cancer deaths among female patients. Breast conserving
surgery (BCS) is one of the first steps in the surgical management of women diagnosed

with early stage breast cancer. This procedure involves the removal of most of or all the
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tumor as well as a rim of surrounding normal breast tissue. It is paramount that the surgeon
maximizes the extent of tumor resection during primary BCS as positive margins, defined
by the presence of tumor cells at the edge of the excised specimen, are associated with
increased risk of local recurrence and poorer outcomes.*3*” However, complete removal
of tumor tissue during BCS remains a challenge for surgeons due to difficulties in precisely
identifying microscopic disease through gross assessment. Margin status is often evaluated
postoperatively as current pathology and imaging based intraoperative tissue assessment
methods have limited sensitivity and can lengthen the time the patient is under
anesthesia.’®> As such, clinical reports show that ~20-40% of breast cancer patients need
multiple surgeries to ensure complete cancer removal.’® 5 Additional surgeries for
complete tumor removal are associated with increased morbidity and patient anxiety,
poorer cosmetic outcome, and increased health costs.*’

Chapter 5 of this dissertation outlines the development and application of the
MasSpec Pen for the rapid evaluation of breast tissue. The least absolute shrinkage and
selection operator was used to build a classification model using data collected from the
analysis of banked normal and IDC breast tissue, achieving over a 90% agreement with
pathology for an independent test set of data. The classification model was built using 10
metabolite and lipid species. Additionally, this chapter describes the clinical translation
and assessment of the MasSpec Pen technology for intraoperative use and evaluation of
breast tissue. The MasSpec Pen was used during 24 breast surgeries for malignant and
benign conditions and diseases. Similar molecular information was obtained

intraoperatively compared to the mass spectra collected in the laboratory. The statistical
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classifier was used to predict on the data obtained from the in vivo and ex vivo analyses of
breast tissue in an independent test set. An 95.2% agreement with final postoperative
pathology was achieved, demonstrating the ability of the MasSpec Pen for intraoperative

breast tissue assessment.

Screening of COVID-19 using the MasSpec Pen system
The outbreak of COVID-19 has created an unprecedent global crisis. While PCR is the

gold standard method for detecting active SARS-CoV-2 infection, alternative high-
throughput diagnostic tests are of significant value to meet universal testing demands.
Alternative diagnostic tests that require minimal reagents, can be processed quickly, and
provide a rapid diagnosis are highly valuable for the screening of COVID-19. Alternative
methods capable of rapidly screening for COVID-19 disease are thus still needed to
increase testing capacity and throughput. Chapter 6 describes a new design of the MasSpec
Pen technology integrated to ESI for direct analysis of clinical swabs and investigate the
diagnostic potential of lipid species for COVID-19 screening. Lipids are a major
component of the virion cellular membrane and are acquired from the host during budding.
It is well known that the lipid composition of the viral membrane is distinct from that of
host cells as well as other viruses, making lipid species promising detection targets for
SARS-CoV-2 viral infection. The redesigned MasSpec Pen system incorporates a
disposable sampling device refined for uniform and efficient analysis of swab tips via
liquid extraction directly coupled to a ESI source. Using this system, we analyzed

nasopharyngeal swabs from 244 individuals including symptomatic COVID-19 positive,
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symptomatic negative, and asymptomatic negative individuals, enabling rapid detection of
rich lipid profiles. Two statistical classifiers were generated based on the lipid information
acquired. Classifier 1 was built to distinguish symptomatic PCR-positive from
asymptomatic PCR-negative individuals, yielding cross-validation accuracy of 83.5%,
sensitivity of 76.6%, and specificity of 86.6%, and validation set accuracy of 89.6%,
sensitivity of 100%, and specificity of 85.3%. Classifier 2 was built to distinguish
symptomatic PCR-positive patients from negative individuals including symptomatic
PCR-negative patients with moderate to severe symptoms and asymptomatic individuals,
yielding a cross-validation accuracy of 78.4% accuracy, specificity of 77.21%, and
sensitivity of 81.8%. Collectively, this study suggests that the lipid profiles detected
directly from nasopharyngeal swabs using MasSpec Pen-ESI MS allows fast (under a
minute) screening of COVID-19 disease using minimal operating steps and no specialized
reagents, thus representing a promising alternative high-throughput method for screening

of COVID-109.
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Chapter 2: A Multi-Center Study Using Desorption Electrospray
Ionization Mass Spectrometry Imaging for Breast Cancer Diagnosis!

INTRODUCTION

Breast cancer is a complex and heterogeneous disease, and the leading cause of
cancer deaths among females worldwide'2. Breast cancer exhibits distinct gene expression
patterns depending on the molecular subtype defined mostly by the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (Her2) status.
Precise diagnosis and subtyping of breast cancer at the molecular level is pivotal to manage
cancer patients since each subtype presents distinct clinical outcomes and therefore require
targeted treatment regimens’. Diagnosis and molecular subtyping of breast cancer is
routinely performed in the clinic based on histopathologic interpretation of hematoxylin
and eosin (H&E) staining of tissue sections, immunohistochemistry (IHC) assays that are
specific for ER, PR determination, and fluorescence in situ hybridization (FISH) for the
evaluation of the overamplification of the Her2 gene*’. Although relatively simple
techniques, H&E and IHC are time consuming assays that may present bias due to reaction
conditions and subjectivity in data interpretation®. FISH assays are time consuming and
require experienced personnel to perform and interpret results®!?. Implementation of new

clinical technologies that provide precise and rapid diagnosis and characterization of breast

1 Adapted with permission from “Porcari, A. M.; Zhang, J. L.; Garza, K. Y.; Rodrigues-Peres, R. M.; Lin,
J. Q.; Young, J. H.; Tibshirani, R.; Nagi, C.; Paiva, G. R.; Carter, S. A.; Sarian, L. O.; Eberlin, M. N_;
Eberlin, L. S., Multicenter Study Using Desorption-Electrospray-lonization-Mass-Spectrometry Imaging
for Breast-Cancer Diagnosis. Analytical Chemistry 2018, 90 (19), 11324-11332.” Copyright 2018
American Chemical Society. A.M.Porcari. and J.L. contributed equally to this work and are co-first-
authors. K.Y.G. and R.M.R.-P. contributed equally to this work and are co-second-authors. A.M. Porcari, J.
Zhang, and L.S. Eberlin prepared and edited the manuscript. All authors revised the manuscript.
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cancer are therefore desirable to guide treatment and improve patient care. Molecular
technologies offer the opportunity to incorporate cancer-specific biomarkers into clinical
decision making. Genetic mutational signatures associated with the molecular and clinical
differences of breast cancers, for example, have been incorporated into clinical workflows
11-12 New technologies that allow rapid assessment of metabolic and protein alterations in
breast cancer have also been increasingly explored and have shown great potential for
clinical use to expedite diagnosis and treatment decisions °.

Mass spectrometry imaging (MSI) technologies offer a powerful tool for chemical
and spatial characterization of biological tissues with high specificity and sensitivity, and

1419 including breast cancer®”-

have been widely explored for human cancer tissue analysis
26 Ambient ionization MSI techniques, such as desorption electrospray ionization (DESI),
allow analysis of tissue sections with high-throughput and minimal sample pre-processing
27 features that are attractive for clinical use in pre-operative cancer diagnosis and
intraoperative surgical margin evaluation 2. A few studies have employed DESI-MSI to
investigate metabolic information of human breast cancer in an effort to improve diagnosis
and surgical margin evaluation®’® ?*3°. Dill et al used DESI to image altered
glycerophospholipids in a small set of breast cancer tissue samples 2°. Calligaris et al used
DESI-MSI to analyze 61 breast tissue samples from 14 patients who had undergone
mastectomy >°. Guenther et al used DESI-MSI to characterize surgical biopsies from
lesions (28 patients, 28 samples) and tumor bed (22 patients, 98 samples), and achieved an

overall accuracy of 98.2% for breast cancer diagnosis 2. The latter two studies also showed

correlation between hormone receptor (HR) status, which combine PR and ER status into
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a single HR category, although no correlation between lipid information and Her2 status
were found. More recently, we have used DESI-MSI to detect and characterize metastatic
breast cancer in lymph nodes *!. Whereas these studies strongly showcase the potential of
MSI techniques to complement histological and histochemical characterization and
diagnosis of breast cancer, these isolated investigations have not evaluated the validity of
determining biomarker status for breast cancer or the analytical performance of the
methods for breast cancer diagnosis across different patient populations and laboratories.
Racial, dietary, and environmental traits have been associated with molecular and
prognostic differences within breast cancer patients, which may result in molecular
variability and thus failure to properly categorize tissue samples 322, Analytically, tissue
preparation, tissue storage conditions, choice of instrumentation and experimental
parameters have been associated with variabilities in imaging and mass spectra quality by
MSI ** which could affect the method’s performance. Larger studies using a diverse cohort
of samples are therefore needed to properly evaluate the robustness of molecular markers
and workflows of DESI-MSI for clinical use in breast cancer diagnosis and
characterization. Herein, we report a multicenter study using DESI-MSI to investigate the
lipid signatures of a diverse set of breast tissues and to validate the predictive performance
of the method for breast cancer diagnosis. Samples from 103 patients of various races were
independently investigated in the USA and Brazil to validate predictive molecular
signatures and evaluate the sensitivity, specificity, and accuracy of the method for breast

cancer diagnosis.
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[lustration 2.1: Scheme of DESI-MS imaging of breast tissue sections across multiple
centers for validation of the diagnostic potential of lipid markers.
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MATERIALS AND METHODS

Tissue Collection

Samples from Brazil were collected from women who agreed to participate in the study
and signed the consent form for this purpose before their surgery were collected. Both
normal and cancer tissue were collected from women undergoing mastectomy or
quadrantectomy as part of their cancer treatment in the Division of Gynecological
Oncology and Breast Pathology of CAISM. Immediately after the removal of the surgical
specimen, the tissue was taken to the Pathology Laboratory next to the surgical center. The
specimen was then macroscopically assessed, and the tumor area was identified. If the
tumor area had a sufficient size for diagnostic purposes and research (at least 0.8cm), a
sample of the tumor as well as one from the normal glandular area from the same breast (5
cm away from tumor edge) were taken with a scalpel. Both tumor and normal tissues were
later confirmed through histopathology by expert pathologist. Samples were snap frozen
using liquid N2 a maximum of four hours after the surgical removal. Then, samples were
stored at —80°C until they were sectioned for DESI-MSI. The medical records were
reviewed to obtain their clinical and epidemiological data. Tissue sections of the Brazilian
samples were shipped to the USA in dry ice (2-day international shipment).

Samples from European, Asian, and American patients were acquired from the
Cooperative Human Tissue Network or Asterand Biosciences. Normal breast samples were
acquired from contralateral breasts from bilateral mastectomies, breast reduction surgeries
of non-neoplastic purposes, and prophylactic mastectomies as well as from non-cancerous

regions adjacent to the tumor. Cancer tissue was selected from invasive mammary ductal
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carcinoma of the breast from patients undergoing mastectomy or lumpectomy. Following
surgical resection, samples were immediately transported to Surgical Pathology, where
they were microscopically evaluated by pathologist, pathology assistant, or a pathology
resident. Sterile instruments and equipment including towels, gloves, and ink are used by
the pathologist during the examination of the specimen. After a quality control diagnosis,
the samples were frozen in vapor phase liquid N2, on dry ice, or in liquid nitrogen within
1 to 4 hours of resection. Prior to shipment, all samples were stored in vapor phase liquid
N2. Samples were shipped in dry ice and stored at -80°C until sectioned and subjected to

DESI-MS analysis.

Human Breast Tissue

131 frozen human breast tissue samples were obtained for our study. Demographic and
clinicopathologic characteristics of the samples are provided in Table 2.1. Tissue
procurement, handling and shipment were performed under approved IRB protocols at the
respective institutions. Samples from Brazil were prospectively collected from a clinic at
the CAISM Hospital da Mulher Prof. Dr. José Aristodemo Pinotti, at the University of
Campinas (Campinas, Sao Paulo, Brazil). All other samples were obtained in the USA from
the Cooperative Human Tissue Network (CHTN) or Asterand Biosciences (Detroit, MI).
Tissue samples were sectioned at 16 um thick sections using a CryoStar™ NX50 cryostat
(Thermo Scientific, San Jose, CA) and stored in a -80°C freezer. Prior to MS imaging, all

the glass slides were dried for ~15 min in ambient conditions. After DESI-MSI, the same
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Table 2.1:  Demographic and clinicopathologic characteristics of samples used in our

study.
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tissue sections analyzed by DESI-MS imaging were subjected afterwards to standard H&E
staining protocol.

Tissue samples were composed of areas corresponding to in situ ductal carcinoma,
invasive ductal carcinoma, fibrosis within neoplasia, pure fibrosis, necrosis, adipose tissue,
vessels, normal glands, hyperplasia, cistus, elastosis and inflammatory infiltrates. All these
characteristics were annotated per slide by the pathologist and only the regions of interest
(well defined as invasive ductal carcinoma or normal glands/fibrosis) were used for
statistical evaluation. Although all the samples collected in Brazil and in the USA had
already been histologically characterized in the occasion of their collection, all the samples
were stained for H&E and reviewed by the pathologists after analysis by DESI-MSI, thus

testifying the classification of the samples.

DESI-MSI
2D Omni Spray DESI imaging platforms (Prosolia Inc., Indianapolis, IN) coupled to an

Exactive (Thermo Fisher Scientific, San Jose, CA) in Brazil and an LTQ-Orbitrap Elite
(Thermo Fisher Scientific, San Jose, CA) in the USA were used for tissue imaging. Lab-
built sprayers were adapted to the commercial DESI imaging stages. DESI-MSI was
performed using the histologically compatible solvent system dimethylformamide:
acetonitrile (DMF:ACN) 1:1 (v/v) in the negative ion mode®. Other experimental
parameters for each center are described in Table 2.2. Ion images were assembled using

Biomap and MSiReader software. For ion identification, high mass resolution/accuracy
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Table 2.2: Summary of the main experimental parameters used in the USA and Brazil
DESI-MSI experiments.

Mass Spectrometer

S lens RF value
Resolving Power
m/z range

DESI solvent
DESI gas pressure
DESI flow rate

Spatial Resolution

USA

LTQ-Orbitrap Elite

60
60,000

100-1500

ACN:DMF (1:1)

180 psi
1.5 uL/mL

250 um

28

Brazil

Q-Exactive Hybrid
Quadrupole-Orbitrap
100

70,000

100-1200
ACN:DMF (1:1)
150 psi

0.7-1.2 pL/mL

200 pm



measurements were conducted using CID and HCD methods, using the Orbitrap for

analysis.

Histopathology and light microscopy

The same tissue sections analyzed by DESI-MS imaging were subjected afterwards to
standard H&E staining protocol. Pathologic evaluation was performed by Dr. Geisilene
Paiva in Brazil, and Dr. Chandandeep Nagi in the USA using light microscopy. Regions of
clear diagnosis were assigned and delineated in the glass slides. Light microscopy images
of the H&E stained slides were taken using the EVOS FL Auto Cell Imaging System
(Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA). ER, PR and Her2
status were established using IHC and/or FISH analyses during clinical workflow. The
expression of ER and PR was determined by histopathologic analysis for 77 IDC tissue
samples based on the percent of cells stained using IHC. Her2 status was first evaluated by
histopathologic analysis using IHC, resulting in negative, indeterminate or positive results.
For samples with indeterminate Her2 status by IHC, FISH analysis was performed,
yielding a final Her2 status determination for 67 of the IDC tissue samples. For our study,
samples with staining higher than 10% were considered positive for ER or PR, whereas

samples with no positive stain were considered negative.

Statistical Analysis

MS data corresponding to the areas of interest were extracted from the ion images using
MSiReader software *¢. Data pre-processing and statistical analysis were performed using

the same methodology on the DESI mass spectra profiles from Brazil and USA to identify
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predictive ion markers and evaluate the performance of the classifiers for cancer diagnosis.
The m/z range was discretized using binning size of 0.01. Peaks appearing in more than
10% of the pixels were kept for analysis. Pixels were then normalized by sum of intensities
after any mass range restriction. After data pre-processing, logistic regression was
performed with Lasso regularization using the “glmnet” package in the R language.
Regularization parameters were determined by 5-fold cross-validation (CV) analysis. The
data acquired in the USA was randomly divided in a training and validation set of samples,
75%-25% per patient basis. The data acquired in Brazil was independently evaluated as a
test set using the same methodology. PCA was performed by centering the pre-processed
data to mean zero and computing principal components using the prcomp function in R.
To quantify tissue similarity, the cosine similarity method was used from the Isa package
in CRAN. All pixels from each condition (USA normal, USA cancer, Brazil normal, Brazil
cancer) were averaged to representative spectra. The same DESI mass spectra data
(m/z>700) extracted from cancer regions used to build the classification model for IDC
diagnosis were used to build classification models to predict positive or negative status for

ER, PR and Her2, using a 5-fold CV approach.

RESULTS

Molecular imaging of breast tissues by DESI-MSI

DESI-MSI in the negative ion mode was performed on a total of 131 human breast tissue
samples including 86 invasive ductal carcinomas (IDC) and 45 normal breast tissue

samples obtained from 103 breast cancer patients. IDC is the most common histologic
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subtype of breast cancer, accounting for approximately 80% of all invasive breast tumors.
Due to its high incidence and relevance, only IDC tumors were used for our study. IDC
tissue sections typically present regions of predominantly tumor cells neighboring adjacent
stroma and adipose tissues. Figure 2.1A and 2.1C show a representative mass spectrum
extracted from the tumor region of an IDC sample, selected ion images, and optical images
of the H&E stained tissue section. The spatial resolution used for DESI-MSI (250 pum)
enabled visualization of histologic features within the IDC tissues, allowing correlation
between histology and molecular information. For example, the distribution of the ions
corresponding to deprotonated PI(34:1), PI(36:1), and FA(20:4) spatially correlate with
regions of IDC (outlined in red), whereas P1(38:4) was detected throughout the entire tissue
section, including regions of adjacent normal stroma tissue (outlined in blue). A
magnification of the optical image obtained from the H&E stained tissues section shows
an overlap between the spatial distribution of PI (36:1) and regions of IDC, and a decrease
in abundance of this ion within the surrounding normal stroma cells.

Normal breast tissues typically present stroma and/or adipose tissue surrounding
focal regions of normal epithelial glands. Note that tissues classified as “normal”
correspond to specimens deemed grossly normal at the time of specimen allocation and
further confirmed by histopathologic evaluation. Normal samples were acquired from
different breast regions depending on the patient including contralateral breasts from
bilateral mastectomies, breast reduction surgeries of non-neoplastic purposes, prophylactic
mastectomies, as well as from non-cancerous regions adjacent to the tumor. Figure 2.1B

and 2.1D shows representative mass spectrum extracted from normal epithelial cells of a
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Figure 2.1:  Negative ion mode DESI-MSI of IDC and normal breast tissues.

A) Representative metabolic profile for the IDC tissue region. B) Representative
metabolic profile for the normal breast tissue region. C) Representative ion images for
IDC tissue sample. D) Representative ion images for normal tissue sample. Tumor areas
are outlined in red on H&E slides. Areas of red intensity within the ion images represent
highest (100%) and black lowest (0%) relative abundances. PI: glycerophosphoinositol;
PS: glycerophosphoserine FA: fatty acid. Lipid species are described by number of fatty
acid chain carbons and double bonds.
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normal tissue sample, selected ion images, and optical images of the H&E stained tissue
section. DESI-MSI allowed visualization of focal epithelial glands (outlined in green)
within adjacent stroma, which spatially overlapped with regions of high relative
abundances of PS(36:1) and PI(38:4), for example. Qualitatively, the mass spectra from
normal epithelial glands and IDC tissues presented distinct molecular profiles. For
example, lower relative abundance of the ion of m/z 863.563, attributed to PI(36:1) was
observed in the mass spectra of normal epithelial glands when compared to that for IDC,
whereas the relative abundance of the ion of m/z 771.516, PG(36:3), was higher in the mass
spectra of normal epithelial glands. These results showcase the usefulness of DESI-MSI in
spatially investigating the lipid profiles of IDC and normal breast cancer tissues, even

within fine histological features.

DESI-MSI of breast tissue samples from patients of a different race

Next, we evaluated whether the metabolite and lipid profiles obtained from breast tissues
by DESI-MSI were consistent across patients of different race/ethnicity. Normal and
cancerous tissue samples from a diverse patient population were obtained from collection
sites at different countries including 81 tissue samples from 53 patients from Brazil, 17
tissue samples from 17 patients from the United States of America (USA), 18 tissue
samples from 18 patients from Europe, 7 tissue samples from 7 patients from Vietnam, as
well as 8 tissue samples from Asia (specific country of origin unavailable) (Figure 2.2A
and Table 2.1). For racial classification, we grouped white Americans and white Hispanics

into a single “White” group, and afro American and afro Hispanic into a single

33



Rom ania: 6 sam ples

Ukraine: 11 samples

(6 white) {11 White) A ® Afrp or Black
-~ A Asian
= White
. ®
- _— » -
Bulgaria: @ ) ., - . -
b 1sampl Vietnam: 7 .o
< (1 White) samples - - - . °
USA: 17 sam ples ) T Agiar) - .
(7 Asian) - ol gy
(14 White, 3 Afro) Le e e
\ L e ¥ R
. e
- - . - .
. Frey o
s w
v .
_ Brazil: 79 sam ples Unknown: 8 sam plés . T R ’
(68 White, 13 Afro) (€ n) L -
d Ses PC1
.
’
B . 281.249
303.233 . Race:mlro ) PC2 * Brazil
. 255.233 788.544 Country: Brazil D A 4 Bulgaria
187.042 534.608 i
| 388977 572.481 | L 913,580 E . L Romgma
o dat il L. [ T 1T T L Ukraine
100 281249 285 549 Race Vinit ® Unknown
ace: ite
A
2 187,042 788.545 Country: USA ° USA
2 = 572,481 335 53 e . = Vietnam
= 55.23303.233 l Ba2 502 l = LI .
g, " . Lot adalbd b foreseo . *
§100 287,548 p—— « *"T. e
E Race: White o
@ 255.233
z o 1m0 788544 Country: Ukraine .
E 2 723479 . 4 .,
2 ] 303.233 572481 I * | e -
N P PO ST MW F P £ WY iCE .o v % .
100 281.249 se854a ] face Asian . .
- e (.
R Country: Viemam ~ PC3 % PC1
1 75025 | 311169 FTZEL a5 l“
n'...LJl ; ||iL, IS ll. LJI“‘" | 913530 "
e aaran Ly L e WL e ]
200 400 800 800 1000 1200
miz

Figure 2.2: DESI-MS and principal component analysis of IDC tissues from patients of
different races and country collection sites.

A) DESI-MSI was performed on a large cohort of human tissue samples collected from
different country sites and from patients of different races. B) Similar negative ion mode
DESI mass spectra were obtained for breast IDC tissue samples from patients of different
races and country collection site. Projections of the 86 mass spectra from breast IDC tissue
samples onto the first three principal components (PC) do not separate patients by C) race,
or D) country of collection, as observed in the 3D PCA plots. The first three PCs explain
72.5% of the total variance of the full dataset.
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“Afro” group, resulting in three possible racial groups: White (99 tissue samples from 76
patients), Afro (16 tissue samples from 11 patients), and Asian (15 tissue samples from 15
patients) 3’. In the USA, all tissue samples were analyzed using standardized DESI-MSI
experimental parameters. Figure 2.2B shows representative DESI mass spectra obtained
from IDC tissue samples from an Afro patient from Brazil, a white patient from the USA,
a white patient from Ukraine, and an Asian patient from Vietnam. Overall, consistent
trends in the relative abundances of the molecular species (deprotonated molecules) were
observed across the mass spectra. For example, the ion of m/z 281.249, attributed to
FA(18:1) was detected at the highest relative abundance in comparison to other FA species.
In the higher m/z range where complex lipids are detected, high relative abundances of the
ions of m/z 835.533, P1(34:1), m/z 861.550, P1(36:2), m/z 863.563, P1(36:1), m/z 885.548,
P1(38:4), and m/z 887.564, P1(38:3), were seen across all mass spectra, although with some
variations in their relative abundances. To evaluate the level of variance in the mass spectra
from all the patients, we employed unsupervised PCA. No significant separation was
observed in the score plots due to patient race based on the DESI mass spectra for cancer
(Figure 2.2C) or normal tissues (Figure A2.1A). Further, no significant separation was seen
in the score plots due to country of collection site based for cancer (Figure 2.2D) or normal
tissues (Figure A2.1B). These results suggest that the metabolite and lipid profiles obtained
by DESI-MSI are characteristic of IDC and normal breast tissues across different patient

races and unrelated to sample collection site.
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Inter-laboratory assessment of the reproducibility of DESI-MSI

Assessment of inter-laboratory reproducibility is essential to demonstrate the robustness of
an analytical technology for a targeted application. We evaluated the inter-laboratory
reproducibility of DESI-MS for breast cancer tissue imaging by independently analyzing
serial tissue sections of the same tissue sample in the USA and in Brazil, using similar
experimental parameters (Table 2.2 and Figure A2.2). The mass spectra obtained in the
USA and Brazil from the same region of the tissue sections showed similar patterns, with
variations in the low mass range from m/z 100-700 observed more clearly for normal tissue
samples. Cosine similarity analyses were conducted to quantitatively evaluate similarity
between the mass spectra obtained in Brazil and in the USA. As Table A2.1 summarizes,
a low cosine value of 0.51 was obtained when comparing the full mass spectra of the
normal samples analyzed in Brazil with the normal samples analyzed in the USA. When
the m/z range was restricted to m/z 700-1,200, the cosine value increased to 0.85, reflecting
higher similarity at the higher m/z range. Further evaluation of the inter-laboratory data
revealed inconsistencies in the relative and total abundances of metabolites, FA, and
background ions detected at the low m/z range. As the DESI ion images and mass spectra
of Figure A2.2A show, higher relative abundance of ions attributed to ascorbic acid and
FA(20:4) were detected within the tissue sections analyzed in the USA compared to the
adjacent tissue sections analyzed in Brazil. An unidentified background ion of m/z 415.140
was only observed in the data acquired in Brazil. Higher consistency in the relative and
total ion abundances and spatial distribution was observed for the complex lipid region of

the mass spectra (m/z>700), where glycerophospholipids are commonly seen. The
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inconsistency in the ions detected at low m/z range was not as pronounced for data obtained
from cancer regions of IDC samples (Figure 2.2B), which is reflected in the similar cosine

values obtained for the full m/z range (0.91) and the restricted m/z range (0.92).

Predictive models of IDC based on lipid DESI-MSI data
To evaluate if the metabolite and lipid information obtained by DESI-MSI are

predictive of breast cancer, we used the Lasso method to build a classification model for
IDC 3%3%. DESI mass spectra data were extracted from areas within the ion images that
presented predominantly IDC tumor or normal epithelial glands, yielding a total of 36,426
individual pixels/mass spectra for all data acquired (USA and Brazil). The data was
restricted to the high range of m/z 700-1,200, which provided reproducible results as
previously described. Next, 44 samples from 27 of the 53 Brazilian patients were randomly
selected and excluded from sample set with the goal of being used as an independent inter-
laboratory validation set in our study. The remaining 87 tissue samples were randomly
divided into a training set and a validation set using a 75%-25% split, respectively. The
training set (45 IDC and 21 normal) yielded a total of 18,691 pixels (17,606 IDC and 1,085
normal, all acquired in the USA), which were used to build the classification model. Note
that many of the normal breast tissue samples analyzed were predominantly composed of
fat, therefore the total number of pixels extracted from focal regions presenting epithelial
cells were limited. The remaining set of samples (15 IDC and 6 normal) were later used as
an independent intra-laboratory validation set. Prediction results are presented as

sensitivity, specificity, and overall agreement on a per-pixel and per-patient basis (Figure

37



2.3 and Table A2.2). For the training set, 97.6% sensitivity, 96.7% specificity and 97.6%
accuracy were achieved on a per-pixel basis for IDC diagnosis using 5-fold cross-
validation (Figure 2.3A). On a per-patient analysis, just a single cancer tissue sample was

misclassified as normal tissue.

Intra- and inter-laboratory validation of the predictive power of the Lasso
classification model

We have also evaluated the robustness and performance of our classification model
in predicting breast cancer diagnosis from the DESI data (m/z 700-1,200) acquired from
independent sample sets analyzed in the USA (intra-laboratory) and in Brazil (inter-
laboratory). Our model was first tested using the held-out test set analyzed in the USA (15
IDC and 6 normal), which yielded a total of 6,385 pixels (6,173 IDC and 185 normal).
Excellent performance was achieved, that is, 99.1% sensitivity, 99.5% specificity and
99.2% accuracy per-pixel, as well as 100.0% sensitivity, specificity and accuracy per-
patient (Figure 2.3B). The classification model was then used to predict on data acquired
in Brazil for the held-out validation set of 44 tissue samples from 27 Brazilian patients,
which yielded a total of 11,377 pixels (9,290 IDC and 2,087 normal). Remarkably,
excellent performance was seen on a per-pixel basis for IDC diagnosis (Figure 2.3C):
94.7% sensitivity, 97.8% specificity and 95.3% accuracy. On a per-patient analysis, only a
single cancer sample was misclassified as normal. These results suggest that a single Lasso
model built from DESI-MSI data (m/z 700-1200) can be used to classify intra- and inter-

laboratory data acquired under optimized conditions from independent sample sets.
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Figure 2.3: Predictive performance of the IDC classification model.

Classification per-pixel and per-patient prediction results are shown for normal and IDC,
including sensitivity, specificity, and overall accuracy in A) Cross-validation performed
with data acquired in the USA, B) test set with data acquired in the USA, and C) test set
with data acquired in Brazil.
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Further, the predictive complex lipids selected by the Lasso model are robust for breast

cancer diagnosis.

Predictive features selected by Lasso

A total of 44 predictive m/z values were selected for the classification model with
assigned mathematical weights related to their importance in distinguishing between IDC
and normal tissues. Positive weights were attributed by the Lasso to 17 m/z values that
were important in characterizing IDC, whereas negative weights were given to 27 values
which were important to characterizing normal tissue. Identification of the ions
corresponding to the selected m/z values were performed using tandem MS experiments
and high mass accuracy measurements followed by comparison to lipid databases (Table
2.3). The five largest negative weights were assigned to PE(36:2) of m/z 742.539, PG(36:4)
of m/z 769.502, PC(34:2) of m/z 792.530, PE(O/P-38:5) of m/z 750.545, and PS(36:2) of
m/z 786.529, which are the ions indicative of normal breast tissue. For IDC tissue
classification, however, the highest five positive weights were assigned by the Lasso to
PI(36:2) ions of m/z 861.549, PG(34:1) of m/z 747.517, PG(40:7) of m/z 819.517, PS(38:4)
of m/z 810.525, and PE(38:4) of m/z 766.539. Note also that the weights assigned to these
ions corroborate with trends observed in the mass spectra and DESI ion images for IDC
and normal tissues, which showcases the power of the Lasso statistical model in selecting

predictive features that are potential biomarkers of disease states.
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Table 2.3:  Tentatively identified species selected by the Lasso as significant
contributors to the molecular model for IDC and normal breast tissue
classification with attributed statistical weights.

Me‘;l;/l;red Lipid Assignment Exact m/z Mi;sp];:;; or };,l:;}::lsj: ‘;:isgs;ol ¢
742.539 PE(36:2) 742.539 0.4 Ca1H77NOsP 213
769.502 PG(36:4) 769.503 -0.9 C42H74010P -189.6
792.53 PC(34:2) 792.532 2.5 C42Hz00sPCl -174.7
750.545 PE(0-38:5) 750.544 0.7 C43H77NO7P -169.4
786.529 PS(36:2) 786.529 0.4 C42H77NO1oP -166.3
778.539 PE(39:5) 778.539 0.6 Ca4H77NOsP -149.5
§ 748.528 PE(O-38:6) 748.529 0.8 C43H7sNO7P -148.1
i 727.527 PA(38:2) 727.528 -1.9 Ca1H7605P -133.6
g 734.534 PS(0-33:0) 734.534 0.3 C39H77NO9P -105
75 891.722 TG(52:3) 891.721 0.3 Cs5H10006C1 -104.6
52 770.534 Pﬁéf(’ggﬁ?ﬁr 770.534 0.1 CaHy7NOsP -39.8
ji'é 700.602 Cer(t42:1) 700.602 0.4 C42Hs:NO4Cl -38.8
g 816.576 PS(38:1) 816.576 0.6 C44HssNO1oP -32.9
‘g 788.545 PS(36:1) 788.544 0.6 C42H7sNO1oP 253
752.553 PE(O-38:4) 752.56 -9 C43H79NO7P 24.8
885.55 PI(38:4) 885.55 -0.3 C47Hs2013P -19.9
837.547 PI(34:0) 837.55 3.9 C43Hg2015P -14.3
794.55 PC(34:1) 794.547 3.8 C42Hs20sNPCl -14.1
723.478 CL(72:8) 723.479 0.8 Cz1H140017P2 4.7
724.485 CL(72:7) 724.487 2.6 CsiH142017P2 2.5
846.657 PS(0-41:0) 846.659 33 C47Ho3sNOoP 12.3
835.534 PI(34:1) 835.534 0.7 C43HzoO13P 17.2
2 887.564 PI(38:3) 887.566 23 C47Hs4013P 18.1
'(E—<£ 838.559 PS(40:4) 838.56 -1.6 CacHs1NO10P 343
(g) 773.533 PG(36:2) 773.534 0.8 C42H73010P 56.2
E 760.513 PS(34:1) 760.513 0.3 CaoH7sNO1oP 90.8
% 766.539 PE(38:4) 766.539 0 C43H77NOsP 116.4
§ 810.525 PS(38:4) 810.529 4.9 C4aH77NO1oP 120.4
o) 819.517 PG(40:7) 819.518 0.9 CaH76010P 169.3
747.517 PG(34:1) 747.518 0.9 CaoH76010P 187.9
861.549 PI(36:2) 861.55 0.7 CasHs2013P 237.7
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Prediction of Breast Cancer Hormone Receptor and Her2 Status

Next, we investigated if the molecular information obtained by DESI-MSI enabled
prediction of positive or negative status for ER, PR, combined hormone receptor (HR), and
Her2 by building classification models for each class using IHC or FISH results as the gold
standard. For the 77 IDC samples with ER status, 46 samples were ER+ (16,163 pixels),
and 31 samples were ER- (14,315 pixels). The classification model built to predict ER
status achieved 86.1% sensitivity, 91.6% specificity and 88.7% accuracy on a per-pixel
basis (Figure 2.4). On a per-patient analysis, five ER+ tissue samples were misclassified
as ER- tissues, and two ER- tissue samples were misclassified as ER+ tissues, resulting in
89.1% sensitivity, 93.5% specificity and 90.9% accuracy. For PR status, the classification
model built using 36 PR+ samples (12,700 pixels) and 41 PR- samples (17,720 pixels)
yielded 95.5% sensitivity, 84.3% specificity and 89.0% accuracy on a per-pixel basis. On
a per-patient analysis, eight PR- tissue samples were misclassified as PR+ tissues. Samples
were further combined into hormone receptor (HR) positive (ER+ and PR+) and HR
negative (ER- and PR-) groups based on the combined ER and PR status. The classification
model built using 36 HR- samples (14,315 pixels) and 31 HR+ samples (12,700 pixels)
yielded 96.2% sensitivity, 95.2% specificity and 95.7% accuracy on a per-pixel basis, and
100.0% sensitivity, specificity and accuracy on a per-patient analysis. These accuracies are
similar to the overall 96.0% accuracy achieved on a per-patient analysis (n=27) for HR
positive and negative status described by Guenther et a/,?® and corroborate with the PCA
clustering observed for HR+ versus HR- samples (n=14) by Calligaris et al.’® Next, we

built a Her2 classification model using 19 Her2+ samples (8,536 pixels) and 48 Her2-
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Figure 2.4: Per-pixel and per-patient prediction results for positive and negative
receptor status classification.

Per-pixel and per-patient sensitivity, specificity and overall accuracy prediction results for
positive or negative A) ER, B) PR, C) HR, and D) Her2 status. Prediction results were

obtained using a 5-fold CV approach.
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samples (16,892 pixels), but poor classification results were achieved (30.3% sensitivity,
37.2% specificity and 34.9% accuracy on a per-pixel basis). Interestingly, no separation or
discrimination was achieved based on the Her2 status previously reported by Guenther et

al (n=27) and Calligaris et al (n=14), which again corroborate with our results.

DISCUSSION

We have performed a multicenter study using DESI-MSI to investigate the
metabolic signatures of a diverse set of 131 breast tissue samples from 103 breast cancer
patients from various countries including USA, Brazil, Ukraine, Vietnam, and others.
DESI-MSI enabled clear visualization of fine histologic features in breast tissues and thus
a detailed investigation of metabolic profiles characteristic of breast cancer, normal breast
glands and adjacent stroma. Using tissue samples obtained from patients from various
countries, we showed that DESI-MSI allows detection of lipid profiles that are
characteristic of cancer tissue independent of patient race or ethnicity. These molecular
profiles, when used to build classification models for cancer diagnosis, provide high
sensitivity, specificity and accuracies for both training and test sample sets using data
acquired in the USA and revealed predictive lipid markers. Most notably, the molecular
classifiers showed high performance for cancer diagnosis for an independent dataset
acquired in a laboratory in Brazil using standardized experimental conditions. Classifiers
built to characterize PR and ER status in breast cancer samples also showed high accuracy
to determine hormone receptor status. Altogether, our study provides strong evidence that

DESI-MSI is a robust molecular technology able to provide rapid diagnosis and
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characterization of breast tissues, with potential use in the clinical setting across different
institutions.

Alterations in the abundances of FA and glycerophospholipids were detected in our
study, which reflect known abnormalities in cancer cell metabolism “° and breast cancer
tissue !> 4142 Fatty acid synthesis, for example, is highly relevant in breast cancer tumor
biology due to the ability of these molecules to modulate the fluidity of lipid membranes
and to affect cellular machinery **. Several separate, single-center studies suggest that lipid
MSI signatures are diagnostic of breast cancer > 2>3°, A MALDI-MSI study has reported
increased relative abundances of monounsaturated FA in comparison to polyunsaturated
FA in breast cancer than in adjacent normal tissues ?2. Chen et al. also found the FA(18:2)
and FA(18:1) to be more abundant in cancer tissue when compared to normal tissue
analyzed by air flow-assisted ionization MSI 2> whereas Agar et al. also reported FA(18:1)
as a DESI-MSI discriminator for cancer detection and margin analysis **. Similarly, we
consistently noted high relative abundances of FA(18:1), at m/z 281.249, in breast cancer
tissues in our study and identified several glycerophospholipid ions as predictive markers
of breast cancer, with increased relative abundance in malignant histologic regions of tissue
sections. Also using MALDI-MSI, Toi et al. have previously reported altered relative
abundances of PIs in malignant epithelial regions of breast cancer tissues 2°. In their study,
PI(36:1), for example, was observed in high relative abundances in cancer tissue when
compared to benign epithelial regions, while PI(38:3) was putatively associated with
cancer cell invasion. Similarly, high relative abundances of the PI(36:1) ion of m/z 863.563

as well as PI(36:2) of m/z 861.549 were consistently observed in breast cancer tissues in

45



comparison to normal tissue samples (Figure 2.1C), hence P1(36:2) was selected and shown
to be highly predictive of breast IDC tissue by the Lasso classification model. Lipid
information acquired by DESI-MSI was also used by Takats et al. to build classification
models for breast cancer diagnosis based on a subset of 19 predictive features, including
various FA and glycerophospholipids such as PE, PC and PI . Within these, three
glycerophospholipid species, PC(34:2), PC(34:1) and PI(38:3), were also selected as
predictive markers by our classifier. Our study now confirms with comprehensive data that
lipid profiles are robust diagnostic markers of breast cancer and that such markers are valid
across different patient populations. Our PCA results also showed great similarity for the
breast IDC DESI-MS data regardless of race, further demonstrating a commonality of
diagnostic lipid profiles. Future studies are needed to validate these findings on larger
patient cohorts.

The main goal of our multi-center study was to evaluate the performance of DESI-
MSI workflow in producing reproducible data for breast cancer diagnosis across
institutions and operators. A few multicenter studies have been performed to evaluate the
performance of proteomics analysis for breast cancer diagnosis using traditional
proteomics assay * and MALDI-MSI #’. In the MALDI-MSI study, 40 breast cancer tissues
were analyzed in two centers in Europe (n=12 in Munich, and n=18 in Leiden) using
independent sample sets, methods, and operators *’. Hierarchical clustering yielded 100%
and 80.9% classification accuracies for discriminating extratumoral and intratumoral
stromal profiles in the Munich and Leiden data sets, respectively. In our study, sample

exchange among centers was implemented and a standardized experimental workflow was

46



adopted to ensure uniformity in the analytical approach of DESI-MSI employed in the USA
and Brazil, despite differences in the mass spectrometer platforms and minor operational
parameters. Our inter-laboratory analysis using the same tissue samples analyzed in Brazil
and the USA revealed high mass spectra similarity in the high m/z region (m/z 700-1200)
of the data for both normal (cosine similarity = 0.86) and cancer (cosine similarity = 0.93)
tissues, and moderate similarity in the relative abundances of low m/z ions (m/z < 400)
were observed for normal breast tissues (cosine similarity = 0.48). The DESI mass spectra
in the low m/z region is mostly comprised of ions identified as background solvent peaks,
small metabolites, and fatty acids. Whereas variations in chemical noise and background
ions were anticipated across different mass spectrometers, differences in the relative
abundances of biologically-relevant ions such as FA were unexpected. We suggest that
these differences could be due to small variations in the DESI spray geometry parameters
and/or the mass spectrometer S-lens ion optics RF values, which may lead to more efficient
desorption and/or transmission of ions. Further, these differences could be due to lipid
degradation owing to possible variations in temperatures and freezing conditions during
international sample shipment in dry ice, factors which have been associated to increase in
FA abundance in DESI mass spectra profiles (see Methods: Tissue Collection) *%. As
normal breast tissue provides poorer molecular profiles than IDC, higher variance was
observed in the low m/z range. Nevertheless, high reproducibility in the higher m/z range
in which glycerophospholipids and other complex lipid markers are detected was seen for
normal and cancer tissues analyzed in the USA and Brazil. Lasso classifiers built using 44

predictive features detected at the restrictive m/z range provided outstanding performance
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in cross-validation both per-pixel (97.6% accuracy, n=18,691) and per-patient (98.5%
accuracy, n=66). The classification models provided high accuracy in cancer diagnosis
using an independent dataset acquired in USA (99.2% per-pixel accuracy, n=6,358) and,
most remarkably, acquired in Brazil (95.3% per-pixel accuracy, n=11,377). These results
validate the predictive power of the lipid ion markers and classification models built from
DESI-MSI data for breast cancer diagnosis and provides strong evidence that this
technology is robust for breast cancer diagnosis across centers and populations.
Determining ER, PR and Her2 status is essential for identifying breast cancer
molecular subtypes to help guide treatment for patients. Previous studies have also
suggested a relationship between lipid profiles and breast cancer molecular subtypes . In
our study, we further evaluated the ability of using the lipid data acquired by DESI-MSI in
the USA to build predictive models for positive or negative status of Her2, PR, and ER
separately, as well as combined HR status. Per-patient accuracy of 90.9% was achieved for
predicting positive or negative ER status (n=77), whereas 89.6% per-patient accuracy was
achieved for predicting positive or negative PR status (n=77). When evaluating the
combined HR status, we achieved 100% per-patient accuracy. Although prediction of
combined HR status has been previously reported by DESI-MSI (accuracy of 86.7%,
n=27), our results now indicate that the lipid information is also predictive of ER and PR
status separately. When evaluating Her2 status, we found no relationship between lipid
profiles detected by DESI-MSI and Her2 status (38.8% per-patient accuracy, n=67), as
previously found using DESI-MSI. This confusion could be due to intra-tumor

heterogeneity of Her2 positive breast cancers 4>
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metabolism within the cancer tissue regions from which mass spectra were extracted for
statistical analysis. The use of FISH to determine HER2 status was also only employed
when THC results was “undetermined”, potentially leading to higher incidence of
inaccurate Her2 status °'. Further studies using IHC and FISH assays to investigate the
spatial expression of Her2 in each tissue section correlated to lipid abundances will be
performed to better investigate these observations. In addition, further studies using larger
sample cohorts will be performed to investigate possible correlations between lipids
profiles detected by DESI-MS imaging and other patient and clinical characteristics

including breast cancer molecular subtypes, stage, and treatment choice.

CONCLUSION

In conclusion, our study provides strong evidence that the lipid information
acquired by DESI-MSI is highly accurate in predicting breast cancer, as well as ER and PR
status. Most importantly, our multi-center study has demonstrated that DESI-MSI is a
robust, highly reproducible technology for rapid breast cancer tissue diagnosis and may be

useful in the clinical setting.
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Chapter 3: Desorption Electrospray Ionization Mass Spectrometry
Imaging of Proteins Directly from Biological Tissue Sections?

INTRODUCTION

Mass spectrometry (MS) imaging is a powerful tool to investigate the spatial
distribution of molecular species directly from tissue samples.!? Matrix assisted laser
desorption/ionization (MALDI) is the most widely used MS imaging technique, which has
been extensively explored to image and characterize metabolites, lipids, and proteins from
biological tissue samples in a variety of biomedical applications."* In MALDI, application
of matrix to the biological tissue sample as well as high-vacuum conditions are necessary
for efficient desorption and ionization of molecules. Ambient ionization MS techniques
have become increasingly used for biological tissue imaging as they allow analysis to be
performed in the open environment with minimal sample preparation requirements, which
is appealing for clinical applications.> * Desorption electrospray ionization (DESI) MS
imaging, for example, is the most widely used ambient ionization MS technique that has
been broadly explored tissue imaging.*

DESI-MS imaging has been successfully used to analyze biological tissue sections
allowing efficient desorption and ionization of lipids and metabolites that are diagnostic of

10-11

cancer including breast,’” ovarian,®* brain'®!!, and others*. Although typically used for

small molecule analysis, a few studies have described optimization of DESI-MS for protein

2 Adapted with permission from “Garza, K. Y ; Feider, C. L.; Klein, D. R.; Rosenberg, J. A.; Brodbelt, J.
S.; Eberlin, L. S., Desorption Electrospray lonization Mass Spectrometry Imaging of Proteins Directly from
Biological Tissue Sections. Anal Chem 2018, 90 (13), 7785-7789.” Copyright 2018 American Chemical
Society. K.Y. Garza contributed to the collection and analysis of data and preparation of the manuscript.
C.L. Feider, D.R. Klein, and J.A. Rosenbery assisted in the collection of data. L.S. Eberlin and C.L. Feider
assisted in the preparation and editing of the manuscript. All authors revised the manuscript
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analysis from non-biological substrates.'?>'* For example, DESI-MS has been recently used
to desorb membrane proteins in their native conformations from planar surfaces.'*
However, inefficient desorption of large biomolecules and chemical noise arising from the
complex tissue matrix have impeded detection of proteins directly from biological tissue
sections by DESI-MS. Recently, ambient ionization MS using liquid extraction techniques
such as nanospray desorption electrospray ionization (nano-DESI),' liquid extraction
surface analysis (LESA),'® and the liquid microjunction surface sampling probe (LMI-
SSP)!7 were applied to image proteins from biological tissue sections. In the latter two
studies, protein analysis was enhanced by integrating ion mobility separation into the
workflow, which allowed selected transmission of protein ions and reduced chemical noise
in the mass spectra.'®!7 For example, LESA coupled to a chip based high field asymmetric
waveform ion mobility (FAIMS)!® device allowed increase in the signal-to-noise ratio
(S/N) and the number of proteins detected from biological tissue sections.!® Similarly,
integration of FAIMS with LMJ-SSP increased the S/N of a variety of protein species in
rat and human tissue sections.!” Here, we describe the optimization of DESI-MS imaging
for protein analysis and further coupling of DESI to a FAIMS device for imaging proteins
from biological tissue sections, indicating that this approach could be used for top-down

proteomics studies in various biomedical applications.
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[lustration 3.1: Scheme of DESI-FAIMS-MS imaging of biological tissue sections.
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MATERIALS AND METHODS

Tissue samples

Mice brain and kidney tissue samples were purchased from Bioreclamation IVT
(Hicksville, NY). Human normal breast, breast cancer, and normal ovarian were purchased
from the Cooperative Human Tissue Network (CHTN), and the ovarian cancer sample was
purchased from the MD Anderson Cancer Center Tissue Bank under IRB approved
protocol. Prior to sectioning, the samples were stored in a -80°C freezer. Tissue samples
were sectioned at a thickness of 16 pm using a CryoStar NX50 cryostat (Thermo Scientific,
San Jose, CA) and mounted onto glass slides. Tissue sections were stored in a -80°C freezer
until DESI-MS analysis. Prior to DESI-MS imaging, glass slides were air dried for ~ 15
min. Tissue sections were washed twice with ethanol and chloroform for 10 sec each. Serial

tissue sections were H&E stained and subjected to pathological evaluation.

Lipid analysis

Lipid imaging experiments were performed using a DESI 2D system (Prosolia Inc.,
Indianapolis, IN) equipped with a lab-built DESI sprayer, mounted to the interface of a
LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA). DESI-
MS imaging of mouse brain was performed in negative ion mode from m/z 100-1500. The
histologically compatible solvent system ACN:DMF was used for tissue imaging at a flow
rate 1.2 pL/min. The spatial resolution used was 200 um. The N> pressure was set to 180
psi, and the capillary temperature of the mass spectrometer was set to 300°C. Lipid species
were identified using collision induced dissociation (CID) tandem mass spectrometry and

high mass accuracy measurements.
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Protein analysis

Protein imaging experiments were performed using a DESI 2D system (Prosolia Inc.,
Indianapolis, IN) equipped with a lab-built DESI sprayer, mounted to the interface of a
LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA). An
ultraFAIMS device (Owlstone Ltd., Cambridge, UK) modified with an extended transfer
tube was coupled to mass spectrometer for ion mobility experiments. The FAIMS capillary
used for these experiments had an inner diameter of 0.037 in and outer diameter of 0.0625
in. A spray angle of 55° relative to the sample surface was used for all experiments. The
optimal spray to extended transfer capillary and DESI capillary to surface distances were
found to be 2.5 mm and 3.5 mm, respectively. DESI-FAIMS-MS imaging was performed
in positive ion mode from m/z 700-2000 using a spatial resolution of 300 um. Although
adding water to the solvent increased the sampling area and lowered the spatial resolution
to 300 pm, DESI-FAIMS-MS imaging allowed for the visualization of protein ions that
localized to specific regions of the tissues. The Orbitrap Elite mass spectrometer allows for
high mass resolution (60,000 resolving power) and high mass accuracy (<5 ppm). A solvent
system of acetonitrile/water (ACN/H20) 80:20 (v/v) with 0.2% formic acid was used for
tissue analysis at a flow rate of 5 pL./min with a spray voltage of 1 kV. The N> pressure

was set to 200 psi, and the capillary temperature of the mass spectrometer was set to 300°C.

S/N calculation

Optimization experiments were repeated using 3 serial mice kidney tissue sections. Data
were extracted from three lines across each mouse kidney tissue section. Within each line,

a total of 20 mass spectra were averaged to calculate the S/N. An average S/N for each
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tissue section was then calculated from the three lines. The S/N reported in the manuscript

is the average of the S/N obtained for the three kidney tissue sections.

In tandem DESI-UVPD

Identification of intact proteins in positive ion mode was performed on a Thermo Orbitrap
Elite mass spectrometer equipped with a 193 nm Coherent Excistar ArF excimer laser
(Santa Clara, CA). 1 pulse at 3 mJ was used for all DESI-UVPD experiments. Prior to
DESI-UVPD experiments, tissue sections were washed with ethanol and chloroform twice
for 10 seconds each. ACN/H>O (v/v) with 0.2% formic acid at a flow rate of 5 uL./min was
used desorb proteins from the tissue sections. For these experiments, a 2000 ms injection

time and 1 micro scan were used. For these experiments, the FAIMS device was not used.

Protein extraction

Protein extracts were acquired through hand pipetting from glass slides of a serial section
of tissue analyzed by DESI-FAIMS-MS. Tissue sections were washed with ethanol and
chloroform twice for 10 sec each, followed by hand pipetting of 2 ul of acetonitrile/water
(ACN/H:0) 80:20 (v/v) with 0.2% formic acid onto the tissue section. The solvent was
allowed to extract molecules from the tissue for ~10 sec and was then re-aspirated and
collected. This process was repeated until adequate material was collected from protein

1dentification.

Top down UVPD

Prior to LC-MS analysis, tissue extracts were diluted with water to a final acetonitrile

concentration of 5%. For each tissue sample, 1 uL of the diluted extract was injected. The
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chromatographic separation was performed with a Dionex UltiMate 3000 nanoLC system
(Thermo-Fisher, San Jose, CA) using a PicoFrit column (New Objective, Ringoes, NJ)
with an inner diameter of 75 uM, packed to a length of 30 cm with polymer reverse-phase
resin (Agilent, Santa Clara, CA) having a pore size of 1000 Angstroms. A 3 cm trap column
with the same inner diameter and packing material was placed in front of the analytical
column. Proteins were eluted using a gradient from 15% to 55% acetonitrile over 55
minutes, with 0.1% aqueous formic acid constituting the remainder of the mobile phase.
Mobile phase A was 0.1% formic acid; mobile phase B was 99% acetonitrile. The flow
rate was 300 nl/min. The LC system was interfaced to a Thermo Orbitrap Lumos tribrid
mass spectrometer (Thermo-Fisher, San Jose, CA) equipped with 193 nm UVPD.!8 Eluting
species were introduced to the mass spectrometer via electrospray with a spray voltage of
1.9 kV. The instrument was operated in the top-speed mode, with 7 seconds of MS? data
collection for each MS! scan. During the 7 second MS? period, typically between 1 to 5
spectral acquisitions were performed. Proteins with a charge state of +7 or higher were
isolated in the quadrupole and activated by UVPD (1.8 mJ, 1 pulse) in the low-pressure
cell of the dual linear ion trap. MS! spectra were collected at a nominal resolution of 60,000
with 3 microscan averages per scan, while MS? spectra were collected at a resolution of
120,000 with 5 microscan averages. Each LC-MS run was searched against the Uniprot
database of reviewed human proteins using the ProsightPD node of Thermo Proteome
Discoverer 2.1. Peaks were identified with a mass tolerance of 100 Da for MS! or 10 ppm

for MS? using an absolute-mass search workflow. Identified proteoforms were filtered
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using an FDR value of 1%. Sequence coverage was determined using Prosight Lite

software.

Bottom up proteomics

Proteins were digested in-gel with trypsin and identified by LC-MS/MS on an Orbitrap
Fusion Tribrid mass spectrometer, followed by Sequest HT database search and Scaffold

validation in the CBRS Proteomics Facility using previously published methods."’

RESULTS AND DISCUSSION

Optimization of DESI-MS geometric parameters for protein imaging

Protein imaging from biological tissue sections by MALDI-MS is commonly performed
by washing the tissue section with organic solvents prior to matrix application to remove
endogenous lipids and biological salts that may affect efficiency of protein desorption and
ionization.?’ Building on this knowledge, we first evaluated the effectiveness of a washing
step on enhancing protein desorption and detection. DESI-MS imaging was performed on
an unwashed mouse kidney tissue section in the positive ion mode using pure ACN as the
solvent and typical DESI-MS lipid imaging parameters (Table 3.1).2! As reported in
previous DESI-MS lipid imaging studies,?! ions identified as triacylglycerols and
glycerophosphocholine lipids were detected at high relative abundances (Figure 3.1A),
while multiply charged protein ions were not seen. Next, a solvent system of ACN:H,0O
(80:20) (v/v) with 0.2% formic acid previously reported to enhance protein desorption by
nanoDESI was used for analysis of unwashed tissue sections, at a flow rate of 5 uL/min.!?

Similar lipid species were detected at high relative abundances in addition to multiply
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Table 3.1:

DESI-MS parameters for protein and lipid analysis.

Summary of DESI-MS parameters used for lipid imaging in the negative ion mode,
previously reported DESI-MS parameters for protein analysis from non-biological

substrate in the positive ion mode

13,22

, and the optimized DESI-MS parameters described

in our study for protein detection from biological tissue sections in the positive ion mode.

Solvent

Spray angle
Spray voltage
Inlet temperature
Gas pressure
Flow rate

Spatial resolution
Spray to sample
distance

Sample to inlet

distance

Lipid

analysis

ACN

65°
5kV
300°C
180 psi
3 yL/min

200 ym

2-3 mm?'

4-8 mm?

Protein

standard analysis

MeOH:H20 (50:50) (v/v)

with 0.1% formic acid

60-90°1222
1-6 k'3 22
200-350°C™ 22
250 psi?

0.1-7 pyL/min'3 22
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Analysis of proteins from
biological tissue
ACN:H20 (80:20) (v/v) with 0.2%
formic acid
55°
1kV
300°C
200 psi
5 yL/min

300 ym

3.5 mm

2.5 mm



charged ions at low abundances that were tentatively identified as protein species (Figure
3.1B). A lipid washing step was then performed on an adjacent mouse kidney tissue section
followed by DESI-MS imaging analysis at the same parameters (Figure 3.1C). While the
washing step was effective at removing lipid species, the mass spectra obtained presented
low total ion abundance of the multiple charged ions, suggesting that further optimization
of DESI spray geometric parameters was needed to increase desorption and detection of
protein species. Previous studies have reported that the desorption of protein standards
from glass slides by DESI-MS is dependent on the spray angle and spray-to-surface
distance.'* 2> Thus, we performed optimization of DESI spray parameters for protein
detection from biological tissue sections by tuning angle, spray-to-sample distance, and
sample-to-inlet distance to 55°, 3.5 mm, and 2.5 mm, respectively. Performance was
evaluated by the improvement in the total ion abundance of m/z 938.117, the most abundant
protein detected, later identified as an alpha-globin proteoform with an asparagine to a
lysine substitution. While protein ions were detected in mouse kidney tissue at various
spray-to-sample and sample-to-inlet distances, proteins were not detected above a S/N=3
using spray angles other than 55°, indicating that protein desorption and detection is more
strongly dependent on the spray angle than other source parameters. At this optimized
DESI-MS parameters for protein analysis, the alpha-globin proteoform was detected with
S/N = 27.9 (average of n=3 tissue sections, n=3 lines/tissue section, n=20 mass

spectra/line), as well as 10 other distinct protein species (Figure 3.1D).
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Representative positive ion mode DESI mass spectra.
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Positive ion mode DESI mass spectra of A) Unwashed mouse kidney tissue section using
lipid DESI-MS parameters and pure ACN as solvent system, B) unwashed mouse kidney
tissue using lipid DESI-MS parameters with ACN:H20 80:20 (v/v) and 0.2% formic acid
as the solvent, C) washed mouse kidney tissue section using lipid DESI-MS parameters
and ACN:H20 80:20 (v/v) with 0.2% formic acid as the solvent, D) washed mouse kidney
tissue section using protein DESI-MS parameters and ACN:H20 80:20 (v/v) with 0.2%
formic acid as the solvent, E) washed mouse kidney tissue section using protein DESI-
FAIMS-MS parameters and ACN:H20 80:20 (v/v) with 0.2% formic acid as the solvent.
Mass spectra are an average of 25 scans. F) On-tissue UVPD mass spectrum of m/z 938.117
using a mouse kidney tissue section. Spectrum is an average of 80 scans. PCS, P-score, and
sequence coverage are reported for the protein identified as an alpha-globin proteoform.



FAIMS operation and optimization
In an effort to further increase S/N of proteins, we integrated FAIMS to the DESI-MS

imaging source and mass spectrometer interface as we have previously described.!” FAIMS
generates an alternating high and low electric field perpendicular to the ion travel path,
known as a dispersion field (DF), which displaces the ions toward one of two electrodes.?
To correct for this ion drift, a compensation field (CF) can be applied, allowing specific
subsets of ions, such a multiply charged proteins, to be transmitted through the device.?* In
our experiments, the DF was stepped in 10 Townsend (Td) increments from 150 Td to 210
Td with a CF sweep of 0 Td to +4 Td occurring at each DF. Performance was evaluated by
the improvement in the total ion abundance of m/z 938.117, the most abundant protein
within the spectra from washed mouse kidney tissue sections, later identified as alpha
globin protein. The optimal parameters for protein detection were determined to be CF =
+1.0 Td and DF = 180 Td. Under the optimized FAIMS parameters, a S/N=32.1 was
achieved for the alpha-globin proteoform (average of n=3 tissue sections, n=3 lines/tissue
section, n=20 mass spectra/line), as well as detection of 10 other distinct protein species
(Table B3.1 and Figure 3.1E). The addition of FAIMS increased the S/N for all the proteins
detected, thus improving image contrast and quality (Figure 3.2). The increase in the S/N
of protein ions was due to the substantial filtering of interfering background species (~67%
decrease), including abundant solvent peaks, and reduction of chemical noise (~60%
decrease), despite an overall drop (~34%) in the absolute intensities of protein ions (Figure
3.3). Therefore, all further experiments were performed using the optimized FAIMS

parameters.
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Figure 3.2: DESI-MS ion images obtained from mouse brain tissue sections both with
and without FAIMS.

Ion images are in the same scale. H&E stained images are of a serial mouse brain tissue
section as protein conditions are not histologically compatible.
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Figure 3.3: Representative protein DESI-MS spectra of mouse kidney tissue, both with
and without FAIMS.

Solvent peaks are highlighted in red and protein species are highlighted in green. Spectra
are averages of 25 scans.
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Spray voltage and inlet capillary temperature optimization

Spray voltage and transfer capillary temperature were also tuned to optimal values of 1 kV
and 300°C for protein detection, respectively, using the optimized DESI-FAIMS
parameters (Figure B3.1 and Figure B3.2). First, spray voltages from 1- 5 kV were tested
in 1 kV increments. As shown in Figure B3.1, a S/N of 29.3 for alpha globin was achieved
at 1 kV (average of n=3 tissue sections, n=3 lines/tissue section, n=20 mass spectra/line),
in addition to the detection of ten other distinct protein species. While a similar S/N was
achieved for other spray voltages tested, a larger number of proteins was detected using a
voltage of 1 kV. Thus, the optimized voltage of 1 kV was used for all later experiments.
Next, inlet temperatures from 100-400°C were tested in 100°C increments (Figure B3.2).
The number of proteins detected at 200°C and 300°C (10 and 11, respectively) and S/N
values (33.4 and 30.5, respectively, average of n=3 tissue sections, n=3 lines/tissue section,
n=20 mass spectra/line) were similar. To assure efficient droplet desolvation at the 5
uL/min solvent flow rate,?® an inlet temperature of 300°C was chosen as the optimized

temperature for the remaining experiments.

Effect of FAIMS on ions detected
For mice kidney data, addition of FAIMS to the DESI imaging workflow resulted in 30%

decrease in the ion intensity of m/z 938.181 (assigned as the 16+ charge state of an alpha
globin proteoform, MM = 14,985 Da), 68.5% decrease in the intensity of an interfering
solvent peak at m/z 713.442, and 43% decrease in the noise (n=3 sections, n=3
lines/section, n=25 mass spectra/line) when compared to the DESI imaging data acquired

without FAIMS. For mice brain data, addition of FAIMS to the DESI imaging workflow
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resulted in 36% decrease in the ion intensity of m/z 1000.658 signal (assigned as the 15+
charge state of an alpha globin proteoform, MM = 14,985 Da), 66.2% decrease in the
intensity of an interfering solvent peak at m/z 713.442, and 77% decrease in the noise (n=2
sections, n=3 lines/section, n=25 mass spectra/line) when compared to the DESI imaging
data acquired without FAIMS. Thus, although there is a loss in the total ion transmission
in our experiments, FAIMS reduces noise as well as transmission of
background/interfering ions, resulting in higher S/N of protein ions and thus improved

imaging contrast and quality.

Identification of detected proteins using top-down and bottom-up proteomics

Top-down and bottom-up protein-sequencing methods were explored to identify
the proteins detected. On-tissue CID was performed online by isolating and fragmenting
the most abundant protein ions detected while directly profiling the tissue sections using
DESI-MS alone (no FAIMS). Fragmentation of the 13+ charge state isotope envelope of
the ion at m/z 1,153.298 (MM = 15,085 Da, Figure 3.4) by CID allowed identification of
this ion as the alpha globin protein (16% sequence coverage) in mouse kidney tissue
section. Other proteoforms of alpha-globin were detected at high relative abundances,
which are likely associated to the highly vascularized nature of the kidney tissue. In an
effort to obtain higher sequence coverage for protein ions and therefore more accurate
identification, UVPD was integrated with DESI-MS for on-tissue protein identification (no
FAIMS).?¢ The proteoform of alpha-globin presenting an asparagine to a lysine substitution

(MM = 14,985 Da) used for method optimization was identified by on-tissue UVPD of m/z
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Figure 3.4: MS/MS spectrum obtained using CID of the isotope envelope surrounding
m/z 1153.298, identified as alpha globin, while using DESI-MS.

The sequence map of hemoglobin a subunit is show, demonstrating cleavages seen within
the fragmentation spectrum.

71



T x5

100 9 2410 a1
90 | a+33
a43
80 |
<70 a9%4
Y ar4e 2108
2 60 a+92
[
©
S 50
2 a117
:12:404 2139
© +15
Q
@ 30 d
+130
20 | x
‘ | i L i
o I 1 | LH‘\‘H Dl LY e HH L] 1
R IL RIS T MR RN S8R R €A Y R R AN LV
2000 4000 6000 8000 10000 12000 14000

m/z

VILLS G E D K SIN]I11K[AJAIWIGIK 11G G H]G AlE Y]G
AEALERMFIAS FIPTTKITY FIPIH FIDIV S H
1GISAQVKGHGIKKVIADIALAKAAGHLDD
LPGALSALSDLHAHKLRIVDIPIVNEF[KL
[LSHCLLVTLASHIHLIPIAD FITIPIALVIHIA s L
DKLFILIASVSTVLTSKYR

PCS 301.15

P Score 1.2E-30
% Fragments Explained 17%
% Residue Cleavages 32%

Figure 3.5: Tandem DESI-UVPD mass spectrum of m/z 938.180, identified as a
proteoform of alpha globin.

The sequence map of the proteoform is shown, demonstrating cleavages seen within the
fragmentation spectrum.
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938.114 (16+ charge state), with 32% sequence coverage (Figure 3.1F and 3.5).
Hemoglobin a (m/z 1009.335, 15+ charge state) was identified from normal human
ovarian tissue using on-tissue UVPD (sequence coverage of 20%). These results
demonstrate feasibility of UVPD for identification of abundant proteins detected using
DESI-MS from biological tissue sections, and to the best of our knowledge represent the
first application of UVPD for on-tissue protein identification. Nevertheless, further
optimization of this integrated approach is needed for fragmentation and identification of
lower abundant protein species. In addition to on-tissue fragmentation, top-down UVPD
and bottom-up proteomics were performed on protein extracts obtained from tissues
analyzed to assist in the identification of low abundance protein ions. Sequence coverage
for proteins identified from tissues analyzed and the respective method used are provided

in Table B3.2.

DESI-FAIMS-MS imaging of proteins in mouse brain tissue sections

Next, we applied the optimized DESI-FAIMS approach to image proteins from
biological tissue sections. As shown in Figure 3.6A, DESI-FAIMS allowed imaging of a
variety of proteins from mouse brain tissue sections at distinct spatial distributions within
the brain histologic structures. Figure 3.6B shows representative DESI-FAIMS ion images
of selected protein ions. A distinct cluster of ions centered at m/z 707.068 (20+ charge state,
MM = 14,211 Da), identified as myelin basic protein (MBP) isoform 8 was observed at
higher relative abundances within the white matter of the brain, while unidentified protein

ions at m/z 992.680 (8+ charge state) and m/z 985.265 (11+ charge state) were distributed
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Figure 3.6: Representative DESI-FAIMS mass spectrum and ion images of a washed
mouse brain tissue section.

A) Representative protein DESI mass spectra of a washed mouse brain tissue section with
optimized FAIMS parameters. Mass spectra is an average of 25 scans. Different charge
states of the same protein species are denoted by same colored labels. B) DESI-MS ion
images of selected protein species as well as an optical image of a serial H&E stained
mouse brain tissue section are shown.
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throughout the tissue section. The relative abundance of alpha globin was higher in the
outer portion of mouse brain tissue sections, likely correlating to regions containing blood
vessels and arteries.!® The spatial distribution of the protein ions detected was reproducible
across multiple mouse brain tissue sections (Figure B3.3), and in agreement with what was

previously reported by nanoDESI and LMJ-SSP.!> 17

Multimodal imaging of lipids and proteins in mouse brain tissue sections

Multimodal MS imaging approaches that enable metabolite, lipid and protein
imaging from a single tissue section are valuable to expand the molecular information
achieved from tissues for a variety of applications.?’* To explore the potential of DESI
imaging for collecting both lipid and protein information from the same tissue section, a
mouse brain tissue section was first analyzed in negative ion mode using a histologically
compatible solvent system (ACN:DMF) (Figure 3.7),3! followed by a lipid-washing step,
and then positive ion mode analysis using the DESI-FAIMS system optimized for protein
detection. Negative ion mode DESI-MS imaging allowed detection of metabolites and lipid
ions commonly seen in mouse brain tissue sections, including sulfatide C24:1 at m/z
888.623 in the white matter, and glycerophosphoserine 40:6 at m/z 834.529 in the grey
matter (Figure B3.4). In the positive ion mode, the same protein ions detected from the
tissue sections not previously analyzed were seen, including MBP at m/z 707.021 in the
white matter, despite a 10% decrease in signal intensity of the hemoglobin a protein (Figure

B3.5). These results demonstrate that DESI-MS imaging can be used to acquire
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both lipid and protein information from the same tissue section, allowing a more

comprehensive analysis of tissue molecular composition.

DESI-FAIMS-MS imaging of proteins in human normal and cancerous ovarian
tissue sections

We next employed DESI-FAIMS to image proteins from human normal and
cancerous tissue sections. As shown in Figure 3.8 A, the mass spectra obtained from normal
ovarian and high-grade serous ovarian cancer (HGSC) tissue sections showed distinct
relative abundances of protein ions. Hemoglobin B (m/z 1443.318; 11+ charge state; MM
= 15,998 Da), for example, was observed at high relative abundances in healthy ovarian
tissue samples, while the S100A6 protein (m/z 1442.339; 7+ charge state; MM = 10,180
Da), was observed at high relative abundances in HGSC tissue (Figure 3.8A). Note that
although differing by ~1 m/z value, hemoglobin B and S100A6 were clearly resolved in the
mass spectra (Figure 3.8B) and identified using a top-down approach. Increased abundance
of S100A6 has been previously reported in a variety human cancers.>* DESI-FAIMS ion
images enabled clear visualization of protein ions within the heterogeneous regions of a
single tissue sample (Figure 3.8C). These results corroborate previous findings in ovarian

cancer tissue imaging described using LMJ-SSP and MALDI-MS.!7-33

DESI-FAIMS-MS imaging of proteins in human normal and cancerous breast tissue
sections

DESI-FAIMS-MS imaging of proteins was also performed on human normal and
ductal breast carcinoma samples (Figure 3.9). As observed in Figure 3.9A, several proteins

were detected from a normal breast and a Her2- breast cancer tissue sections. For

77



A 946.319

A 1100%
Relative Abundance

j00., 2=16 1009340 o567, Normal
z=15
80 1134.392
z=14
60 1221.497
z=13
40 nioa 1261.587
n z=12 1376.099
- 1443.590
9 20 m z=11 7201
E 0 - o il ) ol Lall 4 Ll I
1164.460
5 z=13 Cancer
c
= 1166.085
2 100, o8
2
£ 80
© 1163 1165 1167 1295.315
X go. z=9
1221.490 1323.200
40 1009.333  19g1,357 z=13 z=12
946.313  z=15 2=14 1376.000
z=16 J z=11
20
0 ,AhmmmML b ‘ m e h‘n Ml Al W ——
i i i i i 1
900 1000 1100 1200 1300 1400 1500
m/z
1443.590 C
- m/z 1442.342 m/z 1009.340 ,
100- z=11  Normal S10086  Hemoglobina H&E Stained
S 801
2 60
< 404
& 20
0 oowt Lol cowew e 5
100 Cancer ‘% °°§
£ 801
S 601
% 404
24 20
09, I

04
1425 1435 1445 1455
m/z

Figure 3.8: Representative DESI-FAIMS mass spectrum and ion images of a washed
human normal and cancerous ovarian tissue sections.

A) Representative protein DESI-MS spectra of normal and HGSC ovarian tumor with
optimized FAIMS parameters. Spectra are averages of 10 scans. Different charge states of
the same protein species are denoted by same colored labels. B) Zoomed in spectra of
normal and HGSC samples, highlighting the observance of m/z 1442.339, identified as
S100A6, within the cancer tissue. C) DESI-MS ion images obtained from normal, pure
cancer, and mixed normal/cancer ovarian tissue sections. lon images are in the same scale.
H&E stained images are of a serial ovarian tissue sections as protein conditions are not
histologically compatible.
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Figure 3.9: Representative DESI-FAIMS mass spectrum and ion images of a washed
human normal and cancerous breast tissue sections.

A) Representative protein DESI-MS spectra of normal and breast cancer samples with
optimized FAIMS parameters. Spectra are averages of 20 scans. Different charge states of
the same protein species are denoted by same colored labels. B) DESI-MS ion images
obtained from normal and breast cancer tissue sections. lon images are in the same scale.
H&E stained images are of a serial breast tissue sections as protein conditions are not
histologically compatible.
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example, profilin-1 at m/z 1,152.460 (13+ charge state, MM = 15,054 Da) and hemoglobin
a at m/z 1,009.536 (15+ charge state) were observed at higher relative abundance in a
normal breast tissue. On the other hand, S100 proteins including SI00A4 at m/z 1058.893
(11+ charge state, MM = 11,279 Da), S100A8 at m/z 986.633 (11+ charge state, MM =
10,835 Da), and S100A11 at m/z 1,166.091 (10+ charge state, MM = 11,740 Da), were
seen at higher relative abundances in breast cancer tissue (Figure 3.9B). Upregulation of
members of the S100 family of proteins is known to occur in breast cancer and has been
reported by MALDI-MS imaging and other techniques.>*¢ Galectin-1 (m/z 1,126.177, 13+
charge state, MM = 14,716 Da), previously associated with Her2- breast cancer stromal
tissue,>” was also detected by DESI-FAIMS-MS at higher relative abundances in the Her2-

cancer tissue analyzed.

CONCLUSION

In conclusion, we describe the successful optimization of DESI for protein
detection and further coupling to a FAIMS device for protein imaging directly from
biological tissue sections. In our experiments, addition of FAIMS at parameters optimized
for protein transmission reduced the mass spectra noise and transmission of background
ions, resulting in a higher S/N of protein ions and thus improved imaging contrast and
quality. We further demonstrate on-tissue top-down protein identification using UVPD and
CID for identification of abundant protein ions detected by DESI-MS. While this study
shows a noteworthy advancement for DESI-MS imaging, it represents an initial step

towards in-depth tissue proteomics applications. Most protein species detected are highly
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abundant in biological tissues, such as hemoglobin and S100 proteins. Thus, additional
optimization of this platform is needed to improve the desorption efficiency of lower
abundant proteins from thin tissue sections. Nevertheless, although protein coverage by
DESI-MS imaging remains vastly poorer to the coverage achieved through traditional LC-
MS/MS of tissue extracts and MALDI-MS imaging workflows,**-* the ability to rapidly
image intact proteins from tissue sections with minimal sample preparation and under
ambient conditions suggests DESI-MS as a promising tool for top-down proteomics, with

potential applications in cancer imaging and diagnosis.
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Chapter 4: Clinical Translation and Evaluation of the MasSpec Pen
Technology for Surgical Use?

INTRODUCTION

Clinical implementation of new technologies that can augment tissue assessment is highly
desirable to improve disease diagnosis and to guide clinical and surgical decision-making
I3, Tissue evaluation is particularly critical in the surgical excision of solid cancers to
assess completeness of tumor resection and surgical margin status . Intraoperative tissue
assessment is conventionally accomplished by palpation, imaging, and histopathological
analysis of frozen tissue sections prepared from an excised surgical specimen. While these
procedures have vastly improved patient care over the last century °, frozen section analysis
in particular is time and labor intensive, susceptible to tissue processing artifacts that can
lead to subjective and occasionally unconfirmed diagnoses, and requires specific training
with a high level of anatomical pathology expertise. Beyond oncologic surgeries, surgical
procedures for excision of tissues in benign pathologies including thyroid and parathyroid
diseases are often hampered by difficulties in tissue identification due to organ similarities

by gross anatomy °. Failed excisions can have devastating consequences for patients

3 Adapted with permission from “Zhang, J., Sans, M., DeHoog, R. J., Garza, K. Y., King, M. E., Fieder, C.
L., Bensussan, A., Keating, M. F., Lin, J. Q., Povilaitis, S. C., Katta, N., Milner, T. E., Wendong, Y., Nagi,
C., Dhingra, S., Pirko, C., Brahmbhatt, K. A., Van Buren, G., Carter, S. A., Thompson, A., Grogan, R. H.,
Suliburk, J., Eberlin, L. S., Clinical Translation and Evaluation of the MasSpec Pen Technology for
Surgical Use. Clinical Chemistry 2021.” Copyright 2021 American Association of Clinical Chemistry. J.S.
and L.S.E. conceived and designed the study. J.Z., M.S., R.J.D., K.Y.G., M.EK., C.L.F., A.B. M.F.K,, and
J.Q.L. were responsible for mass spectrometry experiments in the OR. S.P. performed tandem mass
spectrometry data analysis. L.S.E, J.Z., J.Q.L., N.K. and T.E.M. carried out engineering design of Dual
Path MasSpec Pen control box. W.Y., C.N., and S.D. were responsible for pathological examination of the
clinical tissues obtained in this study. C.P., K.A.B, G.V.B., S.C., A.T., R H.G., and J.S. performed the
surgeries and tissue analyses. L.S.E., J.Z., M.S. and J.S. wrote the manuscript. All authors contributed to
data interpretation and revised and approved the final version of the manuscript.
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including the need for re-excision surgery, additional therapies, and lifelong
comorbidities’™.

New technologies capable of providing real-time tissue assessment during surgery
could greatly assist surgical decision-making, reduce operative time, and improve patient
care and outcome. Several imaging and molecular technologies have been developed for
intraoperative use. Fluorescence image-guided surgery has been in development for over
two decades and implemented for in vivo tissue identification and visualization in surgical
procedures '°. Optical techniques including Raman spectroscopy '!, optical coherence
tomography 2, reflectance spectroscopy '°, and stimulated Raman scattering microscopy
! have also been proposed for surgical guidance. Several mass spectrometry (MS)
techniques have been explored for rapid molecular analysis and intraoperative tissue
diagnosis '>2°. The iKnife technology uses rapid evaporative ionization MS to analyze the
surgical smoke generated by electrocauterization, allowing identification of normal and
diseased tissues based on the detection of mass spectral profiles 2!*2’. Laser ablation MS
techniques have also been proposed for intraoperative tissue analysis and identification
through the molecular analysis of the plume formed through laser ablation 8292228 We
have described the development of the MasSpec Pen technology for rapid tissue analysis
and cancer diagnosis based on the untargeted detection of molecular profiles characteristic
of a disease state 2. The MasSpec Pen operates via a liquid extraction mechanism in
which a solvent droplet gently extracts molecules from a tissue for mass spectrometry (MS)
analysis. We have previously reported performance for diagnosis of multiple cancer types

using ex vivo human tissues acquired from tissue banks as frozen specimens and analyzed
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in the laboratory and demonstrated feasibility for in vivo tissue analysis using a murine
model 2526, Recently, we described the development of a laparoscopic MasSpec Pen and
tested its use in a robotic surgery performed on a porcine model 2°. While our previous
laboratory studies with human tissues and in vivo testing with animal models have shown
feasibility of the technology for tissue analysis and diagnosis, amenability of use in vivo
and on freshly excised tissues in human surgeries within the context and complexity of the
surgical environment remained undetermined. Here, we describe the clinical translation of
the MasSpec Pen technology to the operating room (OR) for in vivo and ex vivo tissue
analysis in 100 surgical procedures over a 12-month period. Collectively, the results
obtained show that MasSpec Pen technology can be successfully implemented in an OR

and used by surgeons for non-destructive molecular analysis of tissues in human surgeries.

METHODS AND MATERIALS

Chemicals and Reagents

Sterile water (Deerfield, Illinois, USA) commonly used during surgery was provided by
the clinical staff and used for all analyses. Human whole blood was purchased from BiolVT
(Westbury, NY, USA). Silicon tubing, PTFE tubing, and heat shrink tubing were purchased
from Kinesis (Vernon Hills, IL, USA), MilliporeSigma (Burlington, MA, USA), and
Newark element14 (Chicago, IL, USA). Luer-locks were purchased from Cole-Parmer
(Vernon Hills, Illinois, USA). The other materials used to 3D-print the MasSpec Pen

devices were described in detail in our previous report °.
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MasSpec Pen Device and Operation

The MasSpec Pen devices were fabricated in the laboratory using 3D printing as previously
described 2. The devices contained a polydimethylsiloxane tip in which a reservoir is
connected to three distinct conduits and two PTFE tubes (4.5 meters). Upon tissue contact,
20 pL of sterile water was delivered through one of the PTFE tubes to the tip reservoir (2.7
mm of diameter), which was held in contact with the tissue (5 seconds). The water droplet
containing the extracted molecules was then transferred via the second tube to the heated
inlet of the mass spectrometer. The third conduit was left open to air to enable pressure
balance and assist droplet transport. All devices were discarded after each surgery
observing universal precautions. The MasSpec Pen interface/control box was designed and

fabricated at the University of Texas at Austin (Figure C4.1).

Dual path MasSpec Pen Operation

The MasSpec Pen interface/control box was designed and fabricated by the Instrument
Design and Repair Services at the University of Texas at Austin Department of Chemistry
(Figure C4.1). The interface houses an Arduino board (ELEGOO MEGA 2560 R3 Board),
a lab-built circuit board, two three-way solenoid pinch valves (Masterflex, Gelsenkirchen,
Germany). The “dual-path” MasSpec Pen interface was designed and programmed for the
clinical studies with two parallel systems that allowed simultaneous channel operation
under “analysis” or “priming” mode. Under the “priming” mode, the syringe pump was
activated by pressing a “refill” button, allowing pumping of 2.5 mL of water to fill the 4.5

meter PTFE tube (~ 15 seconds). A lab-built extended metal capillary was inserted into the
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mass spectrometer inlet, and to the third PTFE conduit of the MasSpec Pen connected to
the metal capillary through a silicon tubing. Two syringe pumps (Chemyx Inc, Stafford,
TX, USA) were connected to the control box, enabling parallel analysis and priming of the
MasSpec Pen devices. The clinical staff used the MasSpec Pen following an informal and
short training (~5 minutes) from the research team. At the time of tissue analysis, a foot
pedal was used to activate the analysis by triggering the delivery of a discrete water volume
(20 puL) to the MasSpec Pen tip, followed by 5 seconds of tissue analysis time, subsequent
aspiration of the droplets to the mass spectrometer, and a water flush of the system (106
uL). After 5 seconds of tissue contact time, subsequent aspiration of the droplet to the mass
spectrometer and a water flush of the system was performed automatically, as previously
described 2°. Note that this new interface was developed to improve operational efficiency
and did not entail any engineering or methodological changes to the device itself. To
facilitate communication of analysis status within the surgical suite, an LED system was
incorporated within the MasSpec Pen interface to announce data acquisition status during
surgery. A yellow light was used to indicate solvent delivery to the MasSpec Pen tip, a
purple light was used to indicate the tissue contact period, and a blue light was used to
indicate solvent transport from the pen to the mass spectrometer. Audio feedback, which
included a simple “ping” noise, was also incorporated to provide immediate feedback on
the completion of the necessary tissue contact time (5 seconds) for one analysis to the
attending surgeon(s) so that the surgeon(s) can remove the probe from the tissue site. Note

that sterile water and disposable sterile syringes were used in all procedures.
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Mass spectrometry

Experiments were performed on a Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass
spectrometer (Thermo Fisher Scientific) suited with the lab-built MasSpec Pen interface,
which was installed in an OR at a hospital affiliate of Baylor College of Medicine (Houston,
TX). Analyses were carried out in full scan (centroid mode) in the negative ion mode from
m/z 120 to 1800, using a resolving power of 140,000, capillary temperature of 400 °C, and
an S-lens radio frequency level of 100. Due to the strict time constraint for data acquisition
in the OR, tandem MS experiments with ex vivo tissues and analyses of human blood were
performed in the laboratory using a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass

spectrometer.

Data analysis
Mass spectral data was analyzed using XCalibur 3.1 Qual Browser. For cosine similarity
analyses, four mass spectra for each analysis were first normalized to their total ion current

and then averaged. Cosine similarity analyses were performed in the CRAN R language.

Permissions

The study was reviewed and approved by the Institutional Review Board (IRB) of Baylor
College of Medicine and the IRB of the University of Texas at Austin. The intraoperative
use of the MasSpec Pen was restricted to research purposes on patients pre-scheduled to
undergo surgery independently of our study. Written consent was obtained for all patients.

The data from the analyses were not communicated to the surgical team nor used in clinical
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decision-making. Patients scheduled to undergo parathyroidectomy, thyroidectomy, breast,
and pancreatic cancer surgeries were approached by the clinical research assistants prior to
surgery to participate in the study. Written consent was obtained for all patients that agreed
to participate in the study. The research team was notified by clinical research assistants if
the patient provided written consent to participate in the study so that MasSpec Pen
analyses could take place during the surgical procedure. Patient information was de-
identified by the clinical research assistants using a coding system, according to approved

IRB protocol.

RESULTS

Design and Translation of the MasSpec Pen System for Surgical Use

We designed the MasSpec Pen as a disposable handheld device integrated to a lab-built
interface that is connected to a high-performance mass spectrometer for direct, real-time
molecular analysis of tissues 2° (Supplementary Methods). For this pilot clinical study, the
disposable devices were assembled in the laboratory and transferred to the hospital
facilities for sterilization by autoclaving before surgical use (Figure C4.2). The mass
spectrometer was placed outside the OR sterile field, at a ~2 m distance from the operating
table (Figure 4.1). Due to this distance and OR workspace constraint, the MasSpec Pen
tubing length was extended to 4.5 m, which is three times longer than previously described

2526 resulting in ~15s analysis time without significant

(1.5 m) in laboratory experiments
impact on data quality (Tables C4.1 and C4.2). For example, Figure 4.2 shows the mass

spectra obtained from serial sections of mouse brain tissue analyzed with a 2.7 mm
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Mass
Spectrometer

MasSpec Pen
Control Box

Figure 4.1:  Incorporation of the MasSpec Pen system in the OR.

A Q Exactive Orbitrap mass spectrometer equipped with a MasSpec Pen Control Box was
installed in the OR. MasSpec Pen devices with 4.5 m tubing were fabricated in the
laboratory and autoclaved in the hospital prior to surgical use by the surgeons. The photo
was obtained during in vivo MasSpec Pen use in a thyroidectomy surgical procedure.
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MasSpec Pen probe connected to polytetrafluoroethylene (PTFE) tubing with 1.5 m, 3.0 m
and 4.5 m lengths. The tubing length was measured from the MasSpec Pen handheld device
to the mass spectrometer inlet. Similar molecular patterns were observed in the recorded
mass spectra, displaying high relative abundances of a variety of negatively charged ions,
identified as lipid species typically observed from mouse brain tissue sections using
MasSpec Pen and other ambient ionization techniques. For example, m/z 834.529
(identified as [PS(40:6)-H]), m/z 885.550 (identified as [PI(38:4)-H]"), and m/z 790.539
(identified as [PE(40:6)-H])), were observed at high relative abundances in the mass
spectra obtained from the grey matter of mouse brain. Please note that less similarity was
observed in the mass spectra profiles in the m/z 120-400 range, where fluctuations in the
intensities of background ions including m/z 297.153, m/z 311.168, and m/z 325.164 are
often observed in our MasSpec Pen analyses. These ions are not biologically related and
likely arise from impurities in the water used or the PTFE tubing. Biologically related ions
at the lower m/z range including m/z 146.044 (identified as glutamate), m/z 175.023
(identified as ascorbate), and m/z 255.233 (identified as FA 16:0), are consistently detected
in the mass spectra. As shown in Figure 4.2, the signal intensity or total ion count obtained
for the mass spectra acquired using the 1.5 meter tubing length was 2.21 E5, using the 3.0
meters tubing length was 5.27 ES, and using the 4.5 meters tubing length it decreased to
3.29 E4. An average cosine similarity of 0.93 (n=12) was achieved for the mass spectra
obtained with various tube lengths, which indicates that the molecular information obtained
is reproducible and independent of tube length (Table C4.1). Additionally, the transfer time

of the entire droplet volume plus flush used from the pen tip to the mass spectrometer
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Figure 4.2: Mass spectra acquired with different MasSpec Pen tubing lengths.

The data quality obtained at different tubing was evaluated using mouse brain tissue
sections. As observed, similar molecular profiles were obtained at different transfer times
using (A) 1.5 m, (B) 3.0 m, and (C) 4.5 m tube lengths, although a lower total ion count
(NL) was detected with the 4.5 m tube.
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inlet was measured for each length tested, yielding 3.8 s+ 0.5 s (n=10), 5.8 s = 0.7 s (n=10),
for tube lengths of 1.5 m, 3.0 m, and 4.5 meters, respectively (Table C4.2). Thus, to
maximize safety in our study by allowing flexibility in the placement of the tubing between
the operating table and the mass spectrometer and avoid a potential tripping hazard, the
4.5-meter MasSpec Pen device was implemented in the OR, yielding a total analysis time
of ~15 seconds from tissue contact to completion of mass spectra data acquisition without
impact on data quality, and 7.5 s £ 0.4 s (n=10).

The “dual-path” MasSpec Pen interface was designed and programmed with two
parallel systems allowed simultaneous channel operation under “analysis” or “priming”
mode, and negligible time lag when using a new device (Figure C4.1). To facilitate
communication in the OR, an LED and audio signaling system incorporated within the
interface were used to announce data acquisition status during surgery, providing

immediate feedback to the attending surgeon(s).

Clinical Use by Surgeons and Surgical Staff

The MasSpec Pen technology was used by 7 different surgeons and surgical teams to
analyze multiple tissue sites in vivo along with freshly excised tissue specimens during 100
surgical procedures (September 2018-August 2019). Prior to each surgery, MasSpec Pen
devices were brought onto the sterile field by the surgical technologists, connected to the
interface, and set up by the research team. To perform the analyses, the surgeon positioned

the MasSpec Pen tip on the desired tissue site and the system was activated via a foot pedal.
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Note that the research team was not permitted to cross onto the sterile field nor operate the
devices during the surgical procedures.

Tables 4.1 and C4.3 provide detailed information on patient cases. In total, 270
MasSpec Pen devices were used to collect mass spectral profiles from 715 in vivo and ex
vivo analyses of healthy and diseased thyroid, parathyroid, lymph node, breast, pancreatic
and bile duct tissues, with 1-6 MasSpec Pen devices used per surgery. While multiple
analyses were obtained with the same MasSpec Pen when amenable and at the surgeon’s
discretion (Figure C4.3), a different device was used for different tissue types to prevent
any potential cross-contamination between different tissue types. A “water wash” was
employed between devices when surgical timing allowed to do so, in order to evaluate
background signal and thus potential contamination of the system and mass spectrometer
interface. The “water wash” background was collected by triggering the pedal and
conducting the analysis without touching a tissue. Figure. 4.3 shows the mass spectra
obtained from a water background and tissue analyses during a total parathyroidectomy
procedure. In the surgery, a first pen was used to analyze parathyroid tissue. After analysis,
a new pen was activated and a water wash background was collected, as shown in the top
mass spectra in panel A. As observed, the water background mass spectra did not present
the characteristic lipid and metabolite profiles obtained from tissue analysis, regardless of
previous tissue analyses performed with other MasSpec Pen devices during the surgery.
Following the water wash, analyses of a lymph node were performed, yielding rich mass
spectral profiles with many biologically relevant species (center mass spectra in panel A).

A third pen was then activated in the system for subsequent analysis of thyroid tissue. As
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Table 4.1: Summary of patient demographics, clinical indications, and procedures.
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Figure 4.3: Mass spectra obtained during a total thyroidectomy for papillary thyroid

cancer (THOO11).

A) A water background mass spectrum (top) was first collected using a new MasSpec Pen
device prior to sampling a lymph node in vivo (center). After tissue analysis, the MasSpec
Pen was discarded, and a new device was used for subsequent sampling. The water
background mass spectrum obtained with the new MasSpec Pen device in shown in the
bottom. (B) Zoom in the metabolite region from m/z 100-350.
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seen in the bottom mass spectra in panel A, the background mass spectrum obtained with
the third pen did not present biological peaks associated with tissue analyses, with the
exception of palmitic acid at m/z 255.233, often detected as a background ion. A zoom-in
the low m/z region is shown in panel B to facilitate visualization of detected metabolites.
Note that due to the limited time available for tissue analysis in the OR and the constraints
of the surgical workflow, systematic evaluation of the extent of cross-contamination
between analyses using the same pen was not pursued, and will be further explored in
future laboratory and OR studies. Also note that variation in the mass spectra obtained from
water backgrounds was commonly observed in our experiments, which we have
presumably associated with variations in residual compounds from the autoclaving
process, pen materials, and/or water impurities.

Figure. 4.4A shows images of the MasSpec Pen being used to analyze a thyroid on
the operative field prior to its excision during a thyroidectomy (left image, TH0001) and
breast cancer tissue prior to excision during a bilateral lumpectomy (right image, BR0006).
Images of a freshly excised thyroid specimen before, during, and after analysis are shown
in Figure 4.4B. No apparent macroscopic damage to any of the tissues analyzed in vivo or
ex vivo due to MasSpec Pen analysis was observed by the surgical and research team,
corroborating previous findings . Further, no apparent microscopic damage was identified
by the pathologists for cases where frozen section analyses were performed on the same
tissues analyzed by the MasSpec Pen, as shown in selected H&E images of clinical frozen

(breast tissue sections (BR0006, Figure 4.4C). Accordingly, while some macroscopic
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Figure 4.4: Intraoperative use of the MasSpec Pen for in vivo and ex vivo tissue
analyses.

A) Images showing in vivo MasSpec Pen analysis of a thyroid gland (TH0001, left) during
thyroidectomy procedure, and analysis of breast tissue in a lumpectomy prior to surgical
excision (BR0006, right). (B) Images of a freshly excised thyroid specimen prior, during,
and after ex vivo MasSpec Pen analysis. (C) Optical images provided by the pathology
department of H&E stained frozen tissue sections from specimens analyzed with the
MasSpec Pen in vivo (top) and ex vivo (bottom) during a lumpectomy procedure (BR0006).
Scale bar = 1 mm
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blood staining was expected and noted on the tissue contact portion of the device, no

observable tissue fragments were seen in the pen tip or tubing (Figure C4.4).

Molecular Analysis of In Vivo and Freshly Excised Tissues

Rich molecular profiles were detected intraoperatively with the MasSpec Pen, showing
high relative abundances of various metabolites and lipid species previously characterized
as potential disease markers in human tissues '® 2+2-3% Figure 4.5 shows negative ion
mode mass spectra obtained from various tissue types analyzed in vivo during separate
surgical procedures. Proposed attributions, molecular formulae, and mass errors for
annotated species are provided in Table C4.4. Figure 4.5A shows an in vivo mass spectrum
obtained from a right thyroid gland prior to its excision during a hemithyroidectomy
performed on a patient with papillary thyroid cancer (TH0003). Among many peaks, high
relative abundance of peaks tentatively identified as iodine, ascorbate, hexose, fatty acid
[FA] 18:1, FA 20:4, glycerophosphoethanolamine [PE] 38:4, glycerophosphoserine [PS]
36:1, m/z 822.477 (unidentified), and glycerophosphoinositol [PI] 38:4 were detected.
These molecular species were consistently detected in the mass spectra from thyroid tissues
analyzed in vivo across various surgical procedures, a few of which are color-coded in the
mass spectra provided in the top panel of Figure. 4.6A for a benign thyroid analyzed in
vivo during a subtotal parathyroidectomy procedure for tertiary parathyroidism (PT0008).
Similar species were also detected intraoperatively on the excised thyroid tissue (Figure
4.6A, middle panel) for the same procedure (PT0008), and have been previously described

in banked thyroid tissues analyzed in the laboratory ex vivo using the MasSpec Pen (Figure
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Figure 4.5: Mass spectra obtained from in vivo MasSpec Pen analyses of various tissues
in multiple surgical procedures.

Molecular data were obtained from (A) thyroid tissue during a right hemithyroidectomy
procedure for papillary thyroid cancer (TH0003, average of 15 scans), (B) right inferior
parathyroid during a parathyroidectomy procedure for primary hyperparathyroidism

(PT0040, average of 29 scans), (C) lymph node during a total parathyroidectomy procedure

for papillary thyroid cancer (THOO11, average of 23 scans), (D) breast tissue during a right

mastectomy for grade III intraductal carcinoma (BROO0O1, average of 4 scans), (E)
pancreatic tissue during a Whipple procedure for a pancreatic mass (PN0011, average of 4

scans) and (F) bile duct margin during a Whipple procedure for a cholangiocarcinoma
(PN0004, average of 13 scans). Note that in vivo analysis of the bile duct yielded a distinct
mass spectrum with high relative abundance of bile acids in addition to metabolites and

lipid species, including ions at m/z 448.307, m/z 464.302, m/z 498.290, and m/z 514.285,
identified as the bile acids chenodeoxyglycocholate, glycocholate, taurodeoxycholate,

taurohyocholate, respectively. Annotations for a subset of species are provided. Molecular

formulas and mass errors are provided in Table C4.4. Abbreviations: FA — fatty acid, PE
— glycerophosphoethanolamine, PS — glycerophosphoserine, PI — glycerophosphoinositol.
Total ion count (NL) for the mass spectra are shown in each panel.
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Figure 4.6: Comparison between mass spectra obtained with the MasSpec Pen in vivo
and ex vivo.

(A) Comparison between mass spectra obtained in vivo (average of 9 scans) and ex vivo
(average of 11 scans) in the OR from the analysis of the same benign thyroid with the
MasSpec Pen during a subtotal parathyroidectomy procedure for tertiary parathyroidism
(PT0008), and ex vivo mass spectrum (average of 7 scans) obtained from a thawed banked
benign thyroid tissue that was previously acquired in the laboratory by researchers using
the same instrument but with a 1.5 m tube length MasSpec Pen device 2°. (B) Comparison
between mass spectra obtained in vivo (average of 12 scans) and ex vivo (average of 12
scans) in the OR from the same breast tissue in a lumpectomy procedure (BR0006), and
the ex vivo mass spectrum (average of 9 scans) obtained from a thawed banked benign
breast tissue acquired in the laboratory by researchers using the same instrument but with
a 1.5 m tube length MasSpec Pen device 2°. A few representative peaks corresponding to
molecules previously identified in thyroid and breast tissues are color-coded to facilitate
their visualization within the mass spectra. Annotations are also provided for a subset of
the species. Note that the peak annotated as lactate in the bottom mass spectrum of panel
A corresponds to the sodium bound dimer. Total ion count (NL) for the mass spectra are
shown in each panel.
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4.6A, bottom panel) 2°. Note, however, that variations in the mass spectral profiles and a
significant decrease in the total ion count were observed when comparing the intraoperative
data with the data previously acquired by researchers from banked tissues in our laboratory,
as shown in Figure C4.5. To evaluate changes in total ion count obtained in the mass spectra
acquired intraoperatively with mass spectra obtained previously in the controlled
laboratory environment, we calculated the average total ion counts (NL units) for all the
mass spectra acquired in vivo, ex vivo, and in the laboratory (as we reported in reference
17), and used a Wilcoxon test to evaluate if the change was significant. For breast, a total
of 42 in vivo OR mass spectra, 31 ex vivo OR mass spectra, and 45 ex vivo laboratory mass
spectra were considered. For thyroid, a total of 120 in vivo OR mass spectra, 71 ex vivo OR
mass spectra, and 56 ex vivo laboratory mass spectra were considered. As shown in Figure
C4.5, no statistically significant change was observed when comparing the total ion counts
obtained in vivo versus ex vivo in the OR (p > 0.05), while a statistically significant change
in the total ion abundance was observed when compared to the lab data obtained from
frozen-thawed tissues (p < 0.05). We speculate that several variables could contribute to
the lower total ion counts observed in the mass spectra obtained from the OR: tube length,
fresh versus frozen-thawed tissue, user experience, among others. Note that changes in
total ion abundance are common in techniques that employ direct analysis by mass
spectrometry, and that profiles or S/N ratios for selected peaks are a more meaningful way
to compare similarities in the data achieved

In vivo analyses were also performed in 11 breast cancer operations, yielding mass

spectra with high relative abundances of several metabolites and lipids previously
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characterized in breast tissues with the MasSpec Pen and other MS techniques '®2%3°. For
example, Figure 4.5D shows the mass spectrum obtained from breast tissue in vivo during
a right mastectomy performed on a patient with grade III intraductal carcinoma (BR00O01).
As observed, high relative abundance of peaks tentatively identified as FA 18:2, FA 18:1,
PE plasmalogen [PE-P] 36:4, PE-P 38:4, PS 36:2, PI 36:2, and PI 38:4 were detected
among many other peaks. A sentinel lymph node (SLN) biopsy was also performed during
the procedure on patient BRO0OO1. The specimen was analyzed ex vivo using the MasSpec
Pen prior to processing for frozen section analysis (Figure 4.7). Analyses of lymph nodes
both in vivo and ex vivo were conducted in 5 of the 11 breast cancer procedures (Table
C4.3). Ex vivo measurements of excised breast specimens were also performed in all but
one of the procedures (BR000S). Figure 4.6B shows the mass spectra obtained in vivo of a
healthy breast tissue in a breast lumpectomy procedure prior to excision (BR0006), ex vivo
from a different region of the healthy breast tissue immediately following its resection, and
ex vivo from a banked healthy breast tissue previously analyzed in the laboratory using the
MasSpec Pen 2°. Several peaks corresponding to molecules previously identified in breast
tissues are color-coded to facilitate their visualization within the mass spectra (Figure 4.6B)
(27). As observed, several metabolites, fatty acids, and lipids were commonly detected
intraoperatively, as also seen in other breast cancer procedures tissues analyzed in the OR
(BR0003, Figure 4.8). Yet, many metabolites detected in vivo were not detected in the ex
vivo analysis for this specific tissue, which is likely due to sampling of different tissue
regions in vivo (performed by the surgeon) and ex vivo (performed by the surgical assistant)

within the breast specimen. The MasSpec Pen was also used to
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Figure 4.7: Ex vivo mass spectrum obtained from MasSpec Pen analysis of an excised
lymph node sample during a right mastectomy procedure with sentinel node
biopsy on a patient with grade III intraductal carcinoma (BR00OT).
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Figure 4.8: Mass spectrum obtained from MasSpec Pen ex vivo analysis of an excised
breast specimen during a second surgery right breast lumpectomy for re-
excision of a positive ductal carcinoma in situ margin (BR0003).
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analyze pancreatic and bile duct tissues in vivo and ex vivo during 14 pancreatic surgical
procedures. Results for pancreatic and bile duct tissue analyses are exemplified in Figure

4.5E (PN00011) and Figure 4.5F (PN0004).

Intraoperative Detection of Blood and Exogenous Species

Blood-related ions were observed at generally higher relative abundances in the mass
spectra collected from in vivo and freshly excised tissues when compared to ex vivo mass
spectra previously acquired in the laboratory with banked tissues (Figure 4.5, Figure C4.6)
2526 In particular, m/z 615.171, identified as deprotonated heme (Figure C4.6 and Figure
C4.7), and a series of multiply charged ions in the m/z 1200-1800 range, identified as
deprotonated hemoglobin subunits (Figure C4.8), were detected at varied relative
abundances in the mass spectra acquired intraoperatively. Heme and hemoglobin were also
detected when directly analyzing human blood, with heme in particular detected at high
relative abundances (Figure C4.9). Other exogenous species including sodium chloride
cluster peaks from m/z 200-1300 associated to the saline solution used for irrigation (Figure
C4.10), a heavy fluorinated compound (C3HFsSOx") at m/z 246.951 (Figure 4.5 and 4.6) *!,
identified as hexafluoroisopropyl sulfonate (HFIPS), a suspected secondary metabolite of
the anesthetic compound sevoflurane (Figure C4.11) *, and an ion at m/z 543.164 (Figure
4.5D, Figure 4.6B) identified as isosulfan blue (lymphazurin), the blue dye used as a SLN
mapping agent in breast surgeries >, were also detected in the mass spectra acquired in

several surgical cases. HFIPS had also been previously detected in our laboratory by

desorption electrospray ionization mass spectrometry analysis of prospectively collected
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31 and was identified as a heavy fluorinated

specimens from endometriosis surgeries
compound (C3HFsSO4) of possible anesthetic origin. The detection of m/z 246.951 at high
relative abundances in the mass spectra collected in this study with the MasSpec Pen from
in vivo and freshly excised specimens during surgery supported the identification of this
species as hexafluoroisopropyl sulfonate (HFIPS), a suspected secondary metabolite of
sevoflurane, an anesthetic compound used during surgery. To corroborate this hypothesis,
we performed an experiment to biosynthesize HFIPS by incubating HFIP, a known
metabolite of sevoflurane produced by Cytochrome P450 2E1, with rat liver S9 and 3’-
Phosphoadenosine-5’-phosphosulfate.’> The resulting product was analyzed by ESI-

MS/MS revealing similar fragmentation patterns to those obtained from tissue samples,

thus supporting its identification as HFIP-sulfonate (Figure C4.11).

DISCUSSION

In this study, we report the clinical implementation of the MasSpec Pen technology in an
OR and its direct use by surgeons and clinical staff to effectively and rapidly acquire
molecular data during surgical procedures. The MasSpec Pen interface was re-designed to
improve efficiency of use and communication to the clinical staff while minimizing
disruptions to the surgical workflow. To maximize safety for patients and surgical staff, a
tube length of 4.5 meters was used in all surgical procedures, all materials were sterilized
before use, and sterile water and syringes were used. The surgical teams indicated the
MasSpec Pen analysis procedure was efficient, well-tolerated, and no device specific

intraoperative or postoperative complications to patients were reported.
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The MasSpec Pen allowed gentle and effective extraction of biomolecules in vivo
and from freshly excised tissues using a small volume (20 pL) of sterile water, without
causing any apparent microscopic or macroscopic tissue damage. Mass spectral profiles
were obtained in vivo and ex vivo from a total of 177 organs during 100 surgeries, including
healthy and diseased thyroid, parathyroid, lymph node, breast, pancreatic and bile duct
tissues. The capability to obtain molecular information in vivo and from fresh specimens
while preserving tissue integrity is critical to ensure patient safety and avoid damage to
healthy tissues, as well as to facilitate integration with standard-of-care procedures. Other
MS technologies proposed for intraoperative use rely on more invasive methods to achieve
molecular analysis, such as vaporization or laser ablation, which may impede pathologic
evaluation of the tissue area analyzed and/or damage tissues in vivo. In this study, no
limitations to histologic tissue processing or diagnosis were identified via frozen section
and/or final pathology analyses by the pathology department due to MasSpec Pen use in
the surgical procedures and tissues analyzed, as exemplified by the H&E images of breast
tissue sections obtained from clinical frozen sections analysis of the tissue regions analyzed
in vivo and ex vivo by the MasSpec Pen (Figure 4.4C).

The molecular spectral profiles obtained intraoperatively from in vivo and ex vivo
analyses showed high relative abundances of metabolites and lipid species previously
characterized as disease markers in human tissues using the MasSpec Pen and many other
MS techniques '®2427-30_ Several of the detected molecules have been described to have
biological significance in disease progression or treatment **6. Note that tissue analysis

with the MasSpec Pen does not directly yield quantitative molecular information and that
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a decrease in total ion counts was observed in the mass spectra acquired intraoperatively
when compared to laboratory data (Figure 4.6), which could be associated with the fresh
versus frozen-thawed nature of the tissue analyzed, the user experience, longer tube length,
and/or other variables. As expected in surgical procedures, detection of blood-related ions
was observed in the mass spectra obtained from in vivo and freshly excised tissues (Figure
4.5, 4.6, 4.7, 4.8, C4.7, C4.8, and C4.9). Spectral interferences due to blood during
intraoperative tissue analysis have been previously described for other technologies,
including fluorescence-guided surgeries *7%. For example, presence of blood has been
shown to affect the fluorescence of molecular probes used in fluorescence-guided brain
tumor surgeries, causing both quenching and increases in overall signal 3. Moreover,
contamination of optical devices with blood have been shown to block light transmission
in fluorescence-guided procedures 3’. These challenges have been largely mitigated though
the implementation of device cleaning protocols and development of computational
methods for spectral subtraction of the blood-related effects observed in the fluorescence
signal *. Using MS, the most prominent spectral features associated with blood can be
identified with high mass accuracy/resolution and the chemical specificity provided by MS.
The data acquired in our study suggests that the detection of heme and hemoglobin ions
due to residual blood on in vivo and freshly excised tissues does not strongly contribute to
or preclude detection of lipid and metabolite profiles from tissues. Similarly, other
exogenous compounds, such as HFIPS and isosulfan blue detected in various mass spectra
acquired did not hinder detection of endogenous molecular species. Thus, while the

intraoperative data obtained shows evidence that the MasSpec Pen allows extraction and
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detection of biologically relevant molecules in vivo and from freshly excised specimens,
including molecules that we have previously reported as predictive features in statistical
models (27), additional studies are needed to systematically evaluate the effect of
interfering compounds on the molecular profiles and, more relevantly, on statistical
prediction results.

A few operational and technical challenges were identified during the
intraoperative studies. A decrease in instrument performance due to contamination of the
first-stage ion optics following consecutive surgeries was noted within the first two months
of the study, similar to what reported by others "*3°. A momentary loss in system status
occurred in 9 of the 100 surgeries due to vacuum instability, requiring instrument reboot.
In one of the surgeries (PN0010), the instrument performance was below operational
standards, precluding data acquisition. Following this occurrence, we implemented
standard cleaning and calibration procedures at approximately every 10 surgeries. Multiple
practical approaches are being explored to reduce contamination and improve instrument
robustness and ease of maintenance. For example, a rapid and automated washing flush
that is diverted from the mass spectrometer into a waste bottle is being incorporated into
the programmed analysis steps to reduce buildup in the ion optics and the total volume of
water introduced to the mass spectrometer per analysis, as well as to improve reusability
of the device during surgery. Efforts to reduce contamination of the mass spectrometer
during in vivo use by redesign of the ion optics components have been reported by other

21,39

methods , and may be explored in future iterations of a clinical mass spectrometer to

improve robustness and ease of maintenance. We have previously tested the performance
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of the MasSpec Pen to differentiate normal from cancerous ovarian tissues ex vivo using a
lower performance ion trap mass spectrometer, which is smaller and less costly than the
Orbitrap, as a potential alternative mass spectrometer for selected intraoperative
applications 2°. Concerns regarding the mass spectrometer size (95 x 83 x 91 cm) and
vacuum pump noise levels (~70 dB) were reported by OR personnel. However, no
identified effects on patient care or progress of the surgical procedures was reported as a
result of the instrumentation. The challenges and opportunities identified in this pilot study
give rise to the potential for the development of a console-type mass spectrometer as a
portable wheeled unit to facilitate implementation and allow use across multiple ORs.
Importantly, the surgical and clinical staff universally confirmed the potential of the
technology warrants further investigation and development in order to benefit future patient
care.

Note that there are limitations to this study. Foremost, this is a prospective cohort
pilot study conducted at a single clinical center to evaluate technical feasibility of a new
intraoperative technology and was not powered or designed to evaluate diagnostic
performance or differences in clinical outcomes. Thus, surgical procedures for various
clinical indications were included in this study to reflect the variety of surgeries,
techniques, and specialties at the clinical center. Future studies with larger cohorts of
patients and procedures are needed to evaluate the data obtained per each tissue type and
to enable a rigorous comparison between the mass spectra from normal and diseased tissues
and diagnostic performance in the intraoperative setting. A clinical protocol for tissue

annotation is being optimized to allow precise pathological evaluation of the tissue area
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analyzed as sample marking for pathology correlation was not incorporated in this initial
study. Statistical modeling and prediction of a larger dataset will be systematically
performed for each indication in consecutive studies to evaluate the diagnostic and
intraoperative performance of the MasSpec Pen for tissue identification and surgical

margin evaluation.

CONCLUSION

To conclude, we describe the successful translation and intraoperative use of the
MasSpec Pen technology by surgical teams for direct molecular analysis of in vivo tissues
on diverse operative fields and of freshly excised tissues from 100 patients undergoing a
variety of surgical procedures. Importantly, implementation of the MasSpec Pen
technology did not impact pathologic tissue evaluation nor cause any reported
complications to the patients. Following clinical studies with larger cohorts of patients
undergoing cervical, breast, and pancreatic cancer operations will be pursued to evaluate

diagnostic performance and potential in guiding surgical decision-making.
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Chapter 5: Development of the MasSpec Pen for Rapid Evaluation of
Surgical Margins During Breast Conserving Surgeries*

INTRODUCTION

Breast conserving surgery (BCS) is the standard of care option in the surgical management
of women diagnosed with early stage breast cancer, including invasive ductal carcinoma
(IDC). IDC is the most common type of breast cancer, representing approximately 80% of
all breast cancer diagnoses. Effective and successful BCS for IDC entails resection of the
tumor with a margin of normal tissue surrounding the excised specimen and is required to
decrease local recurrence and prevent re-excision surgeries.!” Surgical margins of the
resected specimen are traditionally evaluated postoperatively by microscopic
histopathological assessment of fixed tissue sections, with negative margins considered no
tumor on ink for IDC.? However, clinical studies report positive margins in ~20-40% of
breast conserving surgeries.>*> As such, patients are recommended for additional surgery
to ensure complete cancer removal, leading to increased risk of morbidity, patient anxiety,

a less desirable aesthetic outcome, and increased health care costs.®® Pathology'®!!,

12-13 14-15

spectroscopy'?!®, and imaging!*!®, among others'®!’, based technologies have been
developed to intraoperative margin evaluation, with clinical studies reporting re-excision
rates as low as 4% when utilized.'® Yet, these techniques are not routinely used as standard
methods for intraoperative margin evaluation as they require specialized training for
operation, preference and accuracy varies across institutions, and can be time and labor

intensive.'® ¥

4 In preparation
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Many technologies are currently being developed and evaluated for the
intraoperative detection of breast cancer at the surgical margins during BCS, with the intent
to reduce the number of re-excision surgeries.!®"!” Molecular based technologies, such as
mass spectrometry (MS), offer the exciting opportunity to implement molecular
information into the surgical environment to assist in decision making during surgical
resection. MS has been successful in distinguishing normal tissue from cancerous lesions
based on distinct molecular differences with high sensitivity and chemical specificity.?’
Desorption electrospray ionization (DESI) MS has been applied to the ex vivo analysis of
normal and cancerous breast tissue sections, detecting molecular changes associated with
the disease.?!”?* Capitalizing on this, several MS based approaches have been developed
for the in vivo detection of various types of cancer, including breast cancer.’*?* For
example, rapid evaporative ionization mass spectrometry (REIMS) has been used to
investigate alterations in the molecular information of frozen and fresh normal and

cancerous breast tissue®6?’

and demonstrated intraoperative use in a proof of concept
study.?* While other MS devices have also been developed for in vivo cancer detection®®
2 they have not been tested intraoperatively or applied to the detection of breast cancer.
We have developed a handheld and biocompatible MasSpec Pen device integrated
to a mass spectrometer for direct and rapid molecular analysis of human tissue.?> 3! Upon
contact with tissue and press of a foot pedal, a discrete water droplet is delivered to the
MasSpec Pen reservoir where it interacts with the tissue, gently extracting metabolites and

lipids into the droplet. The droplet containing the extracted molecules is then transported

into the mass spectrometer for molecular analysis. The MasSpec Pen has previously been

121



applied to the ex vivo molecular evaluation of various human cancers, including breast,
lung, thyroid, and ovarian cancer, yielding a cross validation accuracy (CV) over 96%
using the least absolute shrinkage and selection operator (Lasso).2> More recently, the
MasSpec Pen has been translated into an operating room (OR) for clinical feasibility testing
during open human surgeries’?, and a laparoscopic version has been evaluated for use

during robotic-assisted surgery of a porcine model.*!

Here, we describe the application of
the MasSpec Pen for the analysis of healthy breast and IDC tissues and build molecular

classification models for disease prediction to evaluate its diagnostic performance for

assessment of human banked, freshly excised, and in vivo breast tissue.

METHODS AND MATERIALS

Banked tissue samples

A total of 143 deidentified, banked frozen normal breast and IDC were retrospectively
collected from the Cooperative Human Tissue Network (CHTN) under approved
Institutional Review Board (IRB) protocol from 2016-2018. Tissue samples were stored

at -80°C prior to MasSpec Pen analysis.

MasSpec Pen analysis of banked breast tissue samples

The MasSpec Pen coupled to a Q Exactive mass spectrometer (Thermo Scientific) was
used to analyze 79 healthy breast and 64 IDC tissue samples in four batches. Tissue samples
were thawed in ambient conditions prior to MS analysis. Data was collected in the negative
ion mode from m/z 120-1800 using a resolving power of 140,000. For analyses performed

in our laboratory, a tubing length of 1.5 m and a pen tip reservoir diameter of 2.7 mm was
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used. Following MS analysis, a surgical ink stain was applied to the tissue to demarcate
the region analyzed by the MasSpec Pen for a direct correlation of histology with the mass
spectra. Samples were then immediately flash frozen in liquid nitrogen and sectioned at 5-
10 uM thickness with a CryoStar NX50 (Thermo Scientific) for pathological evaluation by
C. N., a board-certified pathologist. Tandem MS of selected ions was performed on a Q

Exactive HF mass spectrometer for ion identification.

Pathological evaluation of tissue sections

Pathological evaluation of H&E stained tissue sections of each sample was performed to
determine the tissue composition and histology within the analyzed region, which was
demarcated with surgical ink. Evaluation was performed by C.N., and all tissue sections
were assessed blindly. Normal breast tissue was typically composed of adipose and
connective tissue as well luminal cells lining normal breast ducts. The major histological
component of IDC tissues were tumor cells although lymphocytes, DCIS, and stroma were
present as well. Histological features were carefully considered when extracting data to

build classification models for disease prediction.

Intraoperative clinical testing of the MasSpec Pen during breast cancer surgeries

The clinical study was conducted at Baylor St. Luke’s Hospital (Houston, TX) from
September 2018-June 2021 under approved IRB protocol from Baylor College of Medicine
and The University of Texas at Austin. Patients were considered eligible for enrollment in
our study if they were scheduled to undergo breast surgery, including lumpectomy or

mastectomy procedures, independently of our study with S.A.C, A.T., or E.B.. Eligible
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patients were identified at least one week prior to the scheduled surgery. On the day of the
surgery, patients were informed of the study, and those who agreed to participate provided
written consent. While a total of 20 patients agreed to enroll, MasSpec Pen data was
collected only in 18 cases as there were last minute scheduling changes for Case 16 and 17
that prevented data acquisition.

A Q Exactive mass spectrometer (Thermo Scientific) equipped with the MasSpec
Pen system was installed in an OR. The tubing length was increased to 4.5 m to fit the OR
environment. Three to four autoclaved MasSpec Pen devices were placed in the surgical
field for in vivo breast and lymph node analyses. An additional pen was placed next to the
mass spectrometer, outside of the surgical field, and reserved for ex vivo analyses of freshly
excised breast and lymph node specimens. Prior to the start of the surgery, UT research
personnel connected one end of the tubing to the mass spectrometer. /n vivo MasSpec Pen
analyses were performed by attending surgeons S. A. C., A. T., and E. B., while ex vivo
analyses were performed by C. P. and K. B. immediately following tissue resection. Data
and results were not communicated to the surgical staff, and no statistical analysis or

disease prediction was performed during the surgery.

Statistical analyses

Three mass spectra were averaged and exported as a .csv file for each sample analyzed in
our laboratory at UT. The data was imported into R studio for preprocessing and statistical
analysis. The data was binned to 0.01 m/z, and m/z values appearing in less than 10% of

the data set were removed. Data was then background subtracted and normalized to the
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total ion count. The least absolute shrinkage and selection operator (Lasso) was performed
using the glmnet package in the R CRAN language library. Two classification models were
built including a model for differentiation of healthy breast from IDC and a model for
discriminating healthy nodes from nodes with IDC metastasis. The statistical classifiers
were generated using data obtained from the MasSpec Pen analysis of tissue samples
histologically validated by a pathologist (C.N.) via tissue sections. Training sets of samples
were used to build each classifier, and model performance was evaluated using leave one
out cross validation (LOOCYV). The diagnostic performance of the normal breast vs IDC
model was further assessed by predicting on a validation and independent test set of
samples. Accuracy, sensitivity, and specificity for all prediction results were calculated
based on agreement with pathological evaluation.

In vivo and ex vivo breast and lymph node data acquired in the OR were predicted
on using the respective models. Lasso prediction results for in vivo tissue that were not
surgically resected were compared to surgical gross assessment. Prediction results for in
vivo and ex vivo data of the excised suspected tumor were compared to frozen section

analysis, if performed, and postoperative pathological assessment.

RESULTS

Molecular analysis and statistical prediction of banked breast tissue samples

The MasSpec Pen was used to analyze 143 banked normal breast and IDC tissue samples
to evaluate its potential for detecting IDC at the surgical margins of the primary specimen.

We observed rich molecular profiles composed of a diverse array of metabolites and

125



complex glycerophospholipid (GP) species in normal breast and IDC mass spectral profiles
(Figure 5.1A). For example, small metabolites including ascorbic acid (m/z 175.203),
hexose (m/z 215.031), glutathione (m/z 306.076), and glutamate (m/z 146.046) were
detected both tissue types. Various GP classes were also detected in healthy breast and IDC
tissue, such as phosphatidylinositol (PI), phosphatidylethanolamine (PE), and
phosphatidylserine (PS). Mass spectra obtained from IDC tissues were characterized by
the high relative abundances of PI species such as PI 34:1 (m/z 835.533), PI 36:1 (m/z
863.565), and PI 38:3 (m/z 887.565) while PS 36:1 (m/z 788.544), PE O-38:5 (m/z
750.544), and PI 38:4 (m/z 885.549) were detected at higher relative abundances in normal
breast tissue.

To evaluate if the molecular information obtained from normal breast and IDC
banked tissue samples was distinct, we employed the Lasso statistical analysis method to
select a sparse set of m/z features for disease prediction. Samples were categorized as
normal or cancerous based on the histology of the region analyzed with the MasSpec Pen,
as determined by the pathologist. The mass spectra collected in the first two batches were
combined and randomly split into a training and validation set to build and validate the
classification model (n=57 healthy breast, n=33 IDC). The Lasso model for IDC prediction
was generated using a training set of 68 samples. The model exhibited a strong
performance, achieving a sensitivity of 100%, specificity of 95.4%, and an overall
agreement with pathology of 97.1% for LOOCV (Figure 5.1B). The predictive
performance of the model was further evaluated by predicting on a validation set of 22

samples. Remarkably, an excellent sensitivity, specificity, and prediction accuracy of
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Figure 5.1: MasSpec Pen and statistical analysis of normal breast and primary IDC
tissue.

A. Mass spectra from the MasSpec Pen analysis of normal breast tissue (top) and primary
IDC tissue (bottom) with corresponding H&E stained images of the regions analyzed. B.
Lasso prediction results for the IDC classification model. Sensitivity, specificity, and
accuracy are shown for the training, validation, and test set.
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100% as all samples were classified correctly in the validation set. We further evaluated
the robustness of the classification model for the differentiating IDC from normal tissue by
predicting on an independent test set comprised of 53 samples from batch three and four.
Overall, sensitivity of 83.9%, a specificity of 100%, and 90.6% prediction accuracy was
achieved, with five IDC samples classified as normal breast tissue. A summary of the
classification results is included in Table 5.1. A total of seven metabolites and GP were
selected to differentiate healthy breast tissue from IDC. Among those selected, hexose, PI
38:4 (m/z 885.549), and two unidentified molecules at m/z 268.801 and m/z 373.04 were
weighted toward healthy breast tissue, while ascorbic acid, PE 36:2 (m/z 742.539), and PE

38:4 (m/z 766.540) were selected as indicative of IDC.

Intraoperative MasSpec Pen analysis during breast cancer surgeries

Toward the goal of evaluating the MasSpec Pen for intraoperative breast and lymph node
tissue assessment, we installed the MasSpec Pen system in the OR for clinical testing
during breast surgeries. The MasSpec Pen was used during 14 lumpectomy and 10
mastectomy surgeries treating patients with IDC as well as other conditions. During the
surgeries, the attending surgeons performed in vivo analyses of tissue regions of interest
which included surgical margins of the suspected tumor, normal breast tissue as determined
by surgical gross assessment, and the surgical cavity following tissue resection. A BCM
research personnel performed ex vivo analyses of the surgical margins of the freshly
excised specimen, normal breast tissue removed during mastectomies. A total of 183

MasSpec Pen analyses were performed on breast tissue, including 80 in vivo and 103 ex
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Table 5.1: Summary of the classification results for the training, validation and test sets
of data.

Sample Set Pathology Model Prediction and Performance

Normal | Cancer | Sensitivity | Specificity | Accuracy

Normal 22 0
Test set 83.87% 100.00% 90.57%
Cancer 5 26
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vivo analyses. The molecular profiles obtained from intraoperative breast tissue analyses
displayed various metabolite, fatty acid, and GP species, such as hexose (m/z 215.032),
ascorbic acid (m/z 175.023), oleic acid (m/z 281.248, PI 38:4 (m/z 885.549), and PS 38:4
(m/z 810.530) as shown in Figure 2. Similar species were observed in the mass spectra
collected intraoperatively compared to those acquired from banked tissue in our laboratory.
Interestingly, we observed higher relative abundances of chlorinated triacylglycerol (TG)
species in the data collected intraoperatively. It is important to note, however, that fewer
lipid species and generally, a relatively higher abundance of spectral noise, blood related
species such as heme (m/z 615.172) and hemoglobin (observed from m/z 1200-1500), and
Lymphazurin (m/z 543.163), used for lymph node staging during SLNB, were observed in
mass spectra collected intraoperatively. Of the 183 analyses collected intraoperatively, we
evaluated the performance of the IDC classification model on 52 in vivo and 52 ex vivo
analyses from 18 cases in an independent test set and achieved an 95.2% accuracy, with 99
of 104 predictions in agreement with final pathology reports. Note that the remaining 79
spectra did not yield any signal or a signal to noise above three was not observed for

biological molecules and were thus excluded from the prediction.

DISCUSSION

Achieving adequate negative margins for the primary tumor during BCS is strongly
correlated with decreased local recurrence and is paramount to prevent re-excision
surgeries, which have negative health and economic implications for the patient.!: 3 While

intraoperative surgical margin evaluation methodologies are currently available to
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surgeons and clinicians, clinical and technical limitations have prevented their widespread
in practice across institutions'® . In this study, we evaluated the ability of the MasSpec
Pen to differentiate IDC from normal breast tissue by generating molecular classification
models for IDC detection and translated the system to the OR assess performance for
surgical margin evaluation on intraoperative data collected in vivo and from freshly excised
breast specimen.

We applied the MasSpec Pen system to analyze 79 normal breast and 64 IDC
banked frozen tissue samples, from which 68 were used in a training set to generate a
classification model for discrimination of normal breast and IDC. An overall CV prediction
accuracy of 97.1% was achieved, similar to what was achieved for the analysis of tissue
sections by DESI-MS (~98%)?!: 2 and frozen and fresh specimens by REIMS (95.8%,
n=260). Next, we evaluated the performance of the model on a validation set of 14 normal
and 8 IDC tissue samples. Remarkably, all samples had a prediction result in agreement
with pathology, with all IDC samples having a heterogenous histology of comprised of
tumor cells intermixed with collagen, adipose tissue, and necrosis within the analyzed
region. The robustness of the IDC model was further assessed by predicting on an
independent test set of samples analyzed six months after the training and validation set
data was collected. A total of five IDC samples were classified in disagreement with
pathology while all normal breast tissue samples were correctly classified, resulting in an
overall accuracy of 90.6%. Notably, three samples with an IDC cell concentration of 10-
20% within the delineated analyzed region were correctly classified as cancer using the

classification model. However, IDC sample 1161265 also displayed a low tumor cellularity
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of ~5% intermingled with collagen within the region analyzed by the MasSpec Pen, and
was classified as normal breast, suggesting that the MasSpec Pen has a tumor cell
concentration limit of detection around 5-10% within a 2.7 mm diameter region. It is worth
noting that the classification model was built using IDC samples with higher tumor cell
concentrations ranging from >30%, potentially contributing to the misclassification of
sample 1162165. Sample A423A is another IDC tissue classified as normal breast by the
classification model, and the demarcated region of H&E stained tissue section displayed
well-differentiated tumor cells. Well-differentiated tumor cells are slow growing, less
aggressive, and undergo different metabolic changes compared to moderately- and poorly-
differentiated tumors, possibly leading to the incorrect classification of the sample as
normal breast tissue. Of note, a sample containing tumor cells as well as normal luminal
cells in the analyzed region had a cancer prediction result. Collectively, the high
performance achieved by the model demonstrate the robustness of the method for breast
tissue assessment.

The classification model consisted of various lipid and metabolite species that have
been previously reported to play key roles in cancer cell metabolism and detected in breast
tissue by MS. For example, PI 38:4 was selected as a feature indicative of normal breast
tissue. This biomolecule has been detected at higher relative abundances in normal breast
tissue compared to breast cancer tissue in multiple DESI-MS studies.?">** Additionally, the
chlorinated adduct of glucose was selected as predictive of normal breast tissue. Note that
we have tentatively identified this molecule as glucose as tandem MS does not allow for

the characterization of the structural isomer of hexose. In cancer cells, the rate of glucose
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uptake is significantly increased and rapidly converted to lactate due to the Warburg
effect.>* As oxidative phosphorylation is more efficient at producing lactate, we suspect
that glucose is present at higher relative abundances normal breast compared to IDC
tissues. Two PE species, PE 36:2 and PE 38:4, were selected as indicative of IDC tissue,
and PE 38:4 was found at a higher absolute abundance in breast cancer tissue relative to
normal breast using quantitative LC-MS.** Polyunsaturated PE species in general have
previously been detected at increased relative amounts in breast cancer tissue compared to
normal breast, which corroborates our findings.>®

The MasSpec Pen system was implemented into the surgical workflow for breast
cancer and non-malignant lumpectomy and mastectomy procedures to demonstrate
feasibility for in vivo and ex vivo tissue evaluation. Various GP and metabolite species
detected in banked tissue as well as included in the IDC classification model were observed
in the data obtained intraoperatively despite the detection of non-tissue specific molecules
related to sentinel lymph node biopsies and anesthetics, peaks related to biological fluids,
and an increase in spectral noise, showcasing the potential of the MasSpec Pen to detect
important biomolecules involved in cell metabolism from in vivo and freshly excised
tissues. The IDC classifier generated from banked tissue was then used to predict on an
independent test set comprised of data obtained from 104 intraoperative MasSpec Pen
analyses, resulting in an 95.2% overall agreement with final histopathological reports. For
patient 6, for example, the MasSpec Pen was used to analyze the anterior margin of the
suspected tumor from the left breast in vivo (three analyses) and ex vivo (three analyses)

during a double breast lumpectomy. All analyses had a normal breast prediction, which
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disagreed with intraoperative gross assessment of the surgical margins. Final postoperative
histopathological pathology reports revealed that the anterior margin was negative for
carcinoma, with a margin of 6 mm, confirming the prediction by our method. Additional
case studies can be found in the SI. These results showcase the potential of the MasSpec
Pen to evaluate for surgical margin evaluation and ultimately aid in the assessment of tissue
during surgical resection.

This study has several limitations. First, the classification model was built using
samples containing IDC as the major histological component and higher tumor cellularity
and should be expanded to include samples with a ductal carcinoma in situ component,
which has been reported to be present in up to 60% IDC cases®’, and lower tumor cell
concentration to more broadly evaluate the performance of the model for surgical margin
assessment. For the pilot clinical study, final postoperative pathology revealed the surgical
margins of resected tumor tissue was surrounded by a rim of normal breast tissue and was
not physically exposed during the cancer surgeries (n=15). Thus, all MasSpec Pen analyses
were performed on negative margins. The lack of IDC tissue exposed during the surgeries
precluded the validation of our statistical classified for the intraoperative detection of IDC;
yet, the 95.2% overall agreement achieved for the negative margin analyses shows promise
of the MasSpec Pen as an intraoperative method for tissue evaluation. Nevertheless, a
larger patient cohort and multi-center studies are needed for further refinement and
rigorous validation of the statistical classifier. While negative margins are considered no
tumor on ink, the definition varies widely in practice among surgeons, pathologists, and

38-39

institutions’®~”, as well as for different types of breast cancer. Therefore, investigation into
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the depth of MasSpec Pen solvent extraction is needed to expand the applications as well
as increase usability at multiple institutions. The current design of the MasSpec Pen used
in this study covers ~5.73 mm? sampling area, meaning multiple MasSpec Pen analyses
may be needed depending on tissue dimensions and coverage needs, which could increase
the total time required for margin assessment via the MasSpec Pen. Further investigation
into larger pen tip diameter, and thus larger area coverage, is needed to evaluate usability

for surgical margin assessment.

CONCLUSION

In conclusion, this study provides evidence that the MasSpec Pen can be used for rapid
tissue assessment, exhibiting a strong and robust performance for discrimination of IDC
from normal breast using banked tissue samples as well as showing promise for
intraoperative use during breast surgeries. Although further refinement and validation of
the methodology and classification model will be pursued, the work described here
demonstrates the MasSpec Pen as a valuable tool to provide near real-time feedback to
surgeons to aid in the assessment of specimen margins while operating, with potential to

reduce secondary BCS surgeries and improve patient care and outcome.
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Chapter 6: Rapid Screening of COVID-19 Disease Directly from
Clinical Nasopharyngeal Swabs using the MasSpec Pen Technology?

INTRODUCTION

The novel coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has presented an unprecedented global challenge
to society and public health!"2. As vaccines have yet to be widely administered to the public,
especially in resource-limited countries, and their effectiveness towards new variants are
yet to be determined, mitigation of disease transmission relies heavily on the widespread
availability of rapid COVID-19 tests exhibiting robust analytical performance and
diagnostic metrics including adequate sensitivity, specificity, and low false-positive rates
(FPR) and false-negative rates (FNR)**. Current diagnostic assays for COVID-19 are
largely based on the detection of SARS-CoV-2 ribonucleic acid (RNA) via quantitative
polymerase chain reaction (QPCR) analysis. PCR is a powerful and highly sensitive assay;
yet, clinical laboratories have faced challenges in maintaining current demands due to
limited availability of the specialized test reagents, instrumentation that have been overrun
beyond their capabilities, and low throughput analyses®. Alternative diagnostic tests that
have little to no reagent requirements and provide a rapid turnaround time are highly
valuable for COVID-19 detection®. For example, serological tests targeting host antibodies
have been deployed for COVID-19 diagnosis, yielding promising results’®. Yet, the
inability to diagnose early-stage or acute infections with antibody testing, along with

potential cross-reactivity from prior infections by other pathogens presents a challenge for
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patient screening’. Antigen tests have been developed to rapidly identify active SARS-
CoV-2 infections via the detection of the nucleocapsid protein antigen®. While antigen tests
provide diagnosis in ~15 min, FNR of up to 40% have been reported due to higher limits
of detection compared to PCR!%!2. Alternative testing and screening methods capable of
rapidly screening for COVID-19 disease are thus still needed to increase testing capacity
and throughput.

COVID-19 tests targeting molecular species other than viral RNA are currently
being evaluated as rapid screening methods prior to PCR analysis to mitigate viral
outbreaks. Lipids present an interesting molecular target for identifying SARS-CoV-2
infection as these molecules are a major component of the viral envelope and are involved
in key replication cycle processes, including the production of new virions'*!4. Viral
genetic material does not code for lipids but sequesters these molecules from their host
cellular membranes during budding. The lipid composition of the host-derived viral
envelope is known to be specific to the budding site'> and quantitatively distinct from that
of the host membrane and from other viruses'®!®. Coronaviruses, for example, bud and
derive their viral envelope lipids from the membrane of the host endoplasmic reticulum
(ER)-Golgi intermediate complex'®, whereas the influenza virus acquire their lipids from
the host apical plasma membrane®’. In a study by Van Genderen et al, the proportion of
phosphatidylinositol (PI) in the viral membranes of coronavirus murine hepatitis virus
(MHV) was found to be elevated by 4% compared to the host cells, and the ratio of
phosphatidylserine (PS) to PI species was reduced by 12%?!. Viral pathogens also remodel

host lipid metabolism to enable replication during infection, altering the overall lipid
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composition of infected host cells. For example, Yan et al/ described that fatty acids and
glycerophospholipids were significantly elevated in human cells infected with the H-CoV
229E coronavirus compared to healthy cells?’. Dysregulation of highly abundant
glycerophospholipids in infected host cells and the unique lipid composition of the
pathogen itself, therefore, represent a promising target for diagnostic tests.

Mass spectrometry (MS) is particularly suited to detect metabolites, lipids, and
proteins from complex biological samples?*?* In particular, MS omics approaches have
been successfully applied to study infectious diseases, targeting various biological
molecules to identify bacterial and viral infections®>~’. Recently, MS techniques have been
explored to detect COVID-19 based on metabolite, lipid, and protein information?*-**. For
example, liquid chromatography MS and machine learning models have been used to
identify proteomic and metabolic signatures in sera from COVID-19 patients with 93.5%
accuracy for a training set of 31 samples>!. Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) was also used to analyze extracts of nasal swabs®® and
plasma® to diagnose COVID-19. Ambient ionization MS and machine learning have been
explored to detect SARS-CoV-2 infection based on fatty acid and lipid profiles*°. De Silva
et al used paper spray MS to analyze lysed cell extracts from 30 symptomatic COVID-19
positive and symptomatic negative patients, with 93.3% agreement with PCR based on 11
metabolites, fatty acids, and lipids®® whereas Ford et al used desorption electrospray
ionization (DESI) and laser desorption rapid evaporative ionization mass spectrometry

(LD-REIMS) to analyze 70 nasal swabs, with accuracies over 84.0%°%. As MS
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technologies steadily advance towards clinical implementation, these studies showcase the
potential of MS-based assays for screening and diagnosis of viral infections.

Here, we report a new design of the MasSpec Pen technology for the analysis of
swabs and demonstrate its use for rapid and direct lipid analysis and potential for COVID-
19 screening. We previously reported the development of the MasSpec Pen as a handheld
device integrated to a mass spectrometer for direct and rapid molecular analysis of tissues®-
37 While the handheld MasSpec Pen was designed as an easy-to-use device that enabled
precise and efficient molecular analyses of sample surfaces using a solvent droplet, it
precludes sufficient sampling and full area coverage of three-dimensional samples such as
swab tips that contain heterogeneous adhesion and distribution of mucous secretion. To
that end, we optimized the disposable device to enable uniform sampling of an entire swab
tip via liquid extraction using common solvents, and thus efficient molecular extraction
and analysis. The disposable sampling system was then directly integrated to an ESI source
for sensitive detection of molecular ions. Using the MasSpec Pen-ESI MS system, we
obtained rich lipid profiles from nasopharyngeal swabs and built statistical classification
models to evaluate its prediction capabilities for COVID-19. Collectively, our study shows
that direct analysis of clinical swabs with the MasSpec Pen-ESI MS technology is a

potentially promising method for rapid screening of viral infections such as COVID-19.
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METHODS AND MATERIALS

Chemicals
Cardiolipin (CL) 72:4, phosphatidylglycerol (PG) 36:2, and phosphatidylethanolamine

(PE) 36:2 lipid standards were purchased from Avanti Polar Lipids (Alabaster, AL). PG
and PE standards were dissolved in methanol at a concentration of 10 uM, and the CL

standard was dissolved in methanol at a concentration of 13 uM.

Design and fabrication of the adapted MasSpec Pen-ESI system
The MasSpec Pen polydimethylsiloxane (PDMS) swab sampling device was designed in

CAD software and negative molds for the devices were fabricated using procedures
previously described (Methods and Supplementary Materials)®’. The sub-atmospheric
pressure ESI source was built by modifying the housing of a commercially available
atmospheric pressure chemical ionization (APCI) source (Agilent Technologies).
Aluminum blocks and rubber gaskets were machined onto the source to create a vacuum
seal when interfaced to the mass spectrometer, and a metal adapter was machined into the
bottom of the aluminum block to connect a vacuum tube attached to an external rough
pump (Edwards Vacuum). Additionally, a ceramic block was engineered and added to hold
the lab-built ESI sprayer. The lab-built sprayer consists of a metal capillary (7 in, 0.62 in
OD, 0.16 in ID, New England Small Tube Corporation) concentric with a ceramic tube (10
in, 0.125 in OD, 0.063 in ID, Omega Engineering, Inc.) through which N gas flows acting
as a sheath gas, a plastic union tee (0.25 in, Legris) to which a gas tube is attached, and two

neoprene rubber stoppers each machined with a hole to fit the ceramic tube or metal
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capillary. A 1.5 m polytetrafluoroethylene (PTFE) tubing and silicone were used to connect

the PDMS swab sampling port to the metal capillary of the lab-built sprayer.

Clinical nasopharyngeal swabs

Nasopharyngeal swabs from symptomatic SARS-CoV-2 PCR positive and symptomatic
and asymptomatic SARS-CoV-2 PCR negative individuals were collected from consented
patients that were hospitalized with moderate or severe respiratory symptoms in two
different hospitals (Santa Casa and Bragantino) as well as from asymptomatic volunteers
at Integrated Unit of Pharmacology and Gastroenterology (UNIFAG) in the city of
Braganca Paulista (Sao Paulo, Brazil), by the research team at the University of San
Francisco (Braganga Paulista, Sao Paulo, Brazil). Approval from Institutional Review
Board (IRB) was received for the study (protocol number 31573020.9.0000.5514,
approved from May 29, 2020).

HydraFlock polyester swabs sterilized by gamma irradiation (Puritan Medical
Products) were shipped to Brazil. A permit to import samples from Brazil to UT Austin
was received from the Brazilian Health Regulatory Agency (ANVISA) and the Center for
Disease Control and Prevention (CDC). Prior to shipment, all swabs were heat-inactivated
in Brazil at 65°C for 30 min and kept at -20°C until the shipment in dry ice. Experiments
were performed at the University of Texas at Austin under Biosafety Level 2 conditions.
Swabs were handled by the principal investigator in the biosafety cabinet following

biosafety protocols and requirements from the institutional biosafety committee.
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Clinical sample collection began on July 17, 2020. Clinical diagnosis for the
symptomatic patients and asymptomatic individuals was performed via RT-PCR analysis
using a different clinical swab as part of their clinical care and independently of our study.
Table 6.1 provides patient demographics information. As of October 21, 2020, swabs from
268 individuals have been collected in Brazil and shipped to and received by our laboratory

at UT Austin where swabs were stored at -80°C prior to analysis.

MasSpec Pen-ESI analysis and data acquisition

Prior to the analysis, the swabs were removed from the -80°C freezer and thawed to room
temperature in a Class II biological safety cabinet for 15 min. To maximize safety
measures, swabs were then heat-inactivated for 30 min at 65°C. Following heat
inactivation, swabs were placed in the biological safety cabinet until cooled to room
temperature. Swabs were stored in a refrigerator at 4°C until MasSpec Pen-ESI MS
analysis. Swabs were analyzed within 3 days of heat inactivation.

Experiments were performed on two mass spectrometers, an LTQ Orbitrap XL and
a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). During MasSpec Pen-ESI
MS analysis, the swab tips were inserted into the middle channel of the PDMS sampling
device (Illustration 6.1). Upon the press of a foot pedal, a volume of 167 pL of
CHCI3:MeOH is delivered from the syringe pump to the middle channel containing the
swab, interacting with and extracting molecules from the swab tip for 10 s. The entire

process is controlled using programmed microcontrollers. A vacuum was then applied for
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Table 6.1: Summary of patient demographics, clinical indications, and procedures.

Symptomatic Symptomatic Asymptomatic
Parameters PyCRpPositive Pg‘REl)\Iegative PCyR ll:Iegative p-value
Demographics
Number of patients, n 44 26 101 2 18E-06
Age range, y (21, 84) (26, 84) (20, 89)
Sex (female, male) (16, 28) (11, 15) (58, 43) 0.0602
Symptoms
Fever 19 12 - 1.0000
Cough 30 16 - 0.7602
Myalgia 9 2 - 0.2811
Sore throat 8 8 - 0.3590
Headache 12 1 - 0.0342
Dyspnea 29 18 - 0.9820
Tiredness/fatigue 3 2 - 1.0000
Loss of smell/taste 9 9 - 0.3045
Diarrhea 11 2 - 0.1386
None - - 101 -
Chest CT Features
Ground-glass opacity 42 18 - 0.0024
Consolidations 21 14 - 0.8770
Crazy paving appearance 21 9 - 0.3659
Reticular pattern 6 6 - 0.5214
Pulmonary commitment degree 37 16 - 0.0410
Suggestive of viral infection 42 18 - 0.0024
Underlying conditions
Systemic arterial hypertension 25 11 16 0.5765
Cardiovascular disease 6 4 2 1.0000
Obesity 10 1 22 0.0788
Diabetes 16 2 3 0.0178
Lung disease 4 5 8 0.3925
Chronic obstructive pulmonary diesase 1 1 1 1.0000
Smoker/ex-smoker 3 3 6 0.8105
Asthma 2 2 2 0.9879
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30 s to the PTFE tube to enable the transport of the solvent from the swab reservoir to the
ESI source. Mass spectra were acquired for ~20-30 s.

Various swab tip materials were tested using the MasSpec Pen-ESI MS system,
including nylon (Copan Diagnostics) and polyester flock (Puritan Medical Products)
swabs. Each swab was dipped in a 13 uM standard solution of CL 72:4 and analyzed using
the MasSpec Pen-ESI system in the negative ion mode, with the mass spectrum of polyester
flock swabs containing minimal interfering ions in the lipid range compared to nylon flock
swabs. The interfering ions presented polymer-like distribution and were identified as
repeating units of ethylene oxide. Additionally, solvents including methanol,
isopropylalcohol, ethanol:ethylacetate (1:1, v/v), CHCl;:MeOH (1:1, v/v), and
CHCI3:MeOH (2:1, v/v) were tested for compatibility with the MasSpec Pen-ESI MS
system.

To evaluate the robustness of the MasSpec Pen-ESI MS system for the detection of
lipids from gamma-irradiated polyester flock swabs, swabs dipped in 100 pL of an
equimolar (10 uM) lipid standard mixture of PE 36:2 (m/z 742.540) and PG 36:2 (m/z
773.539) were analyzed using CHCI3:MeOH (1:1, v/v) as the solvent, yielding a relative
standard deviation of 6.4% (n=10).

To evaluate the effect of heat inactivation of the biological material on the swabs,
swabs dipped in a mixture of PG and PE lipid standards were heat-treated for 30 min at
65°C (n=5) to simulate heat-inactivation, while control swabs (n=5) dipped in the same
lipid mixture standard were not heat-treated, followed by analysis using the MasSpec Pen-

ESI system.
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Statistical analysis

Seventy-five mass spectra were averaged and extracted for each sample analyzed. A mass
filter of m/z 400-1000 was applied, after binning and background subtraction. Data was
normalized to the TIC, and peaks appearing in less than 50% of the entire data set for each
classifier were removed during cross validation (CV). The least absolute shrinkage and
selection operator (Lasso) statistical analysis was performed using the beta version of the
glmnet package v4.1-2, using the exclude/filtering option in glmnet. The time elapsed
between PCR and MS swab collection and days since symptom onset were used as
selection criteria. Swabs that were collected for MS three days or more after PCR sample
collection and beyond 14 days of symptom onset were excluded from the classifier. From
the 268 individuals who had their swab samples collected, 171 met the criteria of the time
interval to PCR-sample collection and days from symptoms onset. Demographic and
clinical information for the patients from which the selected samples were obtained is
provided in Table 6.1 and C6.1. Based on the selection criteria, two statistical classifiers
were generated: 1) asymptomatic COVID-19 PCR negative (n= 101) vs COVID-19
symptomatic PCR positive (n=44) samples and 2) COVID-19 PCR negative (n=101
asymptomatic and n=26 symptomatic) vs COVID-19 symptomatic PCR positive. 10-fold
CV was used with Lasso to generate predictive models. For Classifier 1, the data was
randomly split into a training set (2/3 of data, n=97) and a validation set (1/3 of data, n=48).
Additionally, we tested Classifier 1 on a withheld test set of PCR-negative symptomatic
samples (n=26). The performance of the models were evaluated by measuring the

predictive accuracy, sensitivity, specificity, negative predictive value (NPV), and positive
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predictive value (PPV) which were calculated based on the agreement with PCR diagnosis.
Statistical analysis were performed by K.Y.G., M.F.K., J.Q.L. and JM.G., and
independently verified by R.T..

The reproducibility of the MasSpec Pen-ESI system for swab analysis was
quantified by calculating the relative standard deviation using the ratio of the intensities of
lipid standards, m/z 773.534 (PG 36:2)/m/z 742.539 (PE 36:2) (n=10). To evaluate the
effect of heat inactivation on the stability of lipids, a t-test was performed on the intensities
of two lipid standards, m/z 742.639 and m/z 773.533, extracted from swabs without heat
inactivation (n=5) and swabs heat-inactivated for 30 min at 65°C (n=5) using the MasSpec
Pen-ESI system. Lastly, descriptive statistics were also computed for clinical and
demographic variables. Categorical variables were expressed as count (percentage),
whereas continuous variables were expressed as median (25-75" percentiles). The chi-
square test was used to compare categorical variables proportions, and the Mann—Whitney

U-test was used to evaluate continuous data.

RESULTS

Design of the MasSpec Pen-ESI System

We previously developed the MasSpec Pen as a handheld device directly coupled to a mass
spectrometer for direct analysis of tissues®’. The PDMS pen tip was comprised of a solvent
reservoir that held a solvent droplet in contact with a sample surface to enable efficient
molecular extraction. While this design is intuitive for handheld use and well-suited for the

analysis of tissue regions, the area covered by the reservoir opening (typically ~5.7 mm?)
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was insufficient for uniform sampling and analysis of the secretion covering the three-
dimensional area of an entire swab tip. To enable sensitive and robust analysis of all the
mucous secretion material in and on a swab tip, we thus redesigned and optimized the
MasSpec Pen device, interface, and ionization system with the goal of ensuring direct and
efficient sampling of the entire swab tip while maintaining the ease of use and rapid nature
of the analysis of the original MasSpec Pen. The PDMS swab sampling device was
integrated via PTFE tubing with a sub-atmospheric pressure ESI source for effective
ionization and sensitive analysis of the extracted molecules (Illustration 6.1). Similar to the
original MasSpec Pen PDMS tip, the PDMS sampling unit is designed with three conduits
that connect to a middle reservoir that was widened to 5.5 mm diameter and ~22 mm height
to enable an entire swab tip to be fully inserted (Illustration 6.1 insert). A PTFE tube
connected to a syringe pump was then inserted into conduit 1 for the delivery of solvent to
the middle reservoir, whereas a second PTFE tube was inserted into conduit 2 for solvent
aspiration into the sub-atmospheric pressure ESI source. The swab analysis is then
performed with minimal operational steps: after the swab is inserted into the middle swab
reservoir, solvent is delivered to the reservoir through a PTFE tube connected to conduit 1
via the press of a foot pedal, where the solvent interacts with the entire swab tip for 10 s
for analyte extraction. Following the extraction period, conduit 2 is opened for 30 s
allowing the vacuum to aspirate solvent to the sprayer for ESI analysis. Within the ESI
source, a lab-built sprayer promotes ionization of the molecules extracted within the
solvent. Note that a sub-atmospheric pressure was set within the ESI housing, measured

via the forevacuum pressure of the mass spectrometer (1.4-1.6 mbar), with the sole purpose
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[lustration 6.1: Schematic of the MasSpec Pen-ESI-MS system for the diagnosis of
COVID-19 infection.

Swabs acquired from symptomatic patients and asymptomatic individuals were analyzed
by the MasSpec Pen-ESI MS platform and the mass spectra collected were used to build
machine learning classification models for diagnosis of COVID-19. A zoom view of the
design MS swab device and the steps for analysis. The insert shows two conduits for
incoming solvent (1) and aspiration of the solvent containing the extracted molecules (2)
and a middle reservoir (2). During analysis, the swab is inserted into the middle reservoir.
Upon the press of a foot pedal, solvent is delivered to the middle reservoir to interact with
the swab tip to extract molecules. After 10 sec the solvent containing the extracted
molecules is transported the mass spectrometer for ESI analysis.
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of enabling suction and thus transport of the solvent from the swab reservoir to the ESI

sprayer.

Optimization of the MasSpec Pen-ESI system for swab analysis
Using the MasSpec Pen-ESI system coupled to an LTQ XL mass spectrometer, we first

evaluated commonly used medical polyester and nylon flock swabs sterilized with ethylene
oxide or gamma irradiation for assay compatibility by dipping the swabs in a solution of
cardiolipin (CL) 72:4 standard followed by analysis using MasSpec Pen-ESI MS. For the
analysis of nylon flock swabs sterilized using ethylene oxide, a series of interfering ions
identified as repeating units of ethylene oxide were observed from m/z 350-1200 at a ~5.5
fold (n=5, m/z 735.420) higher relative abundance compared to the CL standard ion of m/z
727.510 (Figure 6.1), thus hindering the detection of the CL standard due to ion
suppression. Yet, no polymer ions were observed in the mass spectra obtained from
polyester flock swabs sterilized with gamma irradiation. Thus, all consecutive experiments
including collection and analysis of clinical samples were therefore performed with
polyester flock swabs sterilized by gamma irradiation to avoid polymer interference.
Next, solvent composition and the volume used to fill the reservoir were optimized
to ensure the entire swab was saturated with solvent to efficiently extract molecules, as
well as allow for consistent signal and ESI spray stability during the analysis. Different
organic solvent systems with volumes ranging from 100 pL to 200 uL were evaluated, with
a solvent volume of 167 pL selected as optimal. Among the solvent systems tested,

CHCIl3:MeOH (1:1, v/v) yielded the highest reproducibility (relative standard deviation of
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Figure 6.1: Comparison of mass spectra obtained using the MasSpec Pen with ESI or
solvent assisted inlet ionization to analyze a 20 ppm CL 72:4 lipid standard.

The top mass spectrum shows data obtained using ESI and the bottom shows data collected
using solvent-assisted inlet ionization. Singly and doubly charged CLs are labeled in red.
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6.4% (n=10)) and spray stability (~20-30 s of ion signal) while minimizing the
extraction and detection of interfering ions. Notably, a 25.5% (n=4) increase in signal
intensity of lipids was achieved when compared to the traditional MasSpec Pen setup?®
(Figure E6.1), likely due to more efficient ionization and desolvation provided by ESI.
Altogether, a total analysis time of 45 s or less per swab was achieved, which included 5 s
of solvent delivery, 10 s of swab extraction time, and ~20-30 s droplet transport and ESI
signal (Illustration 6.1). Lastly, we also evaluated if heat inactivation led to any substantial
change or degradation to the lipids contained in the sample using PG and PE lipid standards
(Figure 6.2). We found no statistical significance (p>0.05) in the mean intensity of the
lipids detected from the heat-inactivated or control swabs, indicating that the inactivation

process did not significantly alter lipid composition.

Molecular analysis of clinical nasopharyngeal swabs

As Figure 6.3A shows, we observed rich molecular profiles composed of a diverse range
of glycerophospholipid and lysolipid species in mass spectral profiles of symptomatic
COVID-19 positive and negative swabs and asymptomatic healthy samples. Note that the
m/z 400-1000 range was used to avoid detection and ion suppression from non-biological
interferents detected as ions of m/z <400 while enabling detection of a broad range of lipid
species. Various ions tentatively identified lysoPE 16:0 (m/z 452.278), lysoPE 18:0 0:0
(m/z 480.309), lysoPC 18:1 (m/z 556.318) (Figure 6.3A), and cholesterol sulfate (m/z
465.304) were observed in the m/z range 400-600. Additionally, molecules such as

ceramide species including Cer 34:1 (m/z 572.481), Cer 36:1 (m/z 601.533), and Cer 42:2
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Figure 6.2: Comparison of mass spectra of swabs containing a 10 uM PG 36:2 (m/z
773.533) and PE 36:2 (m/z 742.539) lipid standard mixture with and without

heat inactivation.

The mass spectrum on top was obtained from the MasSpec Pen-ESI MS analysis of a swab
without heat inactivation while the bottom shows the profile for a swab that had been heat-
inactivated at 60°C for 30 min. Both insets are a zoom of m/z 720-800 range to show the

detection of the lipid standards.
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Figure 6.3: MasSpec Pen-ESI MS analysis of asymptomatic negative, symptomatic
negative, and symptomatic positive samples.

A) Averaged spectra of all asymptomatic negative (n=101, top), symptomatic negative
(n=26, middle), and symptomatic positive (n=44, bottom). Different colored peaks
correspond to different lipid classes which are labeled in the legend. B) Zoom in of m/z
range 555-559 to show the detection of lysoPC species including lysoPC 18:1 (m/z
556.318) and 18:0 (m/z 558.334) with the structure for lysoPC 18:1 shown in a mass spectra
from a positive sample. C) Zoom in of m/z range 713-716 to show the detection of PE 34:2
(m/z 714.509) and the corresponding structure in a mass spectra from a positive sample.
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(m/z 682.591) as well as glycerophospholipids including PS 18:1 18:0 (m/z 788.545), PI

20:4 18:0 (m/z 885.550), and PE 34:2 (m/z 714.509) were observed (Figure 6.3C).

Statistical prediction of COVID-19 infection

We next statistically evaluated if the molecular information obtained with the MasSpec
Pen-ESI MS system was predictive of COVID-19 infection. We first employed the Lasso
method to build a classification model to discriminate data obtained from symptomatic
patients positive for COVID-19 (n=44) from asymptomatic individuals negative for
COVID-19 (n=101), termed Classifier 1. The model exhibited a strong performance using
10-fold CV (n=97), yielding an area under the receiver operating characteristic (ROC)
curve (AUC) of 0.852 (Figure 6.4A) and an accuracy of 83.5% (Figure 6.4C). A prediction
probability value of 0.350 was selected as optimal threshold value for sample classification
based on the ROC curve. Samples with a probability lower than 0.350 were classified as
asymptomatic negative and those with a probability higher than 0.350 were classified as
symptomatic positive (Figure 6.4B). Using this approach, a total of 58 out of 67
asymptomatic negative and 23 out of 30 symptomatic positive samples had a prediction
result in agreement with PCR, resulting in 76.7% sensitivity and 86.6% specificity (Figure
6.4C). We also calculated the NPV and PPV to evaluate the ability of our statistical
classifier to provide a predictive COVID-19 diagnosis that aligns with the true absence or
presence of the disease. The model yielded an NPV of 89.2% and a PPV of 71.9%.

Next, we assessed the predictive performance of Classifier 1 using a validation set

of 34 asymptomatic negative and 14 symptomatic positive samples. Only five
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Figure 6.4: Statistical analysis results for Classification models 1 and 2.

Classifier 1, asymptomatic negative vs symptomatic positive, A) ROC curve, B) Plot of
the classification probabilities for samples used in the training and validation set. The
dashed line represents the cutoff value for classification as asymptomatic negative or
symptomatic positive for COVID-19 (0.350). C) Sensitivity, specificity, accuracy, NPV,
and PPV and for the training and validation set for Lasso Classifier 1. Classifier 2, negative
vs positive, D) ROC curve, E) Plot of the classification probabilities for samples used in
the training for Classifier 2. The dashed line represents the cutoff value for classification
as negative or positive for COVID-19 (0.201). F) Sensitivity, specificity, accuracy, NPV,

and PPV for the training set for Lasso Classifier 2.
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asymptomatic negative samples were classified as positive in disagreement with PCR while
all symptomatic positive samples were correctly classified, resulting in an overall
agreement with PCR of 89.6%, a specificity of 85.3%, sensitivity of 100%, NPV of 100%,
and PPV of 73.7%. We then used the classifier to predict on a withheld set of samples
obtained from patients presenting respiratory symptoms similar to those associated with
COVID-19 disease (n=26) but that had a negative PCR result (Table E6.1). A total of nine
samples in the withheld set of data were classified as negative in agreement with PCR,
whereas 17 samples were classified as positive, in disagreement with the PCR diagnosis.
Out of these 17 patients, 12 had a chest computational tomography (CT) that was
suggestive of viral infection, presenting ground-glass opacity (GGO) among other features
such as consolidation and pulmonary commitment®®. Table 6.2 provides a detailed
summary of the classification results.

To more broadly evaluate performance for COVID-19 screening, we built a second
classifier, termed Classifier 2, that combined the samples from the symptomatic negative
patients (n=26) and the asymptomatic negative individuals (n=101) into a single negative
class, whereas the positive class was comprised of samples from symptomatic positive
patients (n=44). The predictive model was comprised of 41 m/z features and yielded an
overall agreement with PCR of 78.4%, sensitivity of 81.8%, specificity of 77.2% (Figure
6.4F), and an AUC of 0.879 (Figure 6.4D). A prediction probability threshold of 0.201 was
selected to maximize the sensitivity of Classifier 2 (Figure 6.4E). A total of 29 PCR
negative samples were classified as positive by our method, among which 19 were from

symptomatic patients that presented respiratory symptoms similar to those associated with
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Table 6.2: Confusion matrices of the Lasso results for Classifiers 1 and 2.

Classification Model Sample Set PCR Diagnosis Model Prediction and Performance
Negative | Positive | Sensitivity (%) | Specificity (%) | Accuracy (%) |NPV (%) |[PPV (%)| FNR FPR
Negative 58 9
Training 76.7 86.6 83.5 89.2 71.9 233 13.4
Positive 7 23
Classifier 1: Asympt_omatltf _Negatlve vs Negative 29 5
Symptomatic Positive Validation 100.0 853 89.6 1000 | 737 | 00 | 147
Positive 0 14
Withheld Data Negative 17 9 - 65.4 - - -
Cl : ic + . Negative 98 29
g 4 0 & Training 81.8 772 78.4 92.5 55.4 18.2 228
Negative vs Symptomatic Positive Positive 8 36
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COVID-19 disease. We also noted that 13 of the 19 symptomatic negative samples
classified as positive had chest CT results suggestive of viral infection.

Among the selected features used to build the several classification models, various
lipids were selected to discriminate COVID-19 positive disease and negative diagnosis.
For example, several PE and lysoPE species were selected as important for predicting
negative status among the two classifiers generated, including lysoPE 20:0 (m/z 508.341),
and PE 34:2 (m/z 714.508), (Figure 6.5). For Classifier 1, various ceramides such as Cer
42:3 (m/z 680.576), Cer 42:2 (m/z 682.591), Cer 43:3 (m/z 694.592), Cer 44:5 (m/z
700.587) were selected as characteristic of symptomatic positive COVID-19 infection by
Lasso, whereas PE 38:2 (m/z 770.571) and lysoPI (m/z 619.289) were selected as indicative
of asymptomatic negative samples (Figure 6.5A). Other species such as PE 50:9 (m/z
976.619) and lysoPC 18:1 (m/z 556.317) were selected as important for classification and
weighted toward symptomatic positive COVID-19 disease for Classifier 1 and 2 (Figure
6.5A and B). LysoPS 18:1 (m/z 522.284) and DG 40:6 (m/z 808.504) were selected by
Lasso as predictive of COVID-19 positive infection for Classifier 2 (Figure 6.5B). Table
E6.2 provides the Lasso features selected for all statistical classifiers, the corresponding
identifications, and mass errors.

The results from the descriptive statistical analysis performed to compare the
clinical characteristics among the two symptomatic groups, symptomatic COVID-19 PCR
positive and COVID-19 PCR negative subjects, are shown in Table 6.1. No association

was found among the occurrence of symptoms and comorbidities with the PCR result.
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These results indicate that there is no clinical difference detected by the symptomatic PCR-

positive and symptomatic PCR-negative groups within the patients in our study.

DISCUSSION

With the slow rollout of the COVID-19 vaccines, a recurring global surge in cases, and the
discovery of variants with increased rates of transmission, the availability of alternative
technologies that offer rapid analysis and screening for COVID-19 is highly desirable to
meet unceasing testing demands. We describe herein the development of a robust MasSpec
Pen-ESI MS system for rapid swab analysis and applied the technology to nasopharyngeal
swabs in order to evaluate its usefulness for COVID-19 screening.

Modifications were made to the MasSpec Pen design and system to improve the
performance and sensitivity for the analysis of swabs. Larger sampling area capabilities
were attained to ensure that the three-dimensional clinical swabs with a sparse and
heterogeneous distribution of biological materials were sampled in their entirety. The
modified PDMS tip includes a hollow middle channel to fit a single swab tip that allowed
the full covering and extraction of molecular information from the entire sample during
analysis (Illustration 6.1), yielding direct, rapid, efficient, and uniform sampling of all the
mucous secretion on the swab and largely mitigating bias in the data due to uneven
sampling. Additionally, the use of ESI increased the ionization efficiency of extracted lipid
molecules and improved the sensitivity for the untargeted molecular analysis of swabs,
enabling detection of abundant ions and molecular profiles from the biological sample. Of

note, while the total time per analysis of 45 seconds is remarkably fast compared to other
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available molecular tests, additional system automation approaches are being explored to
further expedite device swapping between samples and thus maximize testing throughput.
Importantly, similar to the original handheld system, this design of the device for swab
analysis maintains a small footprint, retains the ease-of-use and plug-and-play features
disposability, and ability to perform rapid molecular analysis, and is compatible with
multiple mass spectrometers fitted with ESI interfaces, potentially facilitating
implementation in clinical laboratories already equipped with MS instrumentation.

We applied the MasSpec Pen-ESI MS system to analyze 244 nasopharyngeal swabs
from COVID-19 positive and negative patients, from which 171 were used to build two
statistical classifiers based on the lipid profiles obtained. Classifier 1 was built to evaluate
the performance of our method in discriminating patients diagnosed as positive for
COVID-19 infection by PCR from completely asymptomatic patients with a PCR negative
result. The classifier was built using 145 samples and yielded a CV prediction accuracy of
83.5%, similar to what achieved in a study using metabolite and lipid information obtained
from DESI-MS (86%, n=70) and LD-REIMS (84%, n=70) analysis of heat-inactivated
swabs from negative patients with previous SARS-CoV-2 infection and symptomatic
positive patients*?. We evaluated Classifier 1 on a validation set of 34 asymptomatic PCR-
negative and 14 symptomatic PCR-positive samples, yielding a specificity of 85.3%, or a
low FPR of 14.7%, and most notably, a sensitivity of 100%, or low FNR of 0%. These
results demonstrate the ability of the MasSpec Pen-ESI technology to detect alterations in

the lipid profiles of symptomatic patients with an active SARS-CoV-2 viral infection when
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compared to healthy individuals and to build classification models based on detected lipid
species.

We then used Classifier 1 to predict on a withheld set samples obtained from 26
symptomatic patients hospitalized with moderate or severe symptoms including fever,
cough, difficulty in breathing, but that received a negative PCR result for COVID-19
(Table E6.1). Nine of the symptomatic negative samples had a prediction result in
agreement with PCR, while 17 symptomatic negative samples were classified as positive,
in disagreement with PCR. Interestingly, 12 of the 17 symptomatic negative samples
predicted as positive were obtained from patients showing GGO and consolidations in the
chest CT scans, and five of the seven samples predicted as negative presented chest CT
results indicative of being negative of viral infection. For example, sample 34 was obtained
from a 76 year-old male patient that received a PCR negative diagnosis and was classified
as positive by our method. This patient was experiencing cough, sore throat, and dyspnea,
and had chest CT features suggestive of infection such as GGO, consolidations, and 50%
pulmonary commitment. The patient was hospitalized in the intensive care unit for 13 days
with the assistance of a mechanical ventilator until succumbing to death. Sample 108 was
obtained from a 60-year-old female with preexisting conditions, including obesity and
hypertension. She received a PCR negative diagnosis and was classified as positive by our
method. Her symptoms included chest CT results suggestive of infection with GGO,
consolidations, crazy-paving appearance, and pulmonary commitment (50%), as well as
fever and low O saturation levels (<95%). The patient was discharged from the hospital

after nine days. Sample 242 was collected from a 28-year-old female who received a PCR
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negative diagnosis and was also classified by our method as negative for viral infection.
The patient was hospitalized for three days with symptoms including coughing, sore throat,
and dyspnea, whereas her chest CT results were not indicative of an infection. Note that
chest CT has been suggested as a fundamental tool for early diagnosis and monitoring of
COVID-19 as it enables detection of lung alterations in symptomatic patients that are
suggestive of viral infection*>*. In a recent study, a 90% sensitivity was reported for
COVID-19 diagnosis based on GGO combined with other CT features**. Yet, chest CT is
less specific than PCR and unable to distinguish between an active or previous SARS-
CoV-2 infection or a different viral infection causing severe respiratory symptoms. It is
also important to note that although PCR is the gold standard for COVID-19 detection and
is highly accurate, several studies have reported a sensitivity of 80-90% (or FNR of 10-
20%) for COVID-19 diagnosis using nasopharyngeal swabs***’. Thus, while the results
obtained on the withheld set of samples indicate that model built using symptomatic PCR
positive and asymptomatic PCR negative samples and the selected predictive lipid species
are more strongly associated with infection status when used to predict on independent data
from symptomatic PCR negative patients, it is also possible that a proportion of the
symptomatic PCR negative samples obtained from hospitalized patients may have
inaccurate PCR results.

In order to more broadly evaluate the ability of our method to identify individuals
negative for COVID-19 disease including symptomatic patients, we then built Classifier 2
using a training set of symptomatic positive samples (n=44) and a negative class (n=127)

comprised of data from both symptomatic and asymptomatic PCR negative samples. As a

167



limited number of symptomatic negative samples were used in Classifier 2, only a training
set of samples was used to assess the performance of the model for COVID-19 screening.
Using CV, Classifier 2 yielded a 78.4% overall agreement with PCR results, 81.8%
sensitivity (FNR of 18.2%), and 77.2% specificity (FPR of 22.8%), similar to what
achieved for the training set of Classifier 1 despite the incorporation of symptomatic
negative samples into the negative class. Of the 65 samples classified as positive by our
method, 36 were from symptomatic positive samples, yielding a PPV value of 55.4%,
meaning that for the prevalence of the disease in the cohort of patients evaluated (25.7%),
55.4% of patients with a positive prediction result by our method were also diagnosed as
positive for COVID-19 by PCR. However, for the same disease prevalence, a high NPV of
92.5% was achieved, meaning that 92.5% of patients with a negative prediction by our
method also received a negative PCR result for COVID-19. Thus, the high NPV value of
92.5% and the FNR of 18.2% achieved provides evidence that Classifier 2 can potentially
identify individuals negative for SARS-CoV-2 infection and predict patients with SARS-
CoV-2 infection as positive for the disease, respectively, both of which are paramount to
halting the spread of the COVID-19 disease. While these results are encouraging, a larger
cohort of samples is needed to validate the results by Classifiers 1 and 2 and further refine
and improve the performance and robustness of the model for distinguishing symptomatic
COVID-19 positive disease from symptomatic patients with other viral respiratory
infections, such as the common cold and influenza.

Our statistical models were based on various classes of phospholipid species

previously reported to play key roles in coronavirus virion production and replication®'-?>
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3% and that are major components of host cellular membranes. The tentatively identified
lipids included glycerophospholipids, such as ceramides, lysolipids, and PE. Among those,
several lysoPC species including lysoPC 18:1 were selected as predictive of symptomatic
COVID-19 positive disease. Interestingly, in a study by Yan et al, lysoPC species were
detected at higher abundances in cells infected with the human coronavirus HCoV-229E,
when compared to healthy cells, which substantiates our findings?. Yet, a recent study by
Delafiori et al reported decreased abundances of lysoPC species in the serum of COVID-
19 positive patients*>. Across both classifiers, PE 50:9 was selected as indicative of
COVID-19 with the highest weight toward the disease, while other PE species such as PE
34:2 was selected as indicative of being negative for COVID-19. Increased abundance of
PE species were also recently reported by Ford et al in nasal swabs from COVID-19
positive patients®2. Importantly, since our method does not enable deconvolution between
the lipid signal arising from the virion or from host cells, we speculate that the species
observed as indicative of COVID-19 are a major component of the virion cellular
membrane and/or have increased abundances in host infected cells to enable replication of
the virus. Thus, although lipid species represent promising detection targets for COVID-
19, additional research is needed to elucidate the role of these species in COVID-19 disease
and host response to the infection.

This study has a few limitations. Concerning clinical samples, the swabs for MS
and PCR analysis were collected separately for hospitalized patients in our study, which
could potentially lead to discrepancies in their diagnoses, especially considering the

reported FNR of PCR analysis ***’. Viral load information was also unavailable for the
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patients which prevented evaluation of a potential relationship between viral burden,
molecular information, and diagnostic performance achieved. Heat-inactivation was also
used in our study for all the clinical swabs, and thus, biosafety considerations in swab
collection, storage, and inactivation steps are needed in future studies to facilitate sample
collection and transport. Lastly, although our study was performed using a restricted
population of individuals from Brazil, the promising results obtained warrants further
investigation, and we expect that a larger cohort of patient samples including asymptomatic
PCR positive patients and patients with other viral infections causing similar symptoms to
COVID-19 will allow further refinement and validation of the classifiers for COVID-19

disease prediction using lipid information.

CONCLUSION

In conclusion, the integration of a redesigned version of the disposable MasSpec
Pen device provides a rapid MS-based screening method for COVID-19 disease directly
from nasopharyngeal swabs. Modifications to the sampling unit and coupling to ESI
enabled more effective and reproducible extraction and ionization of lipids from COVID-
19 clinical nasal swabs using common solvent systems while maintaining the disposability
and user-friendly features of the MasSpec Pen device. As the MasSpec Pen-ESI system has
a small footprint and is compatible with various mass spectrometers, this system could be
potentially implemented in clinical laboratories and testing facilities that are currently
suited with MS instrumentation. The speed of analysis (~45 s/swab) combined with a

relatively lower FNR compared to other FDA approved screening methods and high NPV
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value achieved substantiate the potential of the technology as a rapid screening tool to
identify individuals negative for COVID-19 infection prior to or when PCR is not readily
available. While further refinement and testing of the methodology and statistical
classifiers with larger sample cohorts will be pursued to improve analytical and diagnostic
performance, the present results point to the MasSpec Pen-ESI MS system as a valuable

approach for rapid screening of clinical swabs on a seconds-to-minutes time scale.
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Chapter 7: Conclusions and Perspectives

The development of ambient ionization MS methods greatly increased the
accessibility of molecular information in clinical diagnostics beyond the current MS
applications. The combination of the high performance achieved by MS with techniques
requiring minimal sample preparation and processing as well as analysis in ambient
conditions has enabled the in sifu analysis of biological samples, showing promise for
rapidly evaluating clinical samples in near real time through the detection of metabolic
alterations characteristic of disease. Machine learning has also been implemented in the
ambient ionization MS workflow to select features important for disease prediction and
has potential to automate mass spectral interpretations for clinicians. Continuous effort is
being made in the field to mitigate technical challenges faced when utilizing ambient
ionization MS methods, focusing largely on improving the robustness and usability of
these approaches. Nevertheless, extensive validation and multi-institutional studies using
large cohorts of samples are needed to evaluate the robustness of and refine these
methods for diagnostic and clinical applications. To that end, the studies described in this
dissertation are aimed at assessing the reproducibility and evaluating clinical usability of
ambient ionization MS methods for rapid evaluation of breast tissue specimens and
screening of SARS-CoV-2 infections.

Ambient ionization MS technologies have been vastly explored for clinical
applications, particularly in the field of oncology. The minimal sample preparation and
processing steps and the elimination of vacuum chambers needed for sample analysis are
attractive features for clinical translation. Yet very few studies have rigorously evaluated
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the performance and reproducibility of ambient ionization methods for clinical
diagnostics across multiple institutions. Chapter 2 of this dissertation is aimed at
evaluating the robustness of DESI-MS imaging for the detection of IDC and breast
cancer subtyping among a diverse patient population across two centers in the U.S. and
Brazil. DESI-MS imaging analyses was performed at both institutions using two different
DESI-MS platforms operated by different lab personnel. Statistical analysis was used to
build classification models based on lipid information obtained in the U.S. by DESI-MS
imaging to discriminate between normal breast tissue and IDC. The classification model
was used to predict on an independent test set of samples analyzed in Brazil using a
different mass spectrometer operated by a different lab personnel. Lipid information
allowed for the successful discrimination of the two tissue types for the independent test
set as well as negative and positive ER, PR, and HR status. While this study represents
one of the first multi-center studies to investigate the robustness of ambient ionization
MS for tissue evaluation and diagnosis, larger multi-institutional studies using
commercially available DESI-MS instrumentation and LC-MS are needed to verify the
trends in lipid species observed in this study. Recent advances to the commercially
available DESI-MS instrumentation has decreased overall analysis time as well as
improved the robustness of the DESI sprayer for tissue section analysis!, which is key to
mitigating any intra-laboratory variability, facilitating clinical translation, and use as an
alternative method to intraoperative frozen section analysis. Further, performing IHC on
tissue sections following DESI-MS analysis should be incorporated into the workflow to

refine the classification models for receptor status prediction as well as to evaluate the
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usefulness of DESI-MS for molecular subtyping and treatment decision making.
Additional testing and validation of DESI-MS imaging will help provide insight into the
usefulness of this technology for the clinical management of breast cancer patients.
Recent technical advances in the field of ambient ionization MS have focused on
increasing the molecular coverage obtained by these technologies by incorporating ion
mobility. Chapter 3 discusses the coupling of DESI-MS to FAIMS for the detection and
imaging of multiply charged protein species up to 16 kDa directly from tissue sections,
demonstrating feasibility for the first time using DESI-MS. The integration of FAIMS
into the DESI-MS imaging workflow allowed for multi-modal imaging of proteins,
lipids, and metabolites in tissue sections, which could prove useful for a more in depth
investigation of healthy and diseased human tissue sections in future applications. While
FAIMS enabled the detection of multiply charged molecules, it proved challenging to
detect lower abundant proteins in biological tissue as smaller molecules not removed
from the complex biological matrix during the organic solvent washing steps can
compete with the proteins for charge and suppress the signal for the larger molecules.
Additionally, FAIMS acts as an ion filter and ultimately further reduces the overall signal
intensity of ions transmitted to the mass spectrometer. Although the protein coverage by
DESI-MS remains inferior to LC-MS/MS of tissue extracts and MALDI-MS imaging
experiments, recent improvements in the sensitivity of mass spectrometers and
advancements in FAIMS instrumentation have increased the number of proteins detected
by liquid extraction ambient ionization MS over 10-fold in biological tissue sections.?

While DESI-MS has yet to be coupled to these higher resolution and performing
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instrumentation for protein analysis, these improvements are a step toward alleviating
some of the challenges experienced when utilizing ambient ionization MS for the
detection of larger molecules in tissue samples.

The development of handheld ambient ionization MS-based technologies offers
the exciting opportunity to incorporate the molecular assessment of human tissue
specimens into the surgical workflow, bringing us closer than ever to translating these
technologies from the research laboratory into the operating room. As discussed in
Chapters 4 and 5, the MasSpec Pen is a biocompatible device that utilizes a discrete water
droplet to extract molecular information directly from tissue samples in a matter of
seconds. While extensive work has been done in our research lab to demonstrate the
ability of the MasSpec Pen to distinguish between various types of banked normal and
cancerous tissue, this technology was envisioned for the intraoperative molecular
assessment human tissue during oncological surgical procedures, and therefore needs to
be rigorously tested in a hospital setting. Chapter 4 describes the clinical translation of
the MasSpec Pen system into the OR to evaluate feasibility of this technology for the
intraoperative molecular analysis of human tissue and to better understand how it fits into
the surgical workflow. MasSpec Pen data was collected during 100 surgeries for thyroid
(n=75), breast (n=11), and pancreatic (n=14) cancer and nonmalignant conditions,
showing qualitatively similar molecular profiles compared to those obtained from the ex
vivo analysis of banked tissue samples. Although these results show feasibility of the
MasSpec Pen for intraoperative molecular analysis of human tissue, additional

considerations are needed to facilitate clinical translation of this technology. Packaging of
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statistical classifiers into a user-friendly graphical user interface would allow complex
mass spectra to be converted into disease prediction readouts that can be easily
interpreted by clinicians and surgical staff. Additionally, integration of the MasSpec Pen
to other ionization sources should be explored to decrease instrument contamination and
improve the sensitivity of the method. The MasSpec Pen has recently been integrated
with atmospheric chemical pressure ionization for forensics applications, showing an
200% increase in the signal compared to the ionization mechanism traditionally used with
the MasSpec Pen.? Collectively, handheld MS-based devices show promise for
intraoperatively evaluating human tissue on a seconds to minutes timescale, which is
significantly faster than currently available intraoperative methods. However, these MS
technologies are not intended to replace pathological evaluation of tissue specimens,
which is currently the gold standard. Rather, they are envisioned as complimentary tools
that can provide information complementary to final post-operative pathology to enable a
more comprehensive evaluation of tissue specimens and to guide surgical resection.
Continuous effort is aimed toward optimizing and refining handheld MS-based
technologies for intraoperative and clinical use, ultimately working toward improving the
surgical management of cancer patients.

Chapter 5 specifically focuses on refining the MasSpec Pen for intraoperative
surgical margin evaluation during breast cancer surgeries. Although intraoperative
surgical margin evaluation tools are currently available for surgical use, they are not
widely implemented, resulting in a stagnant re-excision rate of ~20-40% over the last 10

years. As Chapter 5 describes, the MasSpec Pen is a promising solution for improving
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intraoperative surgical margin evaluation, and potentially reducing the re-excision rate, as
it can distinguish between IDC and normal breast tissue with over a 90% accuracy in an
independent test set. The classification model built using ex vivo banked normal breast
tissue and IDC data was used to predict on the mass spectra collected intraoperatively,
resulting in a 95.2% agreement with final pathology. While these results are promising,
all tissue sampled intraoperatively by the MasSpec Pen was negative for cancer as the
tumor was not physically exposed in any of the cases. Thus, extensive validation of the
classification model for IDC detection is still needed before implementation into a
clinical environment. Future testing of this technology will focus on rigorously validating
the performance of the statistical classifier for the detection of IDC at the surgical
margins. Additionally, larger multi-institutional studies encompassing a diverse patient
population will help evaluate the potential of the MasSpec Pen technology for the near
real time detection of breast cancer and assessment of surgical margins and provide
insight into its ability to reduce re-excision surgeries and improve patient care and
outcome.

With the outbreak of the novel coronavirus COVID-19 so came the development
of many techniques aimed at mitigating the spread of the virus. Chapter 6 of this
dissertation describes the modification and application of the MasSpec Pen system for the
analysis of clinical COVID-19 nasal swabs. Lipid information obtained from the analysis
of asymptomatic negative, symptomatic negative, and symptomatic positive swabs was
used to build classification models for COVID-19 status prediction, yielding ~80%

agreement with PCR. Further testing and refinement of the methodology using large

182



sample sizes and asymptomatic negative samples is needed to improve the analytical and
diagnostic performance as well as verify the diagnostic power of lipid information for
COVID-19 diagnosis and screening. Nevertheless, the modifications to the sampling unit
and coupling to ESI can broaden the applications of this technology to include the
analysis medical swabs collected for other infections or diseases. As this method is
coupled to ESI, quantitative analysis of pharmaceuticals and semiquantitative analysis of
biological samples can now be explored with the MasSpec Pen technology, which was
previously unattainable using solvent assisted inlet ionization. Additionally, the 3D
printed materials used to make the sampling unit can be further modified to allow for the
analysis of smaller or larger biological samples, including biofluids. The user-friendly
features, small footprint, and compatibility with various benchtop mass spectrometers
enable this system to potentially be implemented in clinical laboratories already equipped
with MS instrumentation for various diagnostic applications.

Collectively, the studies described in Chapters 2-6 of this dissertation showcase
the potential ambient ionization MS methodologies to address complex challenges in
human health and disease diagnosis. Technological refinements and extensive testing
validation in larger studies and clinical trials across multiple institutions will only provide
more evidence of the benefits of incorporating ambient ionization MS approaches into
clinical workflows for routine use. Although ambient ionization MS is relatively new
compared to the MS methodologies currently used in a clinical lab, significant
advancements have been made to make them more robust and versatile for clinical use,

with the goal of improving patient care and outcome.
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Appendices

APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2
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Figure A2.1: PCA analysis of normal breast tissue by race and ethnicity.

Projections of the mass spectra from normal breast tissue samples onto the first three
principal components (PC) do not separate patients by A) race, or B) country of
collection, as observed for the 2D PCA plot of PC1 versus PC2, 2D PCA plot of PC1
versus PC3, and 2D PCA plot of PC2 versus PC3.
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Figure A2.2: Negative ion mode DESI-MS ion images and mass spectra acquired in the
USA and Brazil.

Negative ion mode DESI ion images and mass spectra of adjacent tissue sections of A)
normal breast and B) breast IDC tissue samples analyzed in Brazil and the USA. PI:
glycerophosphoinositol, PS: glycerophosphoserine, FA: fatty acid. Lipid species are
described by number of fatty acid chain carbons and double bonds.
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Table A2.1: Cosine similarity values of the data obtained in USA and Brazil for same

Brazilian normal and cancer samples.

USA USA Brazil Brazil

normal cancer normal cancer
USA normal 1.00 0.73 0.51 0.57
m/z USA cancer 0.73 1.00 0.69 0.91
100-1200  Brazil normal 0.51 0.69 1.00 0.84
Brazil cancer 0.57 0.91 0.84 1.00
USA normal 1.00 0.92 0.85 0.86
m/z USA cancer 0.92 1.00 0.72 0.92
700-1200  Brazil normal 0.85 0.72 1.00 0.82
Brazil cancer 0.86 0.92 0.82 1.00
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Table A2.2: Summary of Lasso prediction results for distinguishing between normal and
IDC breast samples for USA training set, USA test set, and Brazil test set.

Lasso Results Overall
Pathologic Sensitivity/Specificity
Analysis Agreement
Diagnosis|Normal Cancer (%) (%)
(%)
Normal 1049 36
USA |Per Pixel 97.6 96.7 97.6
Cancer 417 17189
Training
Per Normal 21 0
set 97.8 100.0 98.5
Patient | Cancer 1 44
Normal 184 1
Per Pixel 99.1 99.5 99.2
USA Cancer 53 6120
Test Set Per Normal 6 0
100.0 100.0 100.0
Patient | Cancer 0 15
Normal 2042 45
Per Pixel 94.7 97.8 95.3
Brazil Cancer 495 8795
Test Set Per Normal 18 0
96.2 100.0 97.7
Patient | Cancer 1 25
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Table B3.1: Comparison of the S/N of alpha globin in mouse kidney tissue sections
detected by DESI-MS imaging with and without FAIMS

Signal’ |Signal Std Dev SIN’ S/N Std Dev | S/N RSD (%) | Variance
FAIMS 773 83 32.1 25 7.8 63.6
No FAIMS| 947 354 27.9 7.5 27 56.8
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Figure B3.1: Comparison of the S/N and number of detected protein species at different
spray voltages using DESI-FAIMS-MS.

Spectra are an average of 20 scans.

190



1202.169

100C

1000.523
1072.059 . 1250.652
8 1042.148 1116200 11O+448
60
40 938.052  977.077
20 1298.682
1072.065
100 938,181 1000.592 1042151 1116.518 200 C
80 : 1154.453
977.079 1202.173 1250.572
60
8 40 Jo19485
8
2 1166.994
g 1089.574 n " 1211.482 Jﬂhneosm
€ 5 ot atl i M y | ‘ﬁ“ﬁ‘“ e i N al
3 938.117
<100 1000.591 1072.062
2 1154.373 300 C
° 80 1042.016 1116.445
© 60 977.016 1202.248
919.426 1250.489
40 957.806 1089 572
20 1 A 1166.991 1211.632
0 | otk il ».Jb Lk A Jimesillihek nw ot
1000.657
100 — 1072.061 400 C
80 1011.260
0 3 938.180 1042.016 1154.296 1250571
E 1116.373 -
40 - 931.950 977.015 1202.402
E 1089.572
20 057,948 r[ l 1166.742 | 1211.247
AR ¥ M_MM T N TR b oLt L " o
0 e e e e e B e e e e e S B e plprblpay
00 g 1000 1050 1100 1150 1200 1250 1300
miz

S/N=9.26
Proteins Detected=2

S/IN=33.4
Proteins Detected=10

S/N=30.5
Proteins Detected=11

S/N=30.06
Proteins Detected=9

Figure B3.2: Comparison of the S/N and number of detected protein species at different
inlet temperatures using DESI-FAIMS-MS.

Spectra are an average of 20 scans.
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Table B3.2: Identified proteins and their corresponding sequence coverages for mouse brain,

human ovary, and human breast tissue samples.

Proteins were either identified by top-down or bottom-up approaches.

Protein Identification
6.8 kDa mitochondrial proteolipid
Cytochrome ¢ oxidase subunit 6¢
Acyl-CoA-binding protein
V-type proton ATPase subunit G2
Myelin basic protein isoform 8

Alpha globin
Beta globin
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified

Protein Identification

Protein S100A6
Hemoglobin subunit alpha
Hemoglobin subunit beta

Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified

Protein Identification

Protein S100A6
Protein S100A8
Protein S100A4
Protein S100A11
Galectin-1
Profilin-1
Hemoglobin subunit alpha
Hemoglobin subunit beta
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified
Unidentified

a normal tissue
b cancerous tissue

Accession
Number
P56379

QacPQ1
P31786
QIWTT4
P04370-8

Qo1VvB8
A8DUK4

Acession
Number
P06703
P69905
P68871

Acession
Number
P06703
P05109
P26447
P31949
P09382
P0O7737
P69905
P68871

m/z

957.662
1,048.44
901.931
969.65
706.996
999.723
1,042.22
1,096.75
992.68
1,166.87
985.173
1,031.29
1,053.78
707.667
943.358
936.307

m/z

1,442.342
946.319
1,058.765
1,161.080
1,110.289
945.378
1,070.282
1,166.091
1,077.288
1,082.162
1,055.761
1,057.761
1,069.502
1,099.843

m/z

1262.176
986.633
1058.893
1166.091
1126.177
1152.46
1009.405
1058.763
1152.459
1077.284
1006.469
945.380
1010.600
1055.828
952.38
1156.181

Mouse brain
Charge Molecular Weight

State (Da)
7 6,698
8 8,469
11 10,000
14 13,651
20 14,211
15 15,085
15 15,784
6 6,567
8 7,929
8 9,320
11 10,818
11 12,357
13 13,680
20 14,127
14 14,140
16 14,957

Human Ovary
Charge Molecular Weight

State

7
16
15
13

(Da)
10,180
15,258
15,998
15,085
7,760
15,100
14,960
11,645
15,072
15,137
15,813
15,841
16,018
16,472

Human Breast

Charge Molecular Weight

State

8

1
1
10
13
13
15
15
13
14
15
16
15
15
17
14

192

(Da)
10,180
10,835
11,279
11,740
14,716
15,054
15,258
15,998
14,959
15,058
15,071
15,101
15,138
15,872
16,160
16,163

Top Down Sequence
Coverage (%)
23
36
41
29
32
24
20

Top Down Sequence
Coverage (%)
230
359, 52°
278, 33°

Top Down Sequence

Coverage (%)

369, 29°
343, 16°

Bottom Up Sequance
Coverage (%)

57
31
47
64
75

Bottom-Up Sequence
Coverage (%)

502, 25°
972, 50°

Bottom-Up Sequence
Coverage (%)
320
12b
9b
56°
61°
232
942, 29°
952, 16°



Trial 1 Trial 2

m/z 937. 307
z=+16
Alpha globin

m/z 707.068
z=+20
MBP isoform 8
. . . 0%

Figure B3.3: DESI-MS ion images of three serial mouse brain tissue sections

aouBpUNQY OAlEIoY

m/z 1134.347
z=+7
Unidentified

H&E Stained

Reproducible ion intensities and protein distributions within the tissue provided by this
method are shown. Optical H&E images shown are of the same tissue section analyzed.
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Figure B3.4: Representative negative ion mode MS/MS spectra of PS 40:6 and ST C24:1
obtained using DESI.
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Figure B3.5: DESI-MS ion images of mouse brain tissue sections obtained both with and
without previous analysis by DESI-MS imaging in negative ion mode.

A histologically compatible solvent system was used in the negative ion mode, showing
minimal loss in protein signal intensity. lon images are in the same scale. H&E stained
images are of a serial mouse brain tissue section as protein conditions are not histologically
compatible.
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Figure C4.1: MasSpec Pen control interface front panel.

The control box is composed of four buttons which are power, A&B switch, and refill.
LED lights were incorporated in the panel to indicate the status of “analysis” or “prime”.
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Figure C4.2: Assembling of MasSpec Pen devices.

All the devices used intraoperatively were 3D printed and assembled in the laboratory at
UT Austin. After assembly, each individual device was placed in sterile bag and sent to the
hospital for autoclaving prior to surgical use.
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Table C4.1: Cosine similarity results between the mass spectra obtained with different
tubing lengths of the MasSpec Pen.

1.5 meters (n=4) 3.0 meters (n=4)
3.0 meters (n=4) 0.91 --
4.5 meters (n=4) 0.92 0.97
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Table C4.2: Droplet transport time from pen tip to mass spectrometer through various
tubing lengths.

Average (n=10)
Relative Standard Deviation (RSD)

in seconds
1.5 meters 3.8 12.4%
3.0 meters 5.8 11.5%
4.5 meters 7.5 52%
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Table C4.3: Clinical and demographic information for the 100 patients included in this
study.

Information on the analyses conducted with the MasSpec Pen, such as number of devices
used, number of analyses, tissue samples analyzed and type of analysis (in vivo or ex vivo),
is also provided. Patients IDs were defined according to the type of procedure
(thyroidectomies — TH, parathyroidectomies — PT, BR — breast cancer surgery, PN —
pancreatic cancer surgery).

MS NUMBE
DATE PEN RMS IN EX
PATIEN GENDE INDICATI
MM/YYY AGE ETHNICITY RACE PROCEDURE DEVIC PEN vivo vivo TISSUES ANALYZED
TID R ON
Y ES ANALYS (Y/N) (Y/N)
USED ES
Right
Not Hispanic ‘White or Solitary
09/2018 THO0001 39 F Hemithyroidectom 2 2 Y Y Thyroid
or Latino Caucasian Nodule
y
Black or
Not Hispanic Total Graves'
09/2018 TH0002 42 F African 2 9 Y Y Parathyroid, Thyroid
or Latino Thyroidectomy Disease
American
Right Papillary
Hispanic or ‘White or
09/2018 THO0003 44 E Hemithyroidectom Thyroid 2 8 Y Y Parathyroid, Thyroid
Latino Caucasian
y Cancer
Primary
Not Hispanic White or Right Inferior
09/2018 PT0001 62 M Hyperparat 2 4 Y N Parathyroid, Thyroid
or Latino Caucasian Parathyroidectomy
hyroidism
Primary
Not Hispanic ‘White or Left Superior
09/2018 PT0002 66 M Hyperparat 2 5 Y N Parathyroid, Thyroid
or Latino Caucasian Parathyroidectomy
hyroidism
Secondary
Hispanic or ‘White or Subtotal
09/2018 PT0003 56 F Hyperparat 1 1 Y N Parathyroid
Latino Caucasian Parathyroidectomy
hyroidism
Pancreatic
Not Hispanic ‘White or
09/2018 PN0001 73 M Whipple Adenocarci 4 8 Y Y Lymph node, Pancreas
or Latino Caucasian
noma
Grade 111
Not Hispanic White or Right Mastectomy
10/2018 BR0001 63 F Intraductal 4 10 Y Y Lymph node, Breast
or Latino Caucasian with SLNB
Carcinoma
Right
Hispanic or ‘White or Indetermina
10/2018 TH0004 42 F Hemithyroidectom 1 5 Y Y Thyroid
Latino Caucasian te nodule
y
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10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

10/2018

THO0005

PT0004

PT0005

THO0006

THO0007

THO0008

PN0002

TH0009

PT0006

PT0007

PN0003

PT0008

BR0002

66

81

49

49

53

28

69

29

68

46

53

48

58

Not Hispanic

or Latino

Not Hispanic

or Latino

Not Hispanic

or Latino

Not Hispanic

or Latino

Not Hispanic

or Latino

Not Hispanic

or Latino

Hispanic or

Latino

Hispanic or

Latino

Hispanic or

Latino

Hispanic or

Latino

Hispanic or

Latino

Not Hispanic

or Latino

Not Hispanic

or Latino

‘White or Total

Caucasian Thyroidectomy

Left Inferior

White or
Parathyroidectomy,
Caucasian
Thyroid Biopsy
‘White or Subtotal
Caucasian Parathyroidectomy
Black or Left
African Hemithyroidectom
American y
Left
‘White or
Hemithyroidectom
Caucasian
y
White or Total
Caucasian Thyroidectomy
Other Whipple
White or Total
Caucasian Thyroidectomy
Native
Hawaiian or
Right
Other
Parathyroidectomy
Pacific
Islander
White or Redo
Caucasian Parathyroidectomy
Laparoscopic
‘White or
Distal
Caucasian
Pancreatectomy
Black or
Subtotal
African
Parathyroidectomy
American
‘White or Bilateral
Caucasian Mastectomy
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FAP with
Multinodula
r Goiter
Primary
Hyperparat
hyroidism
Tertiary
Hyperparat

hyroidism

Indetermina

te nodule

Indetermina

te nodule

Toxic
Multinodula
r Goiter
Pancreatic
Adenocarci
noma
Papillary
Thyroid

Cancer

Primary
Hyperparat

hyroidism

Primary
Hyperparat

hyroidism

IPMN

Tertiary
Hyperparat
hyroidism
Li
Fraumeni

Syndrome

Thyroid

Parathyroid, Thyroid

Parathyroid, Thyroid

Parathyroid, Thyroid

Thyroid

Thyroid

Lymph node, Pancreas

Parathyroid, Thyroid,

Lymph node

Parathyroid, Thyroid

Parathyroid, Thyroid

Pancreas

Parathyroid, Thyroid

Breast




10/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

11/2018

BR0003

PN0004

PNO0005

PT0009

PT0010

PTO0011

PT0012

THO0010

PN0006

PT0013

PT0014

THOO011

PT0015

PT0016

THO0012

45

38

71

64

55

66

58
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Figure C4.3: Comparison between mass spectra obtained ex vivo (A-C) and in vivo (D)
from a parathyroid collected with the MasSpec Pen during a
parathyroidectomy procedure for primary hyperparathyroidism (PT0010).

Several metabolites, including ascorbic acid and glutathione, as well as lipids species were
detected in the mass spectra obtained from the three analyses performed with the same
device. In vivo analysis of the same parathyroid gland was also performed prior to its
excision, yielding a comparable molecular profile with high relative abundances of the
same metabolites and lipid species detected ex vivo. Higher relative abundances of
triacylglyceride species were observed in the first analysis, while a higher relative
abundances of various metabolites, including ascorbic acid and glutathione, as well as
glycerophosphoethanolamine, glycerophosphoserine, and glycophosphoinositol lipid
species, among others, were detected in the second and third analyses. The variations in
the mass spectra profiles are likely due to sampling of different tissue regions within the
gland, which were performed by the surgeon in vivo and by a surgical assistant ex vivo
within the parathyroid specimen.

208



Figure C4.4: Images of two different MasSpec Pen devices after being used in vivo by
surgeons for tissue analyses.

As observed in the images, while macroscopic blood staining was noted on the tissue
contact portion of the device as expected (the extent of which varied depending on the
amount of residual blood present at the tissue surface), tissue debris or tissue fragments
were not visually observed on the pen tip nor within the tubing system by the surgical or
research team.
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Table C4.4: Proposed attributions, molecular formula, and mass error for the species

annotated. Abbreviations: FA — fatty acid, PE —
glycerophosphoethanolamine, PS — glycerophosphoserine, PI —
glycerophosphoinositol, TG — triacylglycerol.

Proposed Molecular

Detected m/z Proposed Attribution Mass Error (ppm)
Formula
124.006 Taurine C,HeNOsS 3.6
126.904 Iodine I 7.1
146.045 Glutamic Acid CsHsNO4 5.5
167.021 Uric Acid CsH3N403 3.0
175.024 Ascorbic Acid CeH706 2.3
191.020 Citric Acid CsH,07 1.0
215.033 Hexose CsH1206Cl1 -0.5
246.951 Hexafluoroisopropyl sulfonate CsHO4F¢S 24
227.202 FA 14:0 C14H2702 1.5
255.234 FA 16:0 Ci6H3102 -2.7
279.234 FA 18:2 CisH3102 -3.6
281.250 FA 18:1 Ci1sH3302 -3.9
283.265 FA 18:0 CisH3502 -3.9
303.234 FA 20:4 C20H3102 -4.3
306.078 Glutathione CioH16N306S -4.6
448.307 Chenodeoxyglycocholate Ca6H4205N 0.3
464.302 Glycocholate Ca6H4206N 0.5
498.290 Taurodeoxycholate Ca6H4sO6NS 1.0
514.285 Taurohyocholate Ca6Hs40O7NS 1.2
543.164 Lymphazurin C27H31N206S2 1.8
615.173 Heme Ci34H31FeN4O4 -5.0

210




698.514

700.532

714.511

716.527

722.517

726.549

738.512

742.543

744.560

750.549

764.528

766.543

770.575

778.580

786.533

788.549

794.575

810.533

834.533

835.537

836.548

857.523

861.554

883.539

885.555

891.723

PE P-34:2

PE P-34:1

PE 34:2

PE 34:1

PE P-36:4

PE P-36:2

PE 36:4

PE 36:2

PE 36:1

PE P-38:4

PE 38:5

PE 38:4

PE 38:2

PE P-40:4

PS 36:2

PS 36:1

PE 40:4

PS 38:4

PS 40:6

PI 34:1

PS 40:5

PI36:4

PI36:2

PI 38:5

PI38:4

TG 52:3

211

C39H73NO7P
C39H75NO7P
C39H73NOgP
C39H75NOgP
C41H73NO7P
Cq1H77NO7P
C41H73NOgP
C41H77NOgP
C41H79NOgP
C43H77NO7P
C43H75NOgP
Cy3H77NOsP
C43Hg1NOsP
C4sHg1NO7P
C42H77NO 0P
C42H79NO 0P
C4sHg1NOgP
C44H77NO 0P
C46H77NO 0P
Cy3HgoO13P
C4sH79NO 0P
C4sH73013P
Cy4sHg2013P
C47Hg0013P
C47Hs2013P

CssH10006Cl

4.8

43

4.8

-5.3

-5.8

5.5

-5.5

6.9

-6.0

5.8

-5.3

5.8

5.6

-5.2

-5.1

5.6

-5.2

-5.1

54

-5.5

1.8




917.739

TG 54:4

Cs7H10206Cl

2.1

212



||||| 4 4.7e-15 p <2.22e-16
L |

p <2.22e-16 | p<222e-16
1 r 1

0.27 0.06
1 1

10408 |

@
-]

Total lon Count
Total lon Count

R ex vivo OR ex vivo lab n vivo OR ex vivo OR ex vivo lab
Group Group

Figure C4.5: Comparison of total ion count values obtained from MasSpec Pen analyses
in the operating room and laboratory setting for (A) breast and (B) thyroid
specimens.

Total ion count values are provided as NL values from Orbitrap readings. Of note, the same
Q Exactive™ Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher
Scientific) was used in the laboratory and in the OR. Data obtained ex vivo from frozen-
thawed specimens in the laboratory (ex vivo lab) has been previously published (Zhang et.
al STM 2017) (17). For breast, a total of 42 in vivo OR mass spectra, 31 ex vivo OR mass
spectra, and 45 ex vivo laboratory mass spectra were considered. For thyroid, a total of 120
in vivo OR mass spectra, 71 ex vivo OR mass spectra, and 56 ex vivo laboratory mass
spectra were considered. A Wilcoxon test was used to calculate p-values and are provided
in the figure, showing significant differences in the total ion counts between intraoperative
data and laboratory data but not between intraoperative in vivo and ex vivo mass spectra.
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Figure C4.6: (A) Isotopic distribution of heme (on the top) observed in vivo from
MasSpec Pen analysis of parathyroid tissue during a parathyroidectomy
procedure for primary hyperparathyroidism (PT0012) and theoretical mass
spectrum of heme (at the bottom) in negative ion mode using isotope
simulation function available in Thermo XCalibur Qual Browser.

Tandem mass spectrum of m/z 615.170 (on the top) from a thyroid tissue analysis by the
MasSpec Pen and tandem mass spectrum of m/z 615.171 (at the bottom) from heme

standard by electrospray ionization (ESI) under higher-energy collisional dissociation
(HCD) mode.
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Figure C4.7: Detection and identification of heme and hexafluoroisopropyl sulfonate.

(A) In vivo mass spectrum obtained from MasSpec Pen analysis of a normal parathyroid
specimen during parathyroidectomy procedure for primary hyperparathyroidism
(PT0020). Despite the detection of heme at the highest relative abundance (100%) and
the detection of multiply charged hemoglobin peaks, various metabolite and lipid species
were still detected and identified, as annotated for selected ions in the mass spectra. (B)
Identification of m/z 615.171 as deprotonated heme by MS? experiment performed during
analysis of a thyroid tissue by the MasSpec Pen. (C) Identification of m/z 246.950 as
deprotonated hexafluoroisopropyl sulfonate (HFIPS) by MS? performed on tissue.

215



1007
80
S
]
c 60—
[1-]
°
c
=]
=]
=4
£ 40
= [M-11H]"-
E 1374.168
20 [M-12H]12-
1321.182
0
1200 1300 1400

Il Hemoglobin subunit a

Il Hemoglobin subunit B

[M-10H]">
1511.585
[M-10H]"°-
1585.722
[M-11H]""
1441.293
1500 1600
m/z

[M-9H]*

1679

540

[M-9HJ*
1762.025

1700 1800

Figure C4.8: Multiply charged peaks detected from in vivo analysis of thyroid tissue
using MasSpec Pen during a right hemithyroidectomy procedure of an
indeterminate nodule (TH0025) were tentatively assigned as hemoglobin a
and hemoglobin 3 subunits.

Note that monoisotopic masses of human hemoglobin o and hemoglobin B subunits
(without the initiator methionine) are 15116 and 15857, respectively.
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Figure C4.9:

Negative ion mode mass spectra obtained of 10 pL of human blood
deposited onto a glass slide and analyzed with the MasSpec Pen.

(A) m/z 220-1800 range showing detection of heme and hemoglobin peaks, (B) zoom in
m/z 1000-1800 showing detecting of multiply charged hemoglobin peaks, (C) zoom in
m/z 120-300 where metabolites and fatty acids are normally detected, (D) zoom in m/z
700-1000 where complex lipids are often detected. Note: These experiments were
performed in the lab with a HF Q Exactive Orbitrap mass spectrometer and used the same
experimental conditions for OR tissue analysis.
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Figure C4.10: MasSpec Pen in vivo analysis of a thyroid nodule during a total
thyroidectomy and parathyroidectomy for a thyroid neoplasm and primary

hyperparathyroidism (TH0024), showing interferences in the mass spectrum
resulting from saline irrigation.
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Figure C4.11: Identification of m/z 246.950 as hexafluoroisopropyl sulfonate (HFIPS).

(A) Sevofluorane tank used for anesthesia during the surgeries described in this study.
(B) Structure of sevofluorane. (C) Structure of HFIPS. MS? (D) and MS? (E) of
biosynthesized HFIPS. MS? (F) and MS? (G) of HFIPS detected from endometriosis
tissue by DESI-MS.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 6

APPENDIX E

1C

for the 26 symptomat
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1 informat
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d deta

negative patients

: Demographic an

Table E6.1

- RT-PCR Prediction Hospitalization Mechanical

Original Class ID# Gender Age (Observed) (Classifier 1) _uom<w ICU days Ventilation Days Outcome
Symptomatic Negative 30 F 35 NEG POS 2 0 0 Discharged
Symptomatic Negative 34 M 76 NEG POS 15 13 11 Death
Symptomatic Negative 36 M 73 NEG POS 3 0 0 Discharged
Symptomatic Negative 45 F 50 NEG POS 13 0 0 Discharged
Symptomatic Negative 68 F 76 NEG POS 3 0 0 Discharged
Symptomatic Negative 71 F 49 NEG POS 4 0 0 Discharged
Symptomatic Negative 92 F 69 NEG POS 29 19 19 Death
Symptomatic Negative 93 M 68 NEG POS 7 0 0 Discharged
Symptomatic Negative 96 M 76 NEG POS 5 0 0 Discharged
Symptomatic Negative 97 M 67 NEG POS 5 0 0 Discharged
Symptomatic Negative 101 F 27 NEG POS 1 0 0 Discharged
Symptomatic Negative 108 F 60 NEG POS 9 0 0 Discharged
Symptomatic Negative 111 M 50 NEG POS 2 0 0 Discharged
Symptomatic Negative 116 F 78 NEG NEG 8 0 0 Discharged
Symptomatic Negative 149 M 66 NEG POS 7 0 0 Discharged
Symptomatic Negative 151 M 47 NEG POS 7 0 0 Discharged
Symptomatic Negative 152 M 66 NEG POS 4 0 0 Death
Symptomatic Negative 156 F 81 NEG NEG 3 0 0 Discharged
Symptomatic Negative 193 F 57 NEG POS 6 0 0 Discharged
Symptomatic Negative 240 M 68 NEG POS 10 0 0 Discharged
Symptomatic Negative 242 M 28 NEG NEG 3 0 0 Discharged
Symptomatic Negative 263 M 71 NEG POS 6 0 0 Discharged
Symptomatic Negative 264 M 26 NEG POS 2 0 0 Discharged
Symptomatic Negative 265 M 83 NEG NEG 3 0 0 Discharged
Symptomatic Negative 266 M 84 NEG POS 2 0 0 Discharged
Symptomatic Negative 267 F 52 NEG NEG 64 0 0 Discharged
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Chest CT Findings

il Presence of % of
Original Class ID# Suggestive of viral | Ground-Glass s Crazy Paving .
infection Opacity Consolidations Appearance Reticular Pattern _u:_q:m:ma. _uc__:o.:mé
Commitment Commitment

Symptomatic Negative 30 YES YES NO NO NO YES 25-50
Symptomatic Negative 34 YES YES YES NO NO YES 50
Symptomatic Negative 36 YES YES NO YES YES YES 20-50
Symptomatic Negative 45 YES YES YES YES YES YES 50
Symptomatic Negative 68 NO NO NO NO NO NO 0
Symptomatic Negative 71 YES YES YES NO NO YES 50
Symptomatic Negative 92 YES YES NO NO NO YES 30-50
Symptomatic Negative 93 YES YES YES YES NO YES 60
Symptomatic Negative 96 YES YES YES NO YES YES 20-50
Symptomatic Negative 97 YES YES YES YES YES YES 30
Symptomatic Negative 101 YES YES YES NO NO NO 0
Symptomatic Negative 108 YES YES YES YES YES YES 50
Symptomatic Negative 111 YES YES YES NO NO YES 50-80
Symptomatic Negative 116 NO NO NO NO NO NO 0
Symptomatic Negative 149 YES YES YES NO NO YES 50-70
Symptomatic Negative 151 YES YES YES YES NO YES 50-80
Symptomatic Negative 152 YES YES YES YES NO YES 50
Symptomatic Negative 156 NO NO NO NO NO NO -
Symptomatic Negative 193 YES YES YES YES NO YES 50-80
Symptomatic Negative 240 NO NO NO NO NO NO 0
Symptomatic Negative 242 NO NO NO NO NO NO 0
Symptomatic Negative 263 NO NO YES NO NO NO 0
Symptomatic Negative 264 YES YES NO NO NO NO 0
Symptomatic Negative 265 NO NO NO NO NO NO 0
Symptomatic Negative 266 NO NO NO NO NO NO 0
Symptomatic Negative 267 YES YES NO YES YES YES 20-50
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Reported Symptons

Other information

Cap]liEl (G o Fever | Cough | Myalgia ._.ﬂwmwn Headache | Coryza | Dyspnea m:ﬂmwwnmﬂno o memu\mazcs ﬂ_MMMWo MHM-_”_.H_AM_«. Asthma
Symptomatic Negative 30 YES YES NO NO NO NO YES YES YES NO NO NO
Symptomatic Negative 34 NO YES NO YES NO NO YES NO NO NO NO NO
Symptomatic Negative 36 YES NO NO NO NO NO YES NO YES NO NO NO
Symptomatic Negative 45 NO NO YES NO NO NO YES NO NO NO NO NO
Symptomatic Negative 68 YES NO NO NO NO NO YES YES YES NO NO NO
Symptomatic Negative 71 YES NO NO YES NO NO NO YES YES NO NO NO
Symptomatic Negative 92 NO YES NO NO NO NO YES NO NO NO NO NO
Symptomatic Negative 93 NO YES NO NO NO NO YES YES NO NO NO NO
Symptomatic Negative 96 NO YES NO NO NO NO YES NO NO YES YES NO
Symptomatic Negative 97 YES NO NO YES NO YES NO NO NO NO NO NO
Symptomatic Negative | 101 YES NO NO NO NO NO NO NO YES NO NO YES
Symptomatic Negative | 108 NO YES NO NO NO NO NO NO YES NO NO NO
Symptomatic Negative 111 NO YES NO NO NO NO NO YES YES NO NO NO
Symptomatic Negative 116 NO NO NO NO NO NO YES YES NO NO NO NO
Symptomatic Negative | 149 YES NO NO YES NO NO NO NO NO NO NO NO
Symptomatic Negative | 151 NO YES NO YES YES NO YES YES YES NO NO NO
Symptomatic Negative | 152 YES NO NO NO NO NO YES YES NO NO YES NO
Symptomatic Negative | 156 NO YES NO YES NO NO YES NO NO NO NO YES
Symptomatic Negative | 193 YES NO YES NO NO NO NO YES YES NO NO NO
Symptomatic Negative | 240 YES YES NO NO NO YES YES NO NO NO YES NO
Symptomatic Negative 242 NO YES NO YES NO YES NO NO NO NO NO NO
Symptomatic Negative | 263 YES YES NO NO NO NO YES NO NO NO NO NO
Symptomatic Negative 264 YES YES NO YES NO NO YES NO NO NO NO NO
Symptomatic Negative | 265 YES YES NO NO NO NO YES NO NO NO NO NO
Symptomatic Negative | 266 YES YES NO NO NO NO YES NO NO NO NO NO
Symptomatic Negative | 267 NO YES NO NO NO NO YES NO NO NO NO NO
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Figure E6.1: Representative mass spectrum from the MasSpec Pen-ESI MS analysis of a
nylon flock swab dipped in 20 ppm CL 72:4 (m/z 727.510) lipid standard.

The doubly charged CL species are labeled in red while the repeating units of ethylene

oxide are labeled in black.
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Table E6.2: Observed m/z, mass error, and identification for the features selected by

Lasso for Classifier 1 and 2.

Identifications are based on high mass accuracy and/or tandem MS measurements.

FIe_:l:tslSl:e Ob;(:}‘zved The(,)':‘/eztical 1}1}/1{ :(s)i Attribution Formula
41523 | 415226 | 4152255 | 1.204 LPA O-18:4 C21H3706P [M-H]-
41724 | 417241 | 4172412 | o oo LPA O-18:3 C21H3906P [M-H]-
41824 | 418244 | 4182445 | o Isotope °f4L1};féﬁ'18’3 /2 02 1H3906P [M-H-
422 | 421.997 - - Unidentified -
44634 | 446.336 i i Isotope Qfm/; 445.333, i
unidentified
450.87 | 450.874 - - Unidentified -
46732 | 467316 | 467.3143 | 3.638 LPA 0-20:0
50632 | 506.324 | 5063252 |, 1 LPE 20:1 C25H50NO7P [M-H]-
508.34 | 508.341 | 508.3409 | 0.197 LPE 20:0 C25H52NO7P [M-H]-
509.34 | 509.344 | 509.3442 | 1o, Isotope of LPE 20:0 C25H52NO7P [M-H]-
512.28 | 512.283 | 512.2864 - Unidentified -
52228 | 522.284 | 5222838 | 0.383 LPS 18:1 C24H46NO9P [M-H]-
556.32 | 556.318 | 5563176 | 0.719 LPC 18:1 C26H52NO7P
600.51 | 600.514 | 600.5128 | 1.998 Cer 36:1 C36H71NO3 [M+CI]-
618.52 | 618.524 | 618.5234 | 0.970 Cer 36:0 C36H73NO4 [M+CI]-
619.29 | 619.289 | 619.2889 | 0.161 LPI 20:4 C29H49012P [M-H]-
624.52 | 624.522 - - Unidentified -
629.49 | 629.492 | 629.4917 | 0.477 DG 34:1 C37H7005 [M+CI]-
63548 | 635482 | 6354812 | 1.259 DG 0-36:5 C39H6804 [M+CI]-
655.51 | 655.508 | 655.5074 | 0.915 DG 36:2 C39H7205 [M+CI]-
679.51 | 679.507 | 679.5074 | So DG 0-38:5 C41H7205 [M+CI]-
680.58 | 680.576 | 680.5754 | 0.882 Cer 42:3 C42H79NO3 [M+CI]-
68259 | 682.591 | 682.5911 | /.o Cer 42:2 C42H81NO3 [M+CI]-
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683.59

684.59

694.59
697.61

700.59

703.51

703.6
710.62
714.51
718.61

723.98

725.53

734.53

737.54
746.51
750.53

754.55

761.53
769.54
770.57

771.57
773.53
776.56

794.51

683.594

684.588

694.592
697.61

700.587

703.507

703.603
710.623
714.508
718.613

723.981

725.533

734.534

737.537
746.513
750.528

754.554

761.534
769.535
770.570

771.573
773.534
776.559

794.508

683.5944

684.5881
694.5911

700.5886

703.5074

710.6224
714.5079

723.9805

725.5362

734.5342

737.5370
746.5130
750.5292

754.5523

761.532
769.5389
770.5705

771.574
773.5338
776.5600

794.5108

0.585

0.146
1.296

2.284
0.569

0.844
0.140

0.691

4.411

0.272
0.000

0.000

1.599
2.253

2.626

0.649

1.296
0.259

1.288

3.524

Isotope of m/z 682.591, Cer
42:2
Isotope of m/z 682.591, Cer
42:3
Cer 43:3

Unidentified
Cer 44:5

DG 40:6
Unidentified
Cer 44:2
PE 34:2

Unidentified

Isotope of m/z 723.479, CL
72:8

DG 42:7
PE 34:0

SM 34:1
PE O-38:7
HexCer 34:1

PC O-32:0

Isotope of m/z 760.529, PE O-
39:7
Unidentified

PE 38:2

Isotope of m/z 770.570, PE
38:2

PG 36:2
PE O-40:6

PE 36:2
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C42H81NO3 [M+CI]-

C42H81NO4 [M+Cl]-
C43H81NO3 [M+Cl]-

C44H79NOS [M+CI]-

C43H7205 [M+CI]-

C44H85NO3 [M+Cl]-
C39H74NOSP [M-H]-

C81H142017P2 [M-
2H]2-

C45H7407 [M-H]-

C39H78NO9P [M-H]-

C39H79N206P
[M+CI]-
C43H74NO7P [M-H]-

C49H77NO9 [M+Cl]-

C40H82NO7P
[M+CI]-

C44H76NO7P [M-H]-

C43H82NOSP [M-
H]-
C43H82NOSP [M-
H]-
C42H79010P [M-H]-

C45H80NO7P [M-H]-

C41H78NO9P
[M+CI]-




794.53
808.5

845.61

847.53
858.72

860.64

869.57

872.64

880.52

910.55

976.62

794.529
808.504

845.610

847.529
858.723

860.638

869.569

872.638

880.519

914.584

976.619

808.5054

845.611
847.5283

860.6388

869.5662

872.6386

880.5195

914.5845

976.6204

1.732

1.183
0.826

0.930
3.220
0.688
0.568
0.547

1.434

Unidentified

PE O0-40:8

Isotope of m/z 844.607, PS
40:1
PA 48:12

Unidentified

HexCer 42:2

Isotope of m/z 868.563, PC
40:6

PS 42:1
HexCer 32:3
Isotope of m/z 913.585, PI1 40:4

PE 50:9

C45H76NO7P
[M+CI]-
C46H88NO10P [M-
H]-
C51H7708P [M-H]-

C48H9INO9 [M+Cl]-

C48H84NOSP
[M+CI]-
C48H92NO10P [M-
H]-
C44H79NO14
[M+CI]-

C49H87013P [M-H]-

C55H92NO9P
[M+CI]-
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