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SUMMARY

A universal attribute of bacterial cells is their ability to form architecturally complex
communities called biofilms. Biofilms can be broadly defined as communities of microbes
associated with a solid surface which are typically enclosed in an extracellular polysaccharide
matrix. The structure and composition of the bacterial biofilm has a profound influence on the
properties of the solid surface to which they adhere. Based on their environment biofilms can
adapt their metabolism to suit their circumstances, so even a single species biofilms can have
every possible metabolic state that the genome can sustain. This influence has a beneficial effect
on the bacterial community, often resulting in the phenomenon of biofilm resistant to drugs and
antimicrobials because any assault from antimicrobials will find the cells of each species in a
variety of phenotypes. Some phenotypes will be fast growing and some will be slow growing,
some will have expressed all the genes, some will be aerobic and some anaerobic. Thus, the
antimicrobial used should effectively kill them all or the survivors will grow quickly and
reestablish the biofilm community.

Thus the study of bacterial biofilms as often tried to understand which bacteria adhere to
what surfaces, why these bacteria adhere and how they resist elimination by treatment with a
variety of antimicrobial agents. Various hypotheses have been developed for the antimicrobial
resistance of biofilms including their alleged ability to inhibit the diffusion of antibiotics,
physiological heterogeneity due to chemical and nutrient gradients in the biofilms and the
coordinated regulation of genes via the exchange of chemical signal molecules including the
process of quorum sensing.

There is a need for effective analytical techniques to verify these hypotheses. When

microorganisms from a biofilm are dispersed, their antimicrobial susceptibility and other
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properties associated with planktonic cells are usually rapidly restored. Thus, removing bacteria
from their real biofilm community, which is the most commonly employed methodology for
analysis, can result in the loss of valuable information. The ability of mass spectrometry (MS)
imaging techniques based on secondary ion mass spectrometry (SIMS), matrix assisted laser
desorption/ionization mass spectrometry (MALDI-MS) and laser desorption postionization mass
spectrometry (LDPI-MS) to probe samples directly from intact surfaces was exploited in this
thesis to study chemical distributions within biofilms. Many of these measurements were
pursued as a function of spatial position within the biofilm.

Evaluating protocols on a well defined synthetic model system can be beneficial to
optimize an analytical technique and addressing the issues that may arise from real samples. A
polyelectrolyte multilayer (PEM) composed of high molecular weight polysaccharides chitosan
and alginate representing an ideal model system that simulates the extracellular polysaccharide
matrix of biofilms was used in this thesis to demonstrate depth profiling strategies using Cgo" ion
sputtering in conjunction with X-ray photoelectron spectroscopy.

Next a comparison of SIMS and LDPI-MS protocols to probe a small molecular analyte in
this multilayer model was made to highlight the features of each technique with respect to their
potential application in biofilm analysis. The small molecular analyte 3,5-dibromotyrosine
(Br2Y) and multilayers with and without adsorbed Br,Y were analyzed by LDPI-MS. Both a 7.87
eV laser and tunable 8 — 12.5 eV synchrotron vacuum ultraviolet (VUV) radiation were used in
LDPI-MS to determine that desorption of clusters from Br,Y films allowed detection by <8 eV
single photon ionization. Thermal desorption and electronic structure calculations determined the
ionization energy of Br,Y to be ~8.3£0.1 eV and further indicated that the lower ionization

energies of clusters permitted their detection at <8 eV photon energies. However, single photon
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ionization could only detect Br,Y adsorbed within PEMs when using either higher photon
energies or matrix addition to the sample. All samples were also analyzed by 25 keV Biz* SIMS,
with the negative ion spectra showing strong parent ion signal which complemented that
observed by LDPI-MS. However, the negative ion SIMS appeared strongly dependent on the
high electron affinity of this specific analyte and the analyte’s condensed phase environment.

The feasibility of imaging proteomics on intact Enterococcus faecalis bacterial biofilms by
MALDI-MS was also demonstrated with minimum sample preparation A heptapeptide
ARHPHPH was identified from intact biofilms and planktonic cultures of two different strains of
E. faecalis. ARHPHPH was also imaged at the boundary of cocultured, adjacent E. faecalis and
Escherichia coli biofilms, appearing only on the E. faecalis side. Additionally, top down and
bottom up proteomic approaches were combined to identify thirteen cytosolic and membrane
proteins and spatially locate them within intact E. faecalis biofilms by MALDI-MS. Two of
these proteins, enolase and GAPDH, are glycolytic enzymes known to display multiple functions
in bacterial virulence in related bacterial strains. This work illustrates a powerful approach for
discovering and localizing multiple peptides and proteins within intact biofilms.

The potential of LDPI-MS imaging for small molecule quantification was also
demonstrated in this thesis. The N-methylpiperazine acetamide of (MPA) ampicillin was
adsorbed into multilayer surface coatings. These MPA-ampicillin spiked multilayers were then
shown to inhibit the growth of E. faecalis biofilms that play a role in early stage infection of
implant medical devices. Finally, LDPI-MS imaging using 7.87 eV single photon ionization was
found to detect MPA-ampicillin with the multilayers before and after biofilm growth with the
limits of quantification and detection of 0.6 and 0.3 nmoles, respectively. The capabilities of

LDPI-MS imaging for small molecule quantification are compared to those of MALDI-MS.
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Further, these results indicate that 7.87 eV LDPI-MS imaging should be applicable to
quantification of a range of small molecular species on a variety of complex organic and

biological surfaces.
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. INTRODUCTION

A. Mass Spectrometry Imaging

There is a common phrase that says “A picture is worth a thousand words”. MS imaging
can take snap shot mass spectral images for hundreds of different analytes in a sample from a
single analysis. Each snap shot can display a unique combination of chemical and spatial
information thereby allowing a view of the same sample from different perspectives.

A variety of imaging techniques are currently used optical imaging, positron tomography,
atomic force microscopy, electron microscopy and scanning tunneling microscopy. These
techniques are capable of generating multidimensional images with spatial resolution sometimes
approaching the atomic scale.>® However, most of these imaging techniques require analyte pre-
selection, labeling or specific markers and therefore are limited in their application. MS imaging
potentially surpasses many of these limitations, albeit at lower spatial resolution.? * MS imaging
was developed over the past two decades to obtain molecular images of a wide range of analytes
from atoms to molecules including peptides, proteins, lipids, metabolites and polymers on a wide
variety of samples. The cross correlation of MS imaging with other imaging techniques and its
continuing improvement has attracted the attention of various fields ranging from
pharmaceuticals to semiconductors.>”’

MS imaging can be performed in two different modes, microprobe or microscope mode,
which depend on how the spatial information is obtained. Microprobe mode is the most common
and the simplest MS imaging method. Microprobe mode uses a focused desorption/ionization
beam with a mass spectrum acquired at each co-ordinate by either rastering the sample or

desorption/ionization beam. Molecular images are then reconstructed using mass spectral data



acquired at each pixel as a function of its spatial coordinates. In microscope mode, ion optics are
designed to retain the spatial origin of ions generated until they are detected by a position
sensitive detector.

Secondary ion mass spectrometry, matrix assisted laser desorption ionization mass
spectrometry and laser desorption postionization mass spectrometry are microprobe based MS
imaging techniques, with each offering different capabilities.

1. Secondary lon Mass Spectrometry (SIMS)

Figure 1 shows schematic of a typical SIMS instrument: A sample is bombarded by a
focused primary ion beam with Kinetic energy ranging from 1 — 100 keV, atomic collisions
transfers the energy from the primary ion beam on to analyte atoms resulting in a collisional
cascade.® ® ? This cascade eventually results in ejection of secondary atoms, ions and neutral
molecules. The secondary ions are then separated by a reflectron time of flight or other type of
mass analyzer and detected. lons are detected at each pixel by rastering the primary ion beam
across the sample or by rastering the sample with respect to a fixed primary ion beam. Molecular
images are then reconstructed from the ions detected as a function of its spatial coordinates.
Current SIMS imaging instruments often rely upon liquid metal ion gun sources, which produce
cluster ions such as Aus" and Bis* for the primary ion beam.'®*® Cluster ions can provide
nonlinear enhancement in the signal and maintain very high spatial resolution in the sub micron
range for imaging applications.* Sputtering a sample surface by cluster ion beam such as Ceo"
can also be combined with X-ray photoelectron spectroscopy (XPS) or SIMS as a tool for depth
profiling studies. This enables collection of depth related chemical/molecular information from a

variety of organic and inorganic materials with a depth resolution of several nanometers.™



Repeller
Extractor

Time of Flight Mass analyzer

Figure 1. Schematic of a typical SIMS instrument.

Matrix Assisted Laser Desorption lonization Mass Spectrometry (MALDI-MS)

Figure 2 shows schematic of a typical MALDI-MS instrument: MALDI-MS is the most
versatile imaging mass spectrometry method as far as its potential application for high molecular
weight analytes are concerned. It was first used to obtain molecular images of biological samples
in the late 1990°s. Being a soft ionization technique, it allows recording molecular images of
intact large biomolecules with negligible fragmentation.” *"*° For MALDI-MS imaging analysis,
the sample is coated uniformly by a suitable chemical matrix such as o-Cyano-4-
hydroxycinnamic acid (CHCA), typically used for lower molecular weight analytes (500 to 4000
Da) or sinapinic acid (SA), typically used for higher molecular weight analytes (> 3000 Da),
though several other matrices are also used in MALDI-MS. The matrix is chosen such that it is
capable of absorbing the UV light in the 330 to 360 nm range of the desorption lasers commonly
used in MALDI-MS. The sample is irradiated by a nanosecond pulse length UV laser and the

matrix absorbs the laser energy to aid desorption and ionization of analyte compounds from the



surface. lons are then separated based on their mass to charge ratio by a mass analyzer, often by
a reflectron time of flight mass analyzer and detected.

lons are detected at each pixel, as the desorption laser is rastered across the sample.
Molecular images are then reconstructed as explained earlier.® Sample preparation for MALDI-
MS imaging is crucial: the application of matrix to the sample prior to analysis must be
standardized for consistent spectra. Matrix application for optimal MS imaging can be achieved
by sublimation, dry coating, spray coating, matrix ink jet printing and manual spotting or
automated spotting. Different matrix application procedures are tailored to particular kinds of
analytes.? For example there are reports that matrix application by dry coating most favor lipid

analysis, while spray coating favors protein and peptide analysis.?

Repeller
Extractor

Time of Flight Mass Analyzer

Figure 2. Schematic of a typical MALDI-MS instrument.

3. Laser Desorption Postionization Mass Spectrometry (LDPI-MS)

Figure 3 shows schematic of a typical LDPI-MS instrument. During LDPI-MS analysis,

sample is irradiated by a primary 349 nm (or other wavelength) pulsed desorption laser. The



laser energy imparted to the sample aids desorption of analyte compounds from the surface as
neutrals into the gas phase which are then ionized by single photon ionization (SPI), using a
secondary ionization laser. The ionization laser can be a molecular fluorine laser which emits at
157.6 nm (7.87 eV) or a 118 nm (10.5 eV) radiation obtained from the ninth harmonic of the
Nd:YAG laser.?? Alternately, radiation of different photon energies from VUV synchrotron light
source can be employed for SP1.2?® The ions are then separated by a reflectron time of flight
mass analyzer and detected.

Recently ablation of a sample surface by femtosecond laser pulses was combined either
with MALDI-MS or LDPI-MS as a tool for depth profiling studies. This method may allow
depth related chemical/molecular information to be obtained from a variety of biological

materials with high depth resolution.?®
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Figure 3. Schematic of a typical LDPI-MS instrument.
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Comparison of MS Imaging Technigues

One of the major limitations in all the aforementioned techniques is the analysis time:
depending on the sample size and desired spatial resolution, MS imaging can take several hours.
This is because in MS imaging, microprobe based MS data are acquired spot to spot with slow
and controlled rastering of sampling spot. In the case of SIMS and MALDI-MS imaging, the
sample should be a conducting surface, as nonconducting samples can result in charge
accumulation during analysis which adversely perturbs the energy of analyte ions.® * Also the
MS imaging methods described here requires high vacuum conditions for analyses to be
performed. This poses a major problem in sample preparation step particularly in sub-cellular
molecular analysis, where loss or redistribution of analyte can occur and are difficult to prevent
after sectioning and during sample preparation. Thus, a careful sample preparation is a
prerequisite for MS imaging so that the cell fixation preserves the ion distributions within the
sample without altering its composition spatially.?’” MS imaging techniques are also destructive:
samples cannot be reused after analysis.

SIMS imaging has a greater potential to record molecular images of low mass analytes at
spatial resolutions in sub micron scale and depth resolution in nanometer scale. However SIMS
is known to suffer greater molecular fragmentation.® ** ** 2 MALDI-MS imaging has a greater
potential to record molecular images of high mass analytes like proteins, polysaccharides and
nucleic acids with a typical spatial resolution ~25 pm. > " 2% | DPI-MS imaging has a greater
potential to record molecular images of low mass analytes like antibiotics, metabolites, amino
acids and peptides with a spatial resolution of ~20 um.?> 3> % These different capabilities of the

techniques mentioned above are due in large part to differences in their ionization mechanisms.



In the case of SIMS imaging, a major limitation is the extensive fragmentation® and bond
breaking observed at the collision site. Typical kinetic energy of the primary ion beam in SIMS
is often in the 1 — 100 keV range, making collision between the primary ion beam and the
analyte highly energetic in comparison to the bond energies. However the amount of energy
transferred to the analyte decreases as the lateral distance from the collision site increases. This
produces fewer and fewer molecular fragmentations, resulting in the ejection of some intact
molecular analytes from the first layers near the surface, provided they have enough energy to
overcome the surface binding energy.?® The ionization probability in SIMS strongly depends on
the chemical environment within the sample, complicating the quantification of analytes in SIMS
imaging. Surface morphology of the sample has a significant effect on SIMS data, so sample
surfaces should be as flat as possible for SIMS imaging. Cleanliness of the sample is also a very
important factor to be considered in SIMS imaging as any impurities adsorbed on the surface
during the sample preparation can have an adverse effect on the accuracy of analysis.

The major limitation in MALDI-MS imaging is spot to spot variability observed within a
single analysis, arising from differences in desorption/ionization efficiency rather than analyte
concentration. This adverse effect can arise due to ion suppression, heterogeneous matrix
application, detector noise, and/or sample charging and their net effect is to hinder quantification
of analytes. These factors have slowed down the progress of MALDI-MS imaging for absolute
quantification of analytes.> " 3" Another important challenge with MALDI-MS imaging is the
sensitivity of the technique. For example considerable signal suppression can be observed for
analytes desorbed from bacterial biofilms, tissues or any other surfaces when compared to that
desorbed directly from MALDI plate.®® Another major disadvantage of the technique is the

relatively low spatial resolution compared to SIMS. Spatial resolution of MALDI-MS imaging



depends on several factors including the laser focus, the movement of the sample stage and the
matrix crystal size. This has limited the spatial resolution to ~25 pm,* though some reports argue
higher resolution is possible.*®

In the case of LDPI-MS imaging, only analytes whose ionization energies are below the
energy of ionization laser are detected. This has limited its application to study of analytes of
lower ionization energy particularly when LDPI-MS is performed with the conventional fluorine
laser (7.87 eV), which is not an issue with the 10.5 eV ionization source. However tagging of
such analytes with a chromophore to reduce its ionization energy aids detection by 7.87 eV
LDPI-MS.* %% This selective ionization has a profound beneficial effect in the analysis of
complex heterogeneous samples: it not only simplifies the MS spectra, but also minimizes
background and improves sensitivity to detect analytes in picomole concentrations. However a
major challenge is the spatial resolution which is dictated by the desorption laser spot size and
instrument vibrations. This has limited the resolution to ~20 pum with the current instrument
design.®

B. Bacterial Biofilms

MS imaging has recently been attracting the attention of the bacterial biofilm research
community, because of its ability to obtain molecular information at a lower micron lateral
resolution.?>**% Bacterial biofilms are structures of microbial flora associated with surfaces in
most natural environments. They are often enclosed and supported by an extracellular
polysaccharide matrix which provides a stable and favorable microenvironment, protecting them
from being swept away by liquid flow and from foreign invasions.*?

Formation of bacterial biofilms involves several steps. First the bacterium approaches

close to a surface and its mobility is almost completely restrained. This allows the bacterium to



find a surface for a transient association to eventually settle down to build its home. Initial
interactions are supported by organelles such as type IV pili and flagella. After having chosen the
neighborhood and the surface to live-in, the building up of a three dimensional biofilm starts
with the secretion of exopolysaccharide to stabilize the pillars of the biofilm, eventually forming
a mature biofilm. Occasionally, the biofilm-associated cells detach from the surface to initiate
biofilm formation at a different location.*?

Antimicrobial resistance and protection against host defenses are conferred to the bacterial
community by biofilm formation.*? This is because molecular pathways that regulate this biofilm
formation among different species and even different strains vary greatly. Even the
microenvironment within a single species biofilm is not homogenous: they vary not only in their
composition but also possess microbial cells in completely different metabolic states.*® This
metabolic heterogeneity helps protect the members of the biofilm community and is also an
important factor in their resistance to various antibiotics.*

Biofilms are responsible for a large number of medical infections and play a role in
environmental and industrial processes.*”® Structure and composition of these microbial biofilm
communities also depend on the properties of their anchoring surface, since the metabolism of
individual microbes is affected by their environment.*® Given that even a single species biofilm
is composed of microbial cells in different metabolic states, it is critical to obtain molecular
information from intact biofilms for their better understanding.*® MS imaging of intact biofilms
can provide chemical/molecular information that are not available from studies of homogenized

microbial extracts, the traditional MS-based method for microbial studies.®
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C. Research Objective

The primary research objective of this thesis was to develop and evaluate MS imaging
protocols to study small molecules and proteins in bacterial biofilms at the molecular level.

Chapter 2 describes all MS imaging instruments used for the study, with a detailed
explanation of their configuration and mechanics. The various sample preparation procedures
used throughout the study are also explained, in addition to various general biofilm growth
protocols used for study.

Chapter 3 describes the use of polyelectrolyte multilayers composed of high molecular
weight polysaccharides, chitosan and alginate as a model biofilm to develop depth profiling
protocols. A small molecular analyte 3,5-dibromotyrosine (Br,Y) covalently bonded to alginate
incorporated at defined depths in the multilayer system was used as a molecular probe, to
evaluate the feasibility of depth profiling by Ceo" ion sputtering in conjunction with X ray
photoelectron spectroscopy (XPS).

Chapter 4 describes the use of the aforementioned multilayer model to develop LDPI-MS
and SIMS imaging protocols. Br,Y electrostatically adsorbed on the multilayer was probed by
SIMS and by LDPI-MS at different SPI photon energies, to evaluate the effect of different
photon energies for LDPI-MS analysis of Br,Y and a comparison of LDPI-MS and SIMS are
also made.

Chapter 5 describes the use of MALDI-MS imaging to identify proteins and peptide in
intact Enterococcus faecalis bacterial biofilms and to obtain their spatial localization. MALDI-
MS and tandem MS was combined with database searches to identify proteins and peptides from
intact biofilms. The identified proteins and peptides were then imaged to demonstrate the

feasibility of MALDI-MS imaging of proteins and peptides in bacterial biofilms.
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Chapter 6 describes the use LDPI-MS imaging as a robust tool for small molecule
quantification from intact polyelectrolyte multilayer surface. The multilayer surface was used
here as an antimicrobial surface to anchor a small molecule antibiotic. The slow and efficient
release of the small molecule antibiotic into bacterial biofilms was evaluated for its long term
efficacy and LDPI-MS imaging was used to quantify the small molecule antibiotic and to
evaluate the extent of its release from the multilayer surface.

Chapter 7 gives the concluding remarks and future directions for the MS imaging field. It
describes the significance of the MS imaging technique in perspective of the protocols described
in this thesis, the chapter also tries to address, at least partially some of the current limitations
encountered with the MS imaging technique and some future prospects for this fast growing MS

imaging technique.



1.

1. EXPERIMENTAL METHODS

A. Instrumentation

LDPI-MS and SIMS

Two different LDPI-MS Instruments were used for MS analysis, 7.87 eV laser LDPI-MS
located at the University of Illinois at Chicago and 8 — 12.5 eV synchrotron LDPI-MS located at
the Chemical Dynamics Beamline at the Advanced Light Source (Lawrence Berkeley National
Laboratory, Berkeley, CA).

a. 7.87 eV Laser LDPI-MS

7.87 eV laser LDPI-MS were collected using a custom built instrument at the University of
Illinois at Chicago which is equipped with a 157.6 nm pulsed laser (7.87 eV) for photoionization
and was described in detail elsewhere.® Briefly this LDPI-MS has a 349 nm Nd:YLF desorption
laser operating at 100 Hz, with a spot size of ~20 um diameter and typical desorption laser peak
power density ranging from 30 to 70 MW/cm?. For imaging MS applications, the sample was
rastered at 100 — 625 um/s with respect to the laser, so each 20 um sample spot was sampled by
~ (3 — 20) desorption laser shots and a total of 50 — 100 laser shots were sufficient to obtain
spectra with optimal signal to noise. The desorbed neutral molecules were photoionized using a
7.87 eV molecular fluorine excimer laser operating at a 100 Hz with a spot size of approximately
8 mm in the ionization region and energy of ~100 pJ/pulse. The photoionized neutrals were
extracted using a pseudo-orthogonal delayed pulsed extraction and detected by a home-built two-
stage reflectron time of flight mass spectrometer. Spectra were recorded at a delay of 3.9 ps
between the photoionization laser and the extraction pulse. Varying this delay by a few ps
affected the absolute signal, but not the overall appearance of the spectra. The instrument was

also equipped with an ultrahigh vacuum compatible translation stage for sample
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manipulation and a digital single lens reflex camera for real time sample viewing on a high
definition television. Data acquisition and sample stage movements were computer controlled
using customized software. The MS imaging data were rendered to BioMap compatible using
customized software for image processing and analysis.

Calibration of the 7.87 eV LDPI-MS was performed using a standard calibration mixture
consisting of sexithiophene (6T), 2,3-dihydroxybenzoic acid (DHB) and sodium at m/z 23.0,
154.0, 329.0, 411.0, 494.0 and 657.9. The experimental mass resolution at m/z 336.9 was 420,
calculated using m/Am where Am is the full-width half-height maximum or FWHM.

b. 8.0 —12.5 eV Synchrotron LDPI-MS and SIMS

8.0 — 12.5 eV synchrotron LDPI-MS and SIMS were recorded using a commercial SIMS
instrument (TOF.SIMS 5, ION-TOF Inc., Munster, Germany) using 25 keV Bi** primary ions.?
The SIMS instrument was modified for LDPI-MS by the addition of a 349 nm pulsed desorption
laser (Explorer, Newport) operating at 2500 Hz with a spot size of ~30 um diameter and typical
laser desorption peak power density of 1 to 10 MW/cm?. The laser desorbed neutral molecules
were photoionized by 8.0 to 12.5 eV tunable VUV synchrotron radiation from the Chemical
Dynamics Beamline at the Advanced Light Source (Lawrence Berkeley National Laboratory,
Berkeley, CA).*" 143,000 laser shots on a single spot were used for recording each mass
spectrum. This instrument was also used to record photoionization efficiency curves of gas phase
analyte molecules by thermally heating the sample above 120°C while scanning the VUV photon
energy, without any ion or laser desorption. The experimental mass resolution at m/z 336.90 was

980 and 1100 for LDPI-MS and negative ion SIMS, respectively.
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MALDI-MS
MALDI-MS imaging was performed using a commercial MALDI-MS instrument (4700
TOF/TOF, AB SCIEX, Foster City, CA, USA) under MS and MS/MS mode. The MALDI-MS
instrument is equipped with a 355 nm Nd: YAG laser operating at 200 Hz with a laser spot size
of ~150 pm and laser power set to 2800 arbitrary units, where the maximum of 7000 arbitrary
units corresponded to a laser power of ~14 pJ. Helium was used as a collision gas for MS/MS
experiments. Data were acquired by commercial software (4000 Series Explorer V3, AB
SCIEX). Calibration of the instrument was performed using the standard calibration mixture
(mass standards kit for calibration, 4333604, AB SCIEX) at m/z 905.05, 1297.51, 1571.61,
2094.46, 2466.72, and 3660.19. MS image acquisition was performed using open source
software (4700 Imaging V3, http://maldi-msi.org) with a raster size of 150 um and 255 laser
shots per spot. The MS images acquired were processed further using open source software
(BioMap V3803, http://maldi-msi.org).

Ceo” Sputter Source and X-ray Photoelectron Spectrometer (XPS)

Ceo’ sputter source consists of a home-built differentially pumped ion beam source with a
commercial Wien mass filter (Colutron Research Corporation, Boulder, CO) attached to a
preparative vacuum chamber kept at a base pressure of ~1x10° torr for Cgo" sputtering.*® +°

The home-built ion beam source consisting of a cylindrical reservoir in which Cgy was
loaded in its solid state and heated to produce vapors of Cg. The vapors of Cgo were ionized by
80 eV electron impact to produce Ceo* and Ceo* ions. Ceg ions formed were accelerated to 8 keV,

mass separated by a Wien filter and bent at 3° angle to remove any fast neutrals before being

guided by a series of lenses to bombardment the sample target at a normal angle of incident in


http://maldi-msi.org/
http://maldi-msi.org/
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the preparative chamber. The Cgo" ion current produced from the source was measured using a
Faraday cup with typical ion currents observed in 40 — 900 pA range over 4 mm? spot.*®
The preparative chamber was connected to analytical chamber under vacuum for effective
sample transfer from the preparative chamber to the XPS (analytical) chamber without exposure
to atmosphere. The instrument was also equipped with a magnetic arm for sample manipulation
and transfer, from and to the preparative, analytical chamber.
The XPS instrument consists of a high resolution monochromatic Al-Ka X-ray source (15
keV, 25 mA emission current, VSW MX10 with 700 mm Rowland circle monochromator) and a
150 mm hemispherical concentric analyzer with a multichannel detector (VSW Class 150),
operating under constant energy analyzer mode. The photoemission angle was normal to the
surface with the pass energy normally set to 22 eV for core level spectral scans and 44 eV for
survey scans. The XPS instrument was calibrated to give an electron energy resolutions of 0.75
and 1.16 eV (FWHM) for Ag (3ds/2) peak on a clean polycrystalline Ag foil at pass energy of 22
and 44 eV respectively and all XPS spectra were referenced to the aliphatic/aromatic C(1s) core
level photoemission peak of untreated polystyrene at 285.0 eV. The XPS instrument control and
acquisition were performed using the commercial software (COLLECT-W, version 8.4-A-A) and
data processed and analyzed using a commercial software (SPECTRA Presenter, version 8.0-C-

1).50, 51

B. Bacterial Growth and Treatment

A general description of the various bacterial growth conditions used in this thesis are
described briefly here. Detailed descriptions of a specific bacterial growth conditions and

treatments are described in each chapter, depending on the type of study.
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1. Planktonic Liguid Culture Growth

All planktonic liquid cultures described in this thesis were grown either in tryptic soy broth
growth media (Difco, Detroit, MI, USA) containing 10% (w/v) glucose (TSBG) or without any
glucose (TSB). A 5 mL TSB or TSBG growth media was inoculated with 1 mL of bacterial
solution in a sterile 15 mL test tube and incubated at 37 °C for 12 to 18 hours.

2. Membrane Colony Biofilm Growth

Figure 4 shows an optical image of a typical Enterococcus faecalis membrane colony
biofilm grown in tryptic soy agar (TSA) growth media. All membrane colony biofilms described
in this thesis were grown in TSA growth media (Difco, Detroit, MIl, USA) on sterile
polycarbonate membrane (Millipore, 0.20 um pore size, 25 mm diameter, Fisher Scientific).
Petri dishes were prepared with 25 mL of TSA growth media each with either two or four
sterilized polycarbonate membranes, sterilized by exposing the membranes to radiation from a
germicidal ultraviolet lamp (254 nm, 4.8 watts, held ~30 cm from the sample, G15T8, Osram
Sylvania, Danvers, MA). Each membrane was inoculated with 40 pL of planktonic bacterial
liquid culture growth, and incubated at 37 °C for several days depending on the type of study,

with the TSA growth media replenished every day.
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Figure 4. Optical image of Enterococcus faecalis membrane colony biofilms grown in tryptic soy
agar growth media (TSA).

3. Biofilm Growth on Solid Substrate

Biofilms on stainless steel MALDI plates were grown either under static growth conditions
or under drip flow conditions, depending on the type of study.

For static biofilm growth, a sterile stainless steel MALDI plate was placed in a Petri dish
and inoculated with 1 mL of planktonic bacterial liquid culture growth and incubated for 8 to 12
hours for the initial adhesion of the bacterial cells onto the MALDI plates. After the initial
adhesion, biofilms were statically grown in 10 mL TSBG growth medial at 37 °C for 7 to 10
days, depending on the type of study, while replenishing growth medium daily.

Figure 5 shows optical image of a typical E. faecalis biofilms grown on stainless steel
MALDI plate by drip flow reactor. For drip flow biofilm growth, sterile stainless steel MALDI

plates were mounted in the flow cell lanes of a sterile drip flow reactor and were inoculated with
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1 mL of planktonic bacterial liquid culture, to allow initial adhesion of the cells to the MALDI
plates. The reactor set-up was incubated for 24 h at 37°C with 20 mL of TSBG growth media
added to each of the flow cell lanes. After 24 h of static growth, TSBG growth medium was
delivered at a flow rate of ~3.6 mL/h for three or five days depending on the type of study using

a peristaltic pump to each of the flow cells.

Biofilm on stainless steel »
MALDI plates

B

Figure 5. Optical image of E. faecalis biofilms grown on a stainless steel MALDI plate by drip
flow reactor.

C. Polyelectrolyte Multilayer Preparation

Figure 6 shows a schematic of polyelectrolyte multilayer preparation. Polyelectrolyte
multilayers were prepared on gold coated silicon substrate (Sigma-Aldrich) using two
biocompatible high molecular weight polysaccharides, chitosan and alginate.>* ** Briefly, the
substrate was cleaned by sonication in piranha solution (7:3 v/v concentrated sulfuric acid:30%
hydrogen peroxide) and rinsed several times with distilled water. A cysteamine solution was

used to prepare a self-assembled monolayer on the gold surface which was then reacted with a
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glutaraldehyde solution, which covalently bound the first polysaccharide, chitosan. The modified
substrate was then manually immersed alternately in chitosan solution (0.2% dissolved in 2%
acetic acid solution) and alginate solution (2% in water) for one hour each, with intermediate
aqueous rinsing. The multilayer so formed consisted of a total of 20 alternating layers of chitosan
and alginate (Figure 7). Formation of the multilayer was verified by attenuated total reflectance
infrared spectroscopy and X-ray photoelectron spectroscopy. A small molecule analyte was
incorporated in this multilayer by covalently binding it to alginate and replacing neat alginate
with the analyte bound alginate during the multilayer preparation. Alternately, a small molecule

analyte was also electrostatically adsorbed on this multilayer surface.
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Figure 6. Schematic of polyelectrolyte multilayer preparation.
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Figure 7. Preparation of polyelectrolyte multilayer consisting of a total of ten layers each of
chitosan and alginate.

D. Sample Preparation for MS Analysis

The sample preparation was modified depending on the type of analysis and the type of
instrument used for analysis. In this chapter, general sample preparation for MS analysis is
described. Detailed sample preparation protocols for different individual studies are described in
each chapter.

1. Neat Analyte Sample Preparation for MS Analysis

Neat analyte sample for SIMS and LDPI-MS was generally prepared by dissolving the
analyte in a suitable solvent and spotting on conducting substrates, usually a stainless steel
MALDI plate or gold coated silicon chip. Solvent was evaporated at either room temperature or
at 40 — 50 °C on a hot plate prior to analysis.

For MALDI-MS analysis neat samples were prepared either as described above, except
that after drying at room temperature either a-cyano-4-hydroxycinnamic acid (CHCA, Sigma
Aldrich) matrix at 20 g/L concentration in 7:3 (v/v) acetonitrile:TFA (0.1% v/v in water) or
sinapinic acid matrix at 20 g/L concentration in 1:1 (v/v) acetonitrile:trifluoroacetic acid (TFA,
0.1% (v/v) in water) was added and evaporated to dryness at room temperature prior to analysis.
Alternately the neat analyte was directly dissolved in a suitable MALDI matrix solution and
spotted on MALDI stainless steel plates and evaporated to dryness at room temperature prior to

analysis.
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2. Planktonic Cell Preparation for MS analysis

Bacterial liquid cell cultures were harvested by centrifugation at 7,558 g for 5 min and the
supernatant discarded. The cells were washed twice with 1 mL of sterile de-ionized water, and
the washing discarded. For LDPI-MS analysis the cell pellet was resuspended in 50 to 100 pL of
de-ionized water and spotted on stainless steel MALDI plates and dried at room temperature
prior to analysis. For MALDI-MS analysis the cell pellet was resuspended with CHCA matrix at
20 g/L concentration in 7:3 (v/v) acetonitrile:TFA (0.1% v/v in water) or with sinapinic acid
matrix at 20 g/L concentration in 1:1 (v/v) acetonitrile:trifluoroacetic acid (TFA, 0.1% (v/v) in
water). This whole-cell in matrix mixture was spotted on the MALDI plate, and evaporated to
dryness at room temperature prior to analysis.

3. Membrane Colony Biofilm Preparation for MS Analysis

Membrane colony biofilms were removed from the agar plate and the biofilms were
blotted on stainless steel MALDI plate, with care taken to maintain the spatial integrity of the
biofilm cells during the transfer. The biofilm was then left in the load lock of LDPI-MS
instrument for a minimum of 1 hour prior to analysis by LDPI-MS. For MALDI-MS analysis
CHCA matrix at 20 g/L concentration in 7:3 (v/v) acetonitrile:TFA (0.1% v/v in water) was
sprayed on the sample using an airbrush (Testors Corp., Rockford, IL, USA) at 20 psi spray
pressure and dried at room temperature prior to analysis.

4, Plate Biofilm Preparation for MS Analysis

Plate biofilms after their growth cycle were washed with 5 mL de-ionized water for a
minimum of three times to remove loosely attached biofilm cells and any excess nutrient growth
media and were dried at room temperature prior to LDPI-MS analysis. For MALDI-MS analysis,

a freshly prepared CHCA matrix at 20 g/L concentration in 7:3 (v/v) acetonitrile:TFA (0.1% v/v
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in water) or sinapinic acid matrix at 20 g/L concentration in 1:1 (v/v) acetonitrile:trifluoroacetic
acid (TFA, 0.1% (v/v) in water) was sprayed using an airbrush (Testors Corp., Rockford, IL,
USA) at 20 psi spray pressure followed by drying for ~ 5 min between each spray cycle and

finally dried in a desiccator overnight prior to analysis.



1. MULTILAYER FILM WITH BOUND BROMINATED TYROSINE FOR DEPTH
PROFILING BY Cg" SPUTTERING AND X-RAY PHOTOELECTRON

SPECTROSCOPY

A. Introduction

Biofilms consist of microcolonies of microbial cells typically embedded in an extracellular
polysaccharide matrix adherent to solid surfaces.** ***° Biofilms are responsible for a large
number of infections in humans, hence there is a need to study them.**®® The structure and
composition of these microbial biofilm communities depend greatly on the property of surface to
which they adhere.*? The microbial cells shape their metabolism based on the environment in
which they are present; hence even a single species biofilm has microbial cells with different
metabolic states. Due to this chemical and structural complexity it is difficult to evaluate
protocols on actual biofilms. Hence it would be appropriate to evaluate protocols on model
systems. Polyelectrolyte multilayers were used here as a model biofilm to evaluate depth
profiling strategies.

SIMS is one method that is well developed for MS imaging. Analysis and depth profiling
studies of various model multilayer structures of biologically relevant molecules by SIMS have
advanced the field to three-dimensional imaging of biological materials ranging from biological
cells to brain tissues.®* Winograd, Wucher and others have developed various models that
incorporate organic multilayers and/or polysaccharides to evaluate SIMS protocols. Cg" ion
sputtering and SIMS analysis of organic multilayered Langmuir-Blodgett films of barium
arachidate,®? dipalmitoyl-phosphatidylcholine-sucrose multilayered structures thereof®® and
peptide doped trehalose thin films on silicon substrate'® have all been used to demonstrate that

Ceo’ ion sputtering leads to less chemical damage with enhanced secondary ion
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yields and better depth resolution in these organic materials. Analysis of various polymeric
materials ranging from aliphatic, aromatic, fluorine containing and natural polymers including
polysaccharides by XPS after Cg" ion sputtering demonstrated that Ce" ion sputtering causes
very little to no chemical damage to most of these polymers®. These results show that Cgo*
sputtering in combination with SIMS and/or XPS is a promising technique with tremendous
potential for three dimensional molecular imaging of biological material.

Polyelectrolyte multilayers are structurally well-defined model system for biofilms,
prepared by electrostatically binding layer by layer, two naturally occurring, oppositely charged
polysaccharides alginate and chitosan. The high molecular weight biopolymers alginate and
chitosan in multilayers simulates the extracellular polysaccharides of biofilms, in addition to this
small molecular analytes or antimicrobials can be incorporated at a well defined depth in this
multilayer model. These features make multilayers excellent model to evaluate MS imaging
protocols for biofilms.

This study demonstrates the use of Cgo" sputtering in conjunction with XPS as a technique
to do depth profiling in multilayers, with 3,5-dibromotyrosine (Br,Y) as a probe molecule
incorporated at well defined depths in the multilayer Br,Y is covalently bound to alginate and
incorporated at known depths in the multilayer. In addition to this XPS analysis was also used to

+

demonstrate that Cgo~ sputtering of the multilayer surface does not impart any significant
chemical damage.

B. Experimental Details

Polyelectrolyte multilayer were prepared as described in Chapter 2, with a total of 20
alternating layers of chitosan and alginate deposited as shown in Figures 6 and 7. Small

molecular analyte Br,Y was incorporated at well defined depths at fifth, tenth and fifteenth layer



25

from the air-multilayer interface, by replacing neat alginate with Br,Y covalently bound to
alginate.

Figure 8 shows the chemical reaction involved in binding Br,Y to alginate. Br,Y was
covalently bound to alginate utilizing aqueous carbodiiimide chemistry as described in detail
elsewhere.®*®® Briefly, the reaction involved was a nucleophilic acyl substitution reaction, to
form amide linkages between the N-terminus of the binding Br,Y and the carboxylate moieties
on the mannuronic acid and guluronic acid residues of the alginate backbone.

Alginate was suspended in 100 mM MES (2-N-morpholino ethane sulfonic acid) buffer
with 300 mM NaCl at pH 6.5 to make a 1% solution of alginate. EDAC (1-ethyl-
dimethylaminopropyl carbodiimide) and sulfo-NHS (N-hydroxy-sulfosuccinimide) were added
to the alginate solution with stirring. After 10 min of stirring Br,Y solution was added (100 mg
of Br,Y dissolved in 1 mL of acetonitrile and 7 mL of MES) and continued stirring for 18 hours
at room temperature. The solution was then transferred to a dialysis cassette (Slide-A-Lyzer
Dialysis Cassette, 3500 MWCO Thermo Scientific) and kept in a 1 L solution of deionized water
containing 300 mM NaCl dialysis solution. The dialysis solution was changed every 8 hours for
a total of three days. The final content in the dialysis cell was transferred to a 50 mL centrifuge
tube, freeze dried and characterized by '*C- nuclear magnetic resonance spectroscopy (NMR)

and XPS.
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Figure 8. Chemical reaction binding 3,5-dibromotyrosine (Br,Y) to alginate.

Ceo" sputtering was performed on these polyelectrolyte multilayer samples. The amount of
material removed from this polyelectrolyte multilayer during the Cgo" sputtering was determined
using a quartz crystal microbalance (QCM). For which the multilayer was prepared on a gold
coated QCM chip instead of gold coated silicon substrate and the QCM measurements were
made during Cgo* sputtering. The manipulator in the preparative chamber was modified to
accommodate a 6 MHz quartz crystal probe (934-000, 14 mm, gold coated, Sigma Instruments
with SQC 222 controller), which was fixed to the opposite side relative to the sample holder.
This allowed the same sputtering conditions for sample and QCM analysis by a simple
manipulator rotation.

+

XPS analysis was performed before and after Cgy Sputtering to gauge the extent of
chemical damage caused on the polyelectrolyte multilayer due to Cgo" sputtering and also to

probe Br,Y at different depths in the multilayer.
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C. Results and Discussion

Characterization of Multilayer and Br,Y Bound Alginate

The binding of Br,Y to alginate was confirmed by **C-NMR spectroscopy and XPS, Br,Y-
alginate was dissolved in D,O (~40 mg/ml) and **C-NMR was recorded (Bruker Avance 500-
MHz) using a 180° pulse and typically 20000 to 40000 scans at a sample temperature of 50°C to
decrease the viscocity and thereby, the line widths. Alginate is a linear polymer of glycuronan
(1—4) —linked a-L-guluronate (G) and f-D-mannuronate (M) residues arranged in a non regular,
blockwise pattern along the chain.®® The spectral regions of the carbonyl groups and anomeric
carbon atoms in alginate are well documented.®®™ Figure 9 shows the *C-NMR of Br,Y-
alginate. The alginate peaks in the spectra are assigned according to the previous data for
alginate.®® C-1 carbons of (M) and (G) acids show peaks in the range 101 to 104 ppm, and each
peak is separated based on the vicinal residue bonded with the carbon. Also peaks in the range
65.8 to 81.5 ppm associated with other carbon atoms in (M) and (G) residues, resonating for C-2
to C-5 were observed, The carbonyl carbon C-6 always appeared at 176.5 and 177.2 ppm in the
case of neat alginate.”* However binding of Br,Y to alginate gave peak at 175.3 ppm
corresponding to the amide C-6 carbon, confirming the binding of Br,Y to alginate.

Binding of Br,Y to alginate was also confirmed by XPS analysis. Figure 10 shows the XPS
spectra of Br,Y-alginate and neat alginate without Br,Y on gold coated silicon substrate; the
presence of Br (3d°? and 3d"/?) peak at binding energy 69, 70 eV for Br,Y-alginate, confirmed

the binding of Br,Y to alginate.


http://www.chem.uic.edu/nmr/rrceast/index.html
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Figure 9. *C-NMR spectra of Br,Y-alginate solution in D,O at 50 °C confirms the binding of

Br,Y to alginate.
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Figure 10. Br (3d®2 and 3d"?) XPS core level spectra of neat alginate (bottom trace) and Br,Y
bound alginate (top trace).

Formation of chitosan-alginate polyelectrolyte multilayer was characterized by attenuated
total reflectance Infrared spectroscopy (ATR-IR). Figure 11 shows the ATR-IR spectrum,
bottom for control (neat gold) substrate and the top for a sample with monolayers of chitosan and
alginate. Several vibrational frequencies previously assigned to chitosan and alginate was
observed confirming the formation of alginate and chitosan monolayers.’" The strong vibration
at 1645 cm™ assigned to amide | vibrations of chitosan, 1722 cm™ assigned to C=0 stretch of
COOH of alginate, 1150 cm™ antisymmetric stretch C-O-C and C-N stretch of chitosan and

alginate and 3290 cm™ O-H and N-H stretch of chitosan and alginate were observed.
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Figure 11. ATR-IR spectrum for neat gold substrate (bottom spectra) and multilayer with
monolayer of chitosan and alginate (top spectra). (Alginate and chitosan are abbreviated as Alg

and Chi respectively).

Figure 12 shows the ATR-IR spectra for the polyelectrolyte multilayer sample with a total
of two, five and fifteen layers of chitosan and alginate. An increase in the number of layers leads
to an increase in the intensity of the peaks corresponding to the group frequencies of chitosan

and alginate (see above), confirming the formation of polyelectrolyte multilayer.
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Figure 12. ATR-IR spectra of polyelectrolyte multilayer, with a total of 2, 5 and 15 layers of
chitosan and alginate labeled as PEM (polyelectrolyte multilayers).

2. Ceo” Sputter Yield by Quartz Crystal Microbalance Analysis (QCM)

Ceo' sputtering was performed using a 8 kV Ceo" defocused primary ion beam of ~ 4 mm?
spot size, with an ion fluence of 3.4 x 10 ijons/cm?. QCM measumerments of the
polyelectrolyte multilayer with twenty alternating layers of chitosan and alginate was performed
during Ceo" sputtering to determine the Ceo* sputter yield.*® The average sputter yield observed
for the polyelectrolyte multilayer using a defocused Cg,* primary ion beam was 4.8 x 10*
amu/Cgo" ions (Table 1). This sputter rate observed for the polyelectrolyte multilayer was close

to that observed for various other polymers.*®
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Sputter Yield Average
Sample # (amu/ions) | %RSD | Sputter yield
(amu/ions)
1 6.2 x 10*
2 5.3 x 10* 355 4.8 x 104
3 2.9 x 10*

Table 1. Cgo" sputter yield for the polyelectrolyte multilayer system.

Ceo Depth Profiling of Br,Y

A polyelectrolyte multilayer sample without any added B,Y was examined by XPS before
and after Cgo" sputtering to examine any chemical damage induced by Cgo" sputtering. Figure 13
shows C 1s core level spectra for the polyelectrolyte multilayer sample before and after Ceq"
sputtering. The peak region at 285.0 eV is attributed to (C-C) of adventitious carbon,
hydrocarbon contaminants. For alginate and chitosan the ether and alcohol contributions C-O-C
and C-O-H are found in between 286.6 and 286.9 eV, the acetal carbon (O-C-O) is found
between 288.0 to 288.2 eV and the carboxyl carbon is observed between 287.4 to 289.3 eV."
There is no significant difference observed in the C 1s spectra (Figure 13) before and after Ceo"
sputtering except for the regions attributed to the adventitious hydrocarbon at 285.0 eV, where a
slight increase in the peak height was observed after sputtering. This can however, be attributed
to the carbonization of the surface due to deposited Cgo residues. Furthermore, the C-O region
showed a slight decrease in the intensity due to oxidation of radical sites formed during

sputtering.”’
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Figure 13. C 1s core level spectra of polyelectrolyte multilayer before and after Ceq" sputtering
indicating no significant chemical damage.

Figure 14 shows O 1s core level spectra for the polyelectrolyte multilayer sample before
and after Cg" sputtering. For alginate and chitosan the peak region between 531.9 and 532.5 eV
is attributed to (O-C=0), the ether and alcohol contributions C-O and C-O-H are found in
between 532.4 and 533.1 eV, the acetal oxygen (O-C-O) are found between 532.9 to 533.5 eV
and the carboxyl oxygen is observed between 533.2 to 533.9 eV.”® There is no significant
difference observed in the O 1s spectra (Figure 14) before and after Cgo" sputtering. Except for
the C-O bond region which showed a slight decrease in the intensity after Cgo" sputtering, this
can however be attributed to oxidation of radical sites formed during sputtering, which is also
supported by a slight decrease in corresponding region in the C 1s spectra after Ceo" sputtering

(Figure 13). Similar observations were reported during Ceo" sputtering of cellulose.”’
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Thus, XPS analysis of the polyelectrolyte multilayer before and after Cgo" sputtering
indicate that Cgo" sputtering removes the damaged layer and leaves material that does not display
damage observable by XPS (i.e. Cgo" ion sputtering has larger sputter yield compared to damage

yield) for the multilayer surface.
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Figure 14. O 1s core level spectra of polyelectrolyte multilayer before and after Cgo* sputtering
indicating no significant chemical damage.

A polyelectrolyte multilayer consisting of 20 alternating layers of alginate and chitosan
with Br,Y incorporated at fifth, tenth and fifteenth layer from the air-multilayer interface was
sputtered by Cgo" ion beam for a total of 90 minutes with XPS analysis performed after every 5
minutes of sputtering. This procedure was used because. Cg" ion current produced from the
home built sputter source was inconsistent with time, making it difficult to evaluate the exact
time period of sputtering required to reach a particular depth within the multilayer. Figure 15

shows the Br (3d*2 and 3d*?) spectra of the polyelectrolyte multilayer after Ceo" sputtering for 30
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min, 45 min and 90 min detecting Br,Y at different depths in the multilayer. A prominent Br
signal from the fifth layer was observed after 30 min of sputtering, however only a weak signal
corresponding to Br from the tenth and fifteenth layer were observed after sputtering for 30 min
and 45 min. This lower sensitivity of detection after prolonged Cgq" sputtering can be attributed
to the mixing of alginate, Br,Y-alginate and chitosan layers by the Cgo" beam, similar mixing of
the layers were reported during Ceo" ion sputtering of polytetrafluoroethylene surface.” Also the
inconsistency in Cgo" ion current with respect to time can contribute a significant effect on the

sputter rate, resulting in uneven removal of the multilayer over course of time.
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Figure 15. Br (3d*? and 3d%?) XPS core level spectra recorded at different time points for a 20
layer polyelectrolyte multilayer with Br,Y incorporated at fifth, tenth and fifteenth layer from the
air sample interface. Signal observed after 30 min sputtering is identifiable, but the signal after
45 min and 90 min sputtering are barely identifiable.
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D. Conclusions

Polyelectrolyte multilayer with Br,Y incorporated at different depth as a probe molecule
was amenable for depth profiling using Ceo" sputtering in conjunction with XPS to a depth of
only fifth layer, with identifiable signal observed only from the fifth layer, however the data
obtained after consecutive sputtering to probe Br,Y at tenth and fifteenth layers were very hard
to interpret. Furthermore due to the instability in Cgo" ion current produced by the home built
Ceo’ sputter source with time, no attempt was made to determine the depth of resolution for Cgo"
sputtering. The results however demonstrate that Cgo™ sputtering does not impart any significant
chemical damage to the multilayer surface and hence can be used to probe small molecular
analytes in particular Br,Y at different depths in a multilayer system, since polyelectrolyte
multilayer has a close resemblance to the bacterial biofilms>* " # Cg,* sputtering in conjunction
with XPS has a greater potential to be extend for depth profiling studies in bacterial biofilms,
however use of a stable Cg" sputter source and a sensitive topological tool like atomic force
microscopy (AFM) in conjunction,™ can be invaluable especially in determining the depth of

erosion from Cgo" sputtering.



V. DETECTION OF BROMINATED TYROSINE IN POLYELECTROLYTE

MULTILAYERS BY LDPI-MS AND SIMS

A. Introduction

In this study two methods for MS imaging analyses are explored for polyelectrolyte
multilayer samples: LDPI-MS* *® and SIMS.?* % Recent LDPI-MS work has focused on SPI
with 7.87 eV VUV radiation because it is available from a convenient laboratory source — the
molecular fluorine laser. However, its 7.87 eV photon energy is below the ionization energy of
many analytes, limiting the potential targets that it can ionize.

10.5 eV VUV radiation from the 118 nm ninth harmonic of the Nd:YAG laser has
historically been the most popular VUV source for SPI because of its ability to ionize a much
larger class of molecular analytes while avoiding detection of water, carbon dioxide and other
abundant species usually of little interest to MS imaging.?> However, the 10.5 eV source suffers
from a relatively low energy, ~nJ energy per pulse which limits sensitivity and precludes its use
in commercial instruments.

The question arises as to what VUV photon energies are most effective for postionization.
Photon energies that are slightly above the ionization threshold of a molecular analyte have most
often been considered ideal for LDPI-MS as they minimize the excess energy available for
parent ion dissociation.?* % Different photon energies for SPI can readily be accessed at a VUV
synchrotron light source. > 3 85 8¢

Another issue that arises in MS imaging is the difficulty of establishing analysis protocols
on complex, heterogeneous biological samples. This difficulty has led to the use of organic

multilayer models to evaluate the suitability of SIMS protocols for analysis of intact biological

samples. SIMS studies of organic multilayer models have included Langmuir-Blodgett films of

37
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barium arachidate,®” dipalmitoyl-phosphatidylcholine-sucrose multilayers® and peptide doped
trehalose thin films.*

A polyelectrolyte multilayer (PEM) model was applied here that is particularly well-suited
to evaluate MS imaging protocols for bacterial biofilms. The composition and features of PEM
were described in detail in Chapter 2 and Chapter 3. The PEM model also allowed introduction
of small molecular analytes into the PEM, simulating the presence of metabolites, signaling
molecules, and other species present within actual biofilms. Here, the small molecular analyte
was Br,Y, which was electrostatically adsorbed to every alternating alginate layer of the PEM.
The presence of bromine and the unique isotopic pattern of Br,Y facilitated identification by MS.

This study examined LDPI-MS of neat Br,Y films, neat PEMs, and PEMs with adsorbed
Br,Y (Br,Y-PEMs). 25 keV Bis" SIMS was also performed on these samples, given the several
prior studies that used SIMS to study biofilms.*> 8%

MS analysis was performed using a commercial SIMS instrument additionally configured
for LDPI-MS by coupling to desorption laser and a tunable VUV synchrotron beamline.*” 8%’
Samples were also analyzed with a home built LDPI-MS that utilized a 7.87 eV molecular
fluorine laser for postionization.® IE of Br,Y were determined experimentally and compared to
IE from electronic structure calculations. The results are discussed in terms of SPI mechanisms

and desorption of Br,Y, both from neat films and PEMs.

B. Experimental Details

1. Preparation and Verification of Br,Y Films, PEMs, and Br,Y-PEMSs

Br,Y films were prepared from solutions in (1:1 v:v) acetonitrile:water that were dried on

gold-coated silicon substrates.
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PEMs were prepared on gold-coated substrates as described previously in chapter 2. PEMs
were verified by attenuated total reflection Fourier transform infrared spectroscopy. Elemental
content of the PEMs was determined by monochromatic X-ray photoelectron spectroscopy using
instrumentation and procedures previously described in Chapter 2.

20 mg/ml CHCA matrix solutions were prepared in (7:3 v:v) acetonitrile:trifluoroacetic
acid (0.1% v:v). These matrix solution were then sprayed onto a subset of the PEMs to facilitate
desorption during 7.87 eV LDPI-MS.

2. LDPI-MS and SIMS Instrument

LDPI-MS investigations described in this chapter were recorded using a custom built 7.87
eV LDPI-MS instrument at the University of Illinois at Chicago and 8.0 to 12.5 eV LDPI-MS at
the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA). SIMS
investigations were performed using a commercial SIMS instrument (TOF.SIMS 5, ION-TOF
Inc., Munster, Germany) using 25 keV Bi®" primary ions at the Advance Light Source (Lawrence
Berkeley National Laboratory, Berkeley, CA) a detailed description of all the above instruments
can be found in Chapter 2.

3. Electronic Structure Calculations

Calculations were performed using density functional theory with a commercial quantum
chemistry software package (Gaussian 03, Pittsburgh, PA),®® for different initial configurations
of molecules and clusters. Calculations were carried out at DFT/ B3LYP level of theory with 6-
311G basis set.®*** Vertical ionization energies (IEs) were calculated for molecules and clusters
by initial geometry optimization, to determine the energy of the optimized neutral species. This
was followed by energy determination of the anion species using the optimized neutral

geometry.®® Vertical ionization energy was then calculated using the equation below.
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VIE = E* (Geo=0) - E° (Opt)
VIE: Vertical lonization Energy
E* (Geo = 0): Energy of the cation with optimized neutral geometry
E® (Opt): Energy of the optimized neutral geometry
Vertical ionization energies (IEs) were calculated for Br,Y, [Br.Y],, [Br2Y][H20] and
[BroY][H20]s. The [Br,Y][H20]s cluster was chosen as an intermediate species representative
between what is expected to be highly abundant [Br,Y][H.O] and the much larger clusters
thought to form in MALDI.%* *® The optimized geometries in the ground state shown in Figures
16 to 19 were used to calculate the vertical IEs by freezing the geometries and removing one
electron from the highest occupied molecular orbital. All calculations were performed at the

B3LYP/6-311+G** level and were corrected for zero point energy on the structures shown in the

Figures 16 to 19 that represented local minima on their respective potential energy surfaces.

Figure 16. Optimized geometry of Br,Y.



Figure 17. Optimized geometry of [Br,Y]..

Figure 18. Optimized geometry of [Br,Y][H2O].
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Figure 19. Optimized geometry of [BroY][H2O0]s.

C. Results and Discussion

Single Photon lonization of Evaporated and Laser Desorbed Br,Y Films

The first experiments were designed to evaluate VUV SPI of Br,Y. Figure 20 shows the
photoionization efficiency curve of evaporated Br,Y which was recorded by monitoring the
parent ion at m/z 337 while sweeping the VUV photon energy from the synchrotron. The
experimental IE of Br,Y of 8.3+t0.1 eV was determined from the extrapolation of the
photoionization efficiency curve using the drawn lines and agreed well with the 8.3 eV IE

determined by electronic structure calculations.
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Figure 20. Photoionization efficiency curve for Br,Y thermally desorbed from pure films
recorded by sweeping the VUV photon energy while monitoring the m/z 337 parent ion.
Intensities normalized to data collected at 10.5 eV photon energy. Lines are extrapolations
indicating 8.3+0.1 eV experimental ionization energy. The different symbols correspond to
different runs.

Full SPI-MS were also recorded at each photon energy point on the curve in Figure 20 and
two of these spectra, recorded at 9.45 and 11.5 eV photon energies, are shown in Figure 21. 9.45
eV corresponds to ~1.1 eV internal energy deposited into the parent ion (the photon energy
minus the ionization energy) while 11.5 eV corresponds to ~3.2 eV internal energy in the parent
ion. The increase in internal energy significantly enhanced fragmentation in the parent ion at the

higher photon energy, as expected.



\i' I
5001 i
4004
[III-H]*
300
200 [BryY]*
l
o
g Il
3 1004 l
o
2 w 11.5eV M
2
é 8 MPRTRONT EPOPN WoS 1
100
] 9.45 eV
04
I ///l/

Figure 21. 9.45 and

I I I 1
6070 250 275 300 325 350

m/z

11.5 eV photon energy SPI-MS of Br,Y using synchrotron radiation.

44



45

Several of the fragments observed in SPI-MS of evaporated Br,Y are similar to those from
LDPI-MS of Br,Y films described below (see Figure 23). Figure 22 identifies each of these
fragments by a Roman numeral and illustrates the proposed fragment structures. All Br-
containing peaks are referred to below by their lowest mass isotopes (i.e., those composed of *2C,
Br, and H) and were verified by the unique 1:0.97 isotopic pattern for "°Br:®'Br (see below).
Specifically, the 11, 111, and VI fragments identified in Figure 23 were observed along with the
parent ion by SPI-MS and <8.0 eV LDPI-MS. However, little to none of the I, V, and IV
fragments observed by LDPI-MS were detected by SPI-MS. Furthermore, SPI-MS additionally
detected a deprotonated 1lI fragment ion, denoted as [IlI-H]" in Figure 21, which was not
observed at all in LDPI-MS. There were also significant differences in the fragment/parent ion
ratios between LDPI-MS and SPI-MS: the (Il/parent) and (I11/parent) ratios were much higher in
LDPI-MS than in SPI-MS, indicating a greater extent of fragmentation in the former and
differences in fragmentation mechanisms between the two cases. Finally, there were no cluster
ions observed by SPI-MS, unlike the case for LDPI-MS (Figure 24).

Br,Y films on gold-coated substrates were laser desorbed and the resultant gaseous
neutrals photoionized by VUV radiation and detected by time-of-flight MS. Figure 23 displays
the LDPI-MS of Br,Y films recorded using both 7.87 eV laser and 8.0 eV synchrotron

photoionization. Both display characteristic fragments and clusters of Br,Y.
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Control experiments showed no significant ion signal from Br,Y films except in the

presence of both VUV radiation and the desorption laser (LD). This fact was demonstrated by

the data in Figure 23 labeled “VUV only” and “LD only”, neither of which display any

significant ion signal. Thus, few volatile species were detected by SPI at room temperature in the

absence of laser desorption and little direct ionization occurred in the sole presence of the

desorption laser.
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Figure 23. (a) 7.87 eV laser and (b) 8.0 eV synchrotron LDPI-MS of Br,Y films: low mass
range. The fragment ion structures associated with the Roman numeral labels are given in Figure

22.



Figure 24. (a) 7.87 eV laser and (b) 8.0 eV synchrotron LDPI-MS of Br,Y films
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The [BryY]" parent ion at m/z 336.9 along with various low mass fragments of Br,Y appear
in both the 7.87 eV laser and 8.0 eV synchrotron LDPI-MS in Figure 23. M/z 302.9 (1) was
attributed to the parent ion after loss of H,O,. M/z 291.9 (Il) was attributed to loss of COOH via
cleavage of the o C-C bond. M/z 264.0 (111) was attributed to loss of NHCHCOOH via cleavage
of the B C-C bond. These observations were consistent with prior VUV SPI studies that found
amino acids predominantly undergo cleavage via the C-C bonds that are o and 3 to the terminal
carboxyl group.**®" M/z 213.0 (IV) and m/z 185.1 (V) underwent similar cleavages with the
additional loss of Br (losses of BrCOOH and BrNHCHCOOH, respectively). The charge resided
on the aromatic group for most of these fragment ions due to charge stabilization via
delocalization.®® However, some fraction of B C-C bond cleavage led to the charge residing on
the carboxyl group and produced the m/z 74.0 (V1) ion.

Some differences were observed between LDPI-MS using 7.87 eV laser and 8.0 eV
synchrotron photoionization. The relative abundances of fragment ions differed with
photoionization source and desorption conditions. M/z 291.9 (Il) appeared as the most intense
peak by 7.87 eV laser photoionization while m/z 264.0 (111) was the most intense peak by 8.0 eV
synchrotron photoionization. However, the most significant difference was the sole appearance
of Br” in the 8.0 eV synchrotron photoionization, as discussed further below.

Certain higher mass ions attributed to clusters of Br,Y were also observed at both 7.87 eV
laser and 8.0 eV synchrotron photoionization energies, as shown in Figure 24. The peak
envelope in Figure 24(a) at m/z 561.8, 563.8, 565.8, and 567.8 with peak intensity ratios 1:3:3:1
matched with m/z and isotopic distribution for [BrzY,-NH,H,O]H", the dimer of Br,Y after loss
of Br, NH,, and H,O. The other cluster at m/z 482.9 was assigned as [Br,Y»-NH,H,OJH". These

clusters were detected by both 7.87 eV laser and 8.0 eV synchrotron photoionization.
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The appearance of the aforementioned ions in Figure 24 confirmed cluster formation
during laser desorption from pure films of Br,Y. Pure analyte and analyte/solvent cluster
formation also explained the appearance of ion signal for the parent ion and fragments thereof
(Figures 23a and 22), despite the fact that the 7.87 photon energy was lower than the ~8.3 eV
experimental IEs of Br,Y. Electronic structure calculations found IEs of 7.8 eV for [Br,Y],, 8.1
eV for [Br,Y][H20] and 7.9 eV for [Br,Y][H20]s. These calculated IEs indicate that clustering
between Br,Y monomers or with water lowered their IEs below that of the monomer. Thus, the
lower IEs of pure Br,Y clusters and/or [Br,Y]m[H20]n-1 and their dissociation following
photoionization enabled the detection of Br,Y by 7.87 eV laser LDPI-MS, leading to essentially
all of the ion signal observed in both Figures 23a and 24a.

Molecular dynamics simulations and experimental probes of the evolution of a desorption
plume in the MALDI process showed that pulsed laser irradiation results in the ejection of a
mixture of individual molecules, clusters, and microdroplets.*> ® Previous studies also showed
that IEs of clusters of pure analyte or analyte-solvent are substantially lower than their
corresponding monomers. For example, clusters of proline and 2,5-dihydroxybenzoic acid
displayed lower IEs than the free matrix or proline® as did cytosine dimers compared to
monomers®® and water clusters compared to isolated water molecules.’® °* All of this prior
work supports the cluster desorption/photoionization mechanism proposed here.

Another aspect of the clusters that Br,Y forms with itself and/or water was that many, if
not all, were protonated. Prior SPI of formic acid and water clusters found that protonated
species dominated.* 1% The two cluster species detected by both laser and synchrotron VUV

SPI, [Br,Y2-NH,H,OJH" and [BrsY,-NH;H,O]H", were both protonated. Thus, all higher mass
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clusters observed solely in laser VUV SPI were also assigned as protonated, although their signal
to noise ratios were insufficient to assign m/z values with <1 m/z accuracy.

The 7.87 laser LDPI-MS showed a ~0.05 ratio of clusters to fragments, indicating a
dominance of fragments in the spectra. The low excess energy available from threshold single
photon ionization at 7.87 eV of clusters was insufficient to lead to such extensive cluster
fragmentation. This is supported by the 9.45 eV SPI-MS of evaporated Br,Y, which showed little
fragmentation (Figure 21). However, cluster fragmentation would have been aided by the
additional internal energy imparted by laser desorption. Furthermore, single photon ionization of
clusters could have lead to structural rearrangement and proton transfer to form some of the
fragment ions depicted in Figure 22. Nevertheless, the details of cluster fragmentation remain
unresolved: further experiments and calculations are needed to validate ion structures and
fragmentation mechanisms.

The low photon energy and narrow bandwidth of the 7.87 eV laser support the ionization
mechanism via lowered cluster IEs. However, the case with the 8.0 eV synchrotron LDPI-MS of
the Br,Y films in Figures 23b and 24b is less clear. The slightly higher 8.0 eV photon energy and
the 0.2 eV bandwidth of the synchrotron radiation*’ left open the possibility of some threshold
single photon ionization of Br,Y and [Br,Y][H20]. Furthermore, some signal may have resulted
from a minor amount of photoelectron ionization'® or higher VUV harmonics leaking through
the gas filter in the synchrotron beamline causing photoionization, as discussed previously.'®
However, the similarity of the fragments and clusters for both 7.87 eV laser and 8.0 eV
synchrotron radiation and the similar cluster to fragment ratios (except as noted below) argued

for a common ionization mechanism.
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Nevertheless, there were several significant differences between 7.87 eV laser and 8.0 eV
synchrotron radiation of BrpY films. The high mass Br,Y spectra showed a higher mass
distribution of clusters for 7.87 eV laser photoionization. These higher mass clusters included the
intact protonated dimer, [BrsY,]H", the trimer after a single Br loss, [BrsY3]H", and fragments
thereof. The source of this difference was not determined, but likely resulted from differences in
either desorption/ionization conditions and/or TOF collection/transmission efficiencies between
the two instruments.

Another significant difference between the Br,Y spectra from the two photoionization
sources was the observation of a peak at m/z 78.9 due to Br* only for 8.0 eV synchrotron
photoionization (Figure 23). This result led to experiments in which the tunability of synchrotron
radiation was exploited to record the LDPI-MS of Br,Y films at photon energies above 8.0 eV
(Figure 25). Increasing the photon energy from 8.0 to 12.5 eV showed only modest changes in
the fragmentation pattern for Br,Y, which remained different from those of 11.5 eV SPI-MS of
evaporated Br,Y. However, the signal intensity for all fragments did increase with photon
energy, presumably due to a corresponding increase in the photoionization cross sections of the

desorbed clusters.
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synchrotron. The “VUV only” spectrum was recorded with 12.5 eV photons, but without laser

desorption while the “LD only” spectrum is recorded with the desorption laser but without any
photoionization.
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Intense signals for both Br* at m/z 78.9 and Br," at m/z 157.8 were observed at photon
energies in excess of their ionization energies of 11.81 and 10.52 eV, respectively. The 349 nm
wavelength of the desorption laser is sufficient to induce photodissociation of various organic
bromides via the C—Br bond whose ~3 eV bond energy is readily cleaved to form bromine and
carbon radicals.®® 7 Br, could have formed from surface adsorbed Br that recombined during
laser induced thermal desorption, analogous to the formation of O, by laser induced thermal
desorption of atomic oxygen on metal surfaces. Examination of the time evolution of the Br and
Br, signal (data of spectra versus laser shot recorded from a single sample spot not shown)
indicated a relative increase in their signal over time compared to the Br,Y fragment ions and
clusters. This time evolution supported a Br,Y degradation mechanism for the formation of Br
and Br,. This degradation might also explain some of the differences in fragment ratios between
laser and synchrotron photoionization.

Neither Br nor Br, was detected by 7.87 laser photoionization (see Figure 23). Br," was
only observed by synchrotron photoionization with photon energies at and above the 10.52 eV
Br, IE. However, Br* was observed with 8.0 eV synchrotron radiation and at other photon
energies below the 11.81 eV ionization energy of the Br atom: it may have formed by the same
low photon energy mechanisms discussed above for the experiments using synchrotron radiation.

2. LDPI-MS of Polyelectrolyte Multilayers: Neat PEMs and Br,Y-PEMs

The above results established the ability of VUV SPI to detect Br,Y as neat films, so the
next step was to examine the conditions required to detect Br,Y adsorbed into PEMs. These
Br,Y-PEMs and also neat PEMs (without Br,Y) were analyzed by LDPI-MS using both 7.87 eV
laser and 11.5 eV synchrotron photoionization, with the higher photon energy chosen at the

synchrotron for its large expected photoionization cross sections.



55

0.4+ 10x

0.2 Br,Y-PEM, CHCA
i . [‘
' ? Br,Y-PEM
o.o-w' IP—— s
’>" :
E 10-
>
2 0.8-
(O]
<
0.6
0.4 § )
] 3 *
0.2 g PEM, CHCA
0.0
LD only of Br,Y-PEM, CHCA
LD only of PEM, CHCA

| ! | ! il ! | ! | ! | ! | ! |
50 100 150 200 250 300 350 400
m/z
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associated peaks marked with asterisks.
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Figure 26 shows 7.87 eV laser LDPI-MS of Br,Y-PEMs, analyzed with and without
CHCA matrix added to the fully prepared multilayer prior to MS analysis. The CHCA-treated
sample allowed matrix-assisted laser desorption of neutral species, which produced m/z 264.0
(1) and m/z 291.9 (I1) ions upon single photon ionization. These two ions were previously
observed as the most intense ions formed from the neat Br,Y films (see Figures 22 and 23). The
ion observed at m/z 189.0 in Figure 26 was attributed to the CHCA parent ion and m/z 210 was
attributed to the [CHCA-Na]® complex while m/z 145.6 and several lower m/z peaks were
assigned as CHCA fragments. All CHCA-only peaks are marked with asterisks in Figure 26.

The spectrum of the Br,Y-PEM without matrix shows no Br,Y-attributed peaks. Rather, it
only displays peaks below m/z 150, none of which were assignable to any characteristic fragment
of Br,Y. The various controls supported these results. The spectrum of PEM with CHCA
displays only matrix-associated peaks. LD only of both Br,Y-PEM and neat PEM without the
VUV laser showed no signal either with or without added CHCA matrix, indicating that direct
ionization did not occur at these desorption laser peak power densities, which were similar to
those used to analyze the pure Br,Y films.

The inability to detect any Br containing species with 7.87 eV laser photoionization when
no matrix was added raises the question of how much Br,Y was actually adsorbed into the Br,Y-
PEMs. X-ray photoelectron spectra were recorded on equivalent Br,Y-PEM samples and
indicated a 0.7% bromine content, compared to a calculated value of 13% for a pure BryY film.
Thus, the Br,Y-PEMs had ~5% of the total Br,Y of pure films, yet no Br-containing species
could be observed in the absence of matrix. This ~5% Br,Y concentration was apparently
insufficient to allow the cluster formation needed for 7.87 eV SPI under these desorption

conditions. By contrast, the matrix facilitated desorption of pure Br,Y clusters or mixed
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Br,Y/CHCA/water clusters, all of which were expected to display ionization energies below the
7.87 eV photon energy (see above). The applied matrix on the PEM probably also extracted
some of the Br,Y into a surface layer where it co-crystallized with the matrix and permitted
matrix assisted laser desorption, as is thought to occur in standard MALDI-MS.%

Next, the ionizing photon energy was raised in an attempt to detect adsorbed Br,Y in the
Br,Y-PEM without the addition of matrix. Br,Y was detected by 11.5 eV synchrotron LDPI-MS,
as manifested in the m/z 185.1 (V) and m/z 264.0 (l11) peaks from the Br,Y-PEM, as shown in
Figure 27. Experiments were performed in which the desorption laser peak power density was
increased, but it neither enhanced the useful I11/VV fragment signal nor brought out any other
peaks that were clearly characteristic of Br,Y (data not shown). Rather, higher desorption laser
peak power densities only led to more PEM degradation as characterized by pyrolysis peaks

appearing at almost every integer m/z value up to ~m/z 450.
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3. SIMS of Br,Y Films, Neat PEMs, and Br,Y-PEMs

Films of Br,Y, neat PEMs, and Br,Y-PEMs were also analyzed by 25 keV Biz" SIMS.
While the positive ion spectra was relatively uninteresting, as shown in Figure 28. Both spectra
show several peaks that are characteristic to chitosan and alginate fragments: the peak at m/z
199.1 was attributed to the [CeHgOsNa]" alginate monomer, m/z 125 to the [C3H,0,4Na]” alginate
fragment, and m/z 97.2 to [CsHgO]" from both chitosan and alginate.'®® ' Higher mass (as yet
unidentified) fragments were also observed at m/z 250.2 and m/z 275, with additional lower mass
peak groups below m/z 100 resulting from extensive chitosan/alginate degradation. However,
SIMS of the Br,Y-PEMs showed no evidence for the presence of Br* in the multilayer, where the
vertical lines in the inset indicate where "°Br* and ®Br* would appear. Even the Br* region did
not display any signal unique to the Br,Y-PEM. While the Br,Y-PEM did show unique peaks at
m/z 111.6 and 137.8, these lacked the characteristic isotopic distribution for bromine and

therefore could not have resulted solely from any Br-containing fragments of Br,Y.
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Figure 28. Positive ion 25 keV Bis** SIMS of PEM and Br,Y-PEM. Vertical lines in inset
indicate where "°Br* and 8'Br* would appear.

The negative ion SIMS of the Br,Y films and Br,Y-PEMs in Figure 29 display significant
useful signal. The negative ion SIMS of the Br,Y films displayed the [Br,Y] parent ion at m/z
336.9, and strong Br and Br, peaks. Several other Br,Y-related peaks also appeared including
one at m/z 262.9 that was similar to the structure 111 (see Figure 22) minus a proton, denoted as
[I11-H] in Figure 29. Other Br,Y characteristic ion appeared at m/z 249.9 that was attributed to
the 111 structure without the CH; group and denoted as [I11-CH,] . The clusters of peaks near m/z
290 were attributed to an overlap of the 11 ion and the 11 ion minus a proton, [1I-H] . The peak at
m/z 275.9 was attributed to [II-NH;] . Thus, SIMS observed several fragments not seen in LDPI-
MS. No ions were observed in the negative ion SIMS with structures related to the I, IV, V, or

VI ions observed in LDPI-MS. Finally, the peak at m/z 417.8 also appeared related to Br,Y and
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was tentatively assigned to [Br,Y][HBr] , although at least one other assignment related to
fragments of dimerized Br,Y was also feasible.

The Br,Y-PEMs also displayed the [BroY] parent ion and Br’, but did not display the
structurally intact (11/111 related) fragments of Br,Y that were observed for the negative ion SIMS
of the neat BryY films. However, other Br-containing ions were observed including m/z 157.8
corresponding to Br, , m/z 180.8 corresponding to [BroNa] and m/z 283.5 corresponding to
[BrsNaz] . Br,Y-PEM also showed a peak at m/z 359.4 assigned to [BroY][Na] and several other
peaks up to m/z 550 with characteristic bromine isotopic patterns indicative of other
[BroY][NaxBry] or [NaxBry] structures. Some of the most prominent ions in the negative ion
SIMS of the Br,Y-PEMs showed high sensitivity to Br, but these atomic [NayBry] clusters
contained little information on the analyte’s chemical structure. That these various negative ion
adducts containing Na appeared only in the Br,Y-PEM spectra was attributed to the presence of
excess sodium from the sodium alginate used in their preparation and/or a unique desorption
event facilitated by the PEM (or the complexation of Br,Y therein). The neat PEMs showed none

of the above mentioned peaks associated with Br,Y (see Figure 29).
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D. Conclusions

These results demonstrated several points of significance to the application of VUV SPI to
MS imaging. It has usually been considered necessary for the VUV photon energy to exceed a
molecular analyte’s ionization energy to allow SP1.?* However, the lower ionization energy of
pure analyte, analyte/solvent, or analyte/matrix clusters that form during laser desorption can
permit SPI at lower photon energies.®® * *° The practical implication of this observation is that
the fluorine excimer laser might be much more widely useful for VUV postionization in MS
imaging, as it can detect some species with ionization energies above its 7.87 eV photon energy
when they cluster.

Cluster formation does require a relatively high density of gaseous species that could be
laser desorbed only from pure films or polyelectrolyte multilayers pretreated with matrix. Thus,
even the relatively high (~5%) fraction of adsorbed Br,Y in the polyelectrolyte multilayers was
insufficient to produce clusters upon laser desorption unless CHCA matrix was added prior to
analysis. The application of matrix was also thought to facilitate extraction of adsorbed Br,Y
from within the multilayer while also enhancing the explosive desorption known to occur in
MALDI.%* % Desorption was enhanced by matrix even though desorption laser peak power
density was kept low enough to minimize direct ion formation via proton transfer. Nevertheless,
Br,Y was detectable from multilayers without added matrix when higher photon energies were
employed for SPI.

The positive ion spectra from Bis" SIMS produced few useful results for these samples,
showing mostly monomers of the polysaccharides (Figure 28).1% 1% However, the negative ion
spectra were analytically quite useful. Like many organohalides, Br,Y has a high electron

affinity, which is expected to enhance negative ion formation."" However, most non-
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halogenated analytes have low electron affinities and may not produce as useful a negative
signal. Furthermore, there was a strong dependence of the analyte’s condensed phase
environment upon the negative SIMS, with the neat films displaying major differences from the
multilayer spectra.

Finally, a few observations can be made regarding the comparison of LDPI-MS with
SIMS. SIMS permits much higher spatial resolution for MS imaging of ~100 nm, compared with
a spatial resolution of ~20 pm for LDPI-MS, similar to that observed for MALDI-MS.’ Both
methods formed significant parent ions from the pure Br,Y films, albeit via different ionization
pathways. However, the SPI event in LDPI-MS formed additional fragment and cluster ion
species not observed in SIMS. The difference in spectra from the two methods was even greater
for the Br,Y-PEMs, mostly due to differences in the extent and type of fragmentation and
clustering. It can be concluded that LDPI-MS and SIMS will generally provide complementary
chemical information due to their different ionization mechanisms. Furthermore, the ability to
tune the ionization event by selection of photon energy in SPI adds an added dimension of
selectivity to LDPI-MS that is not directly available in SIMS. This work has refrained from
comparisons of sensitivity between LDPI-MS and SIMS, as the former was performed using

novel experimental configurations that are the subject of ongoing improvements.



V. IDENTIFICTION AND IMAGING OF PEPTIDES AND PROTEINS ON

ENTEROCOCCUS FAECALIS BIOFILMS BY MALDI-MS

A. Introduction

Peptides and proteins are often used as biomarkers in bacterial identification by mass
spectrometry.™? ™2 Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS)
is well established for the identification of bacterial strains via protein profiling.****
Sequencing peptides or proteins using tandem MS and comparing the data with protein databases
can reliably identify bacterial species and overcome the limitations of earlier MS-based methods.

The study of protein expression from bacterial biofilms has typically required the
separation of proteins from disaggregated biofilms,**® a strategy which loses all information on
their spatial distribution within intact biofilms. Imaging proteomics is a MS imaging technique
which gives relative abundance and spatial localization of proteins throughout a biological
sample.r " " When imaging proteomics employs trypsin digest of proteins to peptides, as is
frequently the case, identical strategies can be subsequently employed to detect both peptide
fragments of proteins and peptides native to a biological sample. Secondary metabolites,
endogenous molecules, antibiotics, peptides, and other small molecules have been imaged within
intact bacterial colonies by MALDI-MS,*82° |aser desorption postionization MS,** % 2! and
other MS imaging methods.* %

Relatively little work has been reported on in situ imaging proteomics of intact bacterial
biofilms, perhaps due to several challenges that must be overcome. Bacterial cells are much
smaller than eukaryotic cells.*? Furthermore, the microbes in bacterial biofilms are typically

enclosed in an extracellular polysaccharide matrix which hinders easy access for protein

digestion and identification. Relatively few bacterial strains have the fully sequenced genomes
65
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needed to facilitate protein identification, although new bacterial genomes are reported regularly.
However, bacteria have the advantage of much smaller proteomes compared with eukaryotes.

Imaging proteomics can be performed using either a top down or a bottom up approach.'?*
125 The top down approach identifies low molecular weight proteins by direct MS fragmentation
without any preliminary digestion.?® 1 The bottom up approach digests samples prior to MS
analysis by depositing trypsin solutions as separate, <200 um droplets which confines protein
digestion and prevents diffusion of digested peptides beyond individual droplets. This strategy
aids identification of proteins and permits simultaneous localization of their constituent peptides.
Imaging proteomics by the bottom up approach previously demonstrated the feasibility of direct
protein identification and imaging in tissues of eukaryotic organisms. On-tissue MALDI-MS
analysis of rat brain tissue sections was performed directly from individual trypsin digested spots
to identify and localize several proteins.**” Formalin-fixed paraffin embedded rat brain tissues
samples were analyzed by MALDI-MS imaging to correlate protein identification and molecular
imaging.'®® Tissue digestion combined with MALDI-ion mobility MS has also been used for
protein identification and imaging directly on rat brain and human cerebellum tissues.*?°

Traditional proteomics requires proteins be extracted, purified, and concentrated prior to
their identification. Imaging proteomics is performed with fewer sample preparation steps and
without any protein extraction or concentration steps. However, the imaging technique appears
limited to relatively high abundance proteins, at least in mammalian tissues.*?"*?

Direct analysis and in situ trypsin digestion of intact Enterococcus faecalis biofilms was
combined here with MALDI-MS imaging to identify one peptide and over a dozen proteins,

establishing the feasibility of imaging proteomics to study biofilms of prokaryotic organisms. E.

faecalis is an opportunistic pathogen which is a natural inhabitant of the mammalian



67

gastrointestinal tract and oral cavity. It is known to be a major cause of infections of the urinary
tract, respiratory tract, wounds, and root canal.*** *! E. faecalis is known to withstand oxidative
stress, desiccation and extreme temperature and pH. It also displays high endogenous resistance
to salinity, bile acids, detergents and antimicrobials.”*® In particular, the V583 strain of E.
faecalis is resistant to the antibiotic vancomycin and was the first vancomycin-resistant clinical
isolate reported in the U.S.A.*¥ The ability of E. faecalis V583 to acquire resistance against

133 Another reason to focus on this strain

most effective antibiotics has attracted global attention.
is that the V583 genome has been completely sequenced, with a total of 3337 predicted protein-
encoding open reading frames reported."** The V583 strain has at least 306 proteins predicted to
be covalently anchored to the cell membrane and another 67 proteins non-covalently attached to
the membrane.'*®> These membrane and secreted proteins are known to play a vital role in cell
adhesion, apart from their virulence properties.*® Thus, the spatial localization of these proteins
within intact biofilms may improve understanding of bacterial virulence mechanisms as a
function of culturing conditions. Studies were also performed on biofilms of Escherichia coli
(ATCC 25922) and a vancomycin-sensitive, virulent medical isolate strain, E. faecalis ATCC
29212 (39). MALDI-MS imaging was demonstrated on co-cultured biofilms of E. faecalis V583
and E. coli. The alternate organism of E. coli was chosen because of the synergistic interaction
reported between the two strains, specifically the higher virulence of E. faecalis observed in
137

association with E. coli.

B. Experimental Details

1. Strains and Media

E. faecalis V583 (ATCC 700802), E. faecalis (ATCC 29212), and E. coli (ATCC 25922)

were obtained commercially (American Type Culture Collection, Manassus, VA). E. faecalis
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V583 planktonic culture was grown for 24 h in tryptic soy broth growth medium (Difco, Detroit,
MI, USA) containing 10% (w/v) glucose (TSBG) for use in inoculation of drip flow biofilms.
Similar cultures were used to inoculate TSBG-amended tryptic soy agar (TSA) for membrane
biofilms. Planktonic cultures of E. faecalis (ATCC 29212) and E. coli were grown under similar
conditions.

2. Plate and Membrane Biofilm Growth

Single species E. faecalis biofilms were grown either using a drip flow reactor or on
polycarbonate membranes (Millipore, 0.20 um pore size, 25 mm diameter, Fisher Scientific)
described in detail previously in Chapter 2.

Drip flow biofilms were grown on sterile stainless steel MALDI plates mounted in the
flow cell lanes of a sterile drip flow reactor (DFR) and was inoculated with 10® colony forming
units (CFU) of E. faecalis V583. To allow initial adhesion of the cells to the MALDI plates, the
reactor set-up was incubated for 24 h at 37°C and kept flat without any inclination upon addition
of 20 mL of TSBG growth media to each of the flow cell lanes. After 24 h of static growth, the
drip flow reactor was assembled completely with its stand tilted at an angle of 10°. TSBG growth
medium was delivered at a flow rate of 3.6 mL/h for three days using a peristaltic pump to each
of the flow cells. At the end of three days, biofilms grown on MALDI plates were rinsed with 50
mM ammonium bicarbonate (BICAM) solution (pH 8), followed by submersion in 50 mM
BICAM containing 0.5 M sucrose for 2 h, then drying at room temperature prior to further
processing.

Membrane biofilms were grown on sterile polycarbonate membranes inoculated with either
vancomycin-resistant E. faecalis V583 or with the vancomycin-sensitive ATCC 29212 strain of

E. faecalis containing 10° CFU and grown in TSBG-TSA at 37°C for 7 days while replenishing
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the agar plate daily. For co-cultured membrane biofilms, sterile polycarbonate membranes were
inoculated with E. faecalis V583 and E. coli cultures containing 10° CFU. The two microbes
were spotted at distinct points 3 mm apart on the same membrane, then grown in TSBG-TSA at
37 °C for 7 days while replenishing the agar plate daily. The two biofilms were observed to grow
into one another after 7 days. Membrane biofilm growth was chosen over plate biofilms to avoid
the practical difficulties associated with growing two species biofilms in a drip flow bioreactor.

3. Biofilm Preparation for MALDI Analysis

For top down proteomics, 5 mM dithiothreitol in water was twice sprayed on the dried
plate biofilms using an airbrush (Testors Corp., Rockford, IL, USA) at 20 psi spray pressure
followed by incubation at 37°C for 2 h to break the disulphide bonds in the proteins. Sinapinic
acid matrix at 20 g/L concentration in 1:1 (v/v) acetonitrile:trifluoroacetic acid (TFA, 0.1% (v/v)
in water) was then sprayed three times with approximately one min of drying time between each
spray cycle using the airbrush (20 psi). The plate biofilms were then air dried at room
temperature prior to MALDI-MS analysis.

For bottom up proteomics, after treating the plate biofilms with dithiothreitol, 1 g/L trypsin
(Sigma-Aldrich) in BICAM was sprayed twice using the airbrush (20 psi) and incubated at 37°C
for 24 h prior to spraying with a-cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich) matrix
at 20 g/L concentration in 7:3 (v/v) acetonitrile:TFA (0.1% v/v in water) and air drying at room
temperature prior to MALDI-MS analysis.

For peptide identification and imaging in single and two species membrane biofilms,
membranes were removed from the agar plate and blotted on stainless steel MALDI plate, with

care taken to maintain the spatial integrity of the biofilm cells during the transfer. CHCA matrix
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at 20 g/L concentration in 7:3 (v/v) acetonitrile: TFA (0.1% v/v in water) was then sprayed on the

sample and air dried at room temperature prior to MALDI-MS analysis.

4, MALDI-MS

MALDI-MS investigations described in this chapter were recorded using a commercial
MALDI-MS instrument (4700 TOF/TOF, AB SCIEX, Foster City, CA, USA) under MS and
MS/MS mode. A detailed description of the instrument conditions can be found in Chapter 2.
Briefly helium was used as a collision gas for MS/MS experiments. Non MS imaging data were
acquired by commercial software (4000 Series Explorer V3, AB SCIEX) while MS image
acquisition was performed using open source software (4000 Imaging V3, http://maldi-msi.org)
with a raster size of 150 pm and 255 laser shots per spot. The MS images acquired were

processed further using open source software (BioMap V3803, http://maldi-msi.org).

5. Scanning Electron Microscopy

CHCA matrix sprayed biofilms were visualized by a scanning electron microscope (S-
3000N, Hitachi) with a tungsten electron source operating at 15 keV under high vacuum. Rather
than dehydrating by an alcohol/water gradient series, the wet biofilms were simply coated with
platinum/palladium alloy.

6. Data Analysis for Peptide and Protein Identification

Proteins and peptides were only identified when they were detected in three replicate
samples. MS imaging of co-cultured biofilms were repeated a minimum of three times with
similar mass spectral images observed each time.

Protein database searching was performed using commercial software (MASCOT V 2.2.04
licensed to the University of Illinois at Chicago, National Center for Data Mining, P0127504).

All monoisotopic MS/MS data were searched after conversion to MASCOT compatible using the


http://maldi-msi.org/
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program (4000 Series Explorer V3, AB SCIEX). The entire NCBInr and SwissProt databases
were searched using MASCOT without any enzyme, fixed or variable modification selected in
the search criteria and the taxonomy selected as all entries (no species selection). The NCBInr
database of Enterococcus faecalis V583 (downloaded from NCBI on January 25, 2011, with
6961 records in the database) was also searched. MASCOT searches were performed with a
peptide tolerance of +0.5 Da and a fragment mass tolerance of +1.0 Da. Searches were
performed with one variable modification which included acetylation of protein N-terminal and
oxidation of methionines as well as with one missed cleavage and no fixed modifications (since
no chemical modification was expected during digestion).

De novo peptide sequencing was performed using commercial software (GPS Explorer TM
software-DeNovo Explorer version 3.0, build 291 licensed to The University of Illinois at
Chicago). The sequencing was performed with a mass tolerance of 0.1 Da and without any
selection made for enzyme, fixed and variable modifications. Any peptides identified by de novo
sequencing were also searched in the EMBL protein database without any species constraints
(via MS BLAST similarity search in DeNovo Explorer).

C. Results

In situ Peptide ldentification on Intact Biofilms

Biofilms of two different strains of E. faecalis V583 (ATCC 700802) and ATCC 29212 as
well as that of E. coli (ATCC 25922), were used to test the specificity of species observed to
enterococci species under various growth conditions. Figure 30 shows representative in situ
MALDI-MS spectra for biofilms of E. faecalis V583 grown on a MALDI plate, E. faecalis
ATCC 29212 grown on a polycarbonate membrane, and E. coli grown on a polycarbonate

membrane. Both strains of E. faecalis biofilms displayed many of the same peaks, despite their
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growth under different conditions. However, many of those E. faecalis peaks were absent in E.
coli. Several E. faecalis species-specific peaks with ion counts greater than 500 were observed,
including m/z 714.3, 747.4, 780.2 and 851.5. M/z 851.5 and several other peaks were also
observed in planktonic cultures of both E. faecalis strains. A peak at m/z 673.3 was observed in
both membrane biofilms of E. faecalis and E. coli species. The peak at m/z 655.7 was observed
only in E. coli, but not in any E. faecalis biofilms.

MALDI-MS/MS (tandem MS) experiments for E. faecalis-specific peaks were performed for de
novo sequencing. Figure 31 shows the MALDI-MS/MS spectra of m/z 851.5 with the peptide
fragments assigned using the standard notation.*® The peak at m/z 851.5 was identified by de
novo sequencing to be the heptapeptide of primary sequence ARHPHPH with a 83.7 score.
ARHPHPH is part of the primary sequence of k-casein from Bison bonansus (European bison),
specifically the f96 — 102 residues.***

De novo sequencing also showed that the m/z 780.5 peak corresponded to hexapeptide of
sequence RHPHPH (83.6 score, data not shown). The only difference between this two peptide
and ARHPHPH was the absence of the terminal amino acid residue alanine in the former. It
follows that RHPHPH peptide at m/z 780.5 is also derived from k-casein. However, it is unclear
whether RHPHPH exists as a distinct species in cell culture or as only a fragment that
subsequently only formed in the gas phase during MS analysis.

Both peptide sequences were further confirmed by trypsin digestion of the E. faecalis
biofilms since trypsin cleaves peptides on the c-terminal side of lysine or arginine amino acid
residues. Trypsin digestion decreased the intensity of the two peptide peaks (data not shown)

which indicated the presence of an arginine residue in the sequences of m/z 780.5 and 851.5.
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Figure 30. Representative in situ MALDI-MS spectra of E. faecalis plate biofilm (V583, bottom

trace), E. faecalis membrane biofilm (ATCC 29212, middle trace) and E. coli membrane biofilm
(ATCC 25922, top trace). E. faecalis species specific peaks are labeled and marked with
asterisks, Peaks observed in both E. coli and E. faecalis membrane biofilms are marked with ®
(i.e., m/z 673.3). An E. coli specific peak is marked with # (i.e., m/z 655.7).
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No peptide sequences or other chemical structures were assigned to any of the other peaks
beyond for m/z 780.2 and 851.5. De novo sequencing of the unidentified E. faecalis peaks
described above did not yield any unique peptide sequences with a reliable score, indicating that
they may not be independent peptides. A regular neutral loss fragment pattern observed in their
MS/MS data indicated these peaks might derive from muropeptides of peptidoglycans of E.

faecalis. However no conclusive structures were derived for these or any other peaks from their

MS/MS data alone.
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Figure 31. MALDI-MS/MS of m/z 851.5 observed in E. faecalis V583 membrane biofilm with
peak assignments indicating the heptapeptide of sequence ARHPHPH.
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2. In situ Protein Identification on Intact Biofilms

Figure 32 shows representative in situ MALDI-MS data from m/z 3000 to 8500 for
proteins identified using the top down proteomics approach. The peaks at m/z 3412.6, 3605.7,
3662.2, 7182.0, 7207.8, 7308.2 and 7325.9 were observed with S/N >3: all were labeled based
on the most intense peak observed in their isotopic distribution. No peaks were observed at
higher masses. It was clear that the peak at m/z 3605.7 was a doubly charged peak of m/z 7207.8,
based on the isotopic distribution. Two positive hits were observed when the MS/MS data were
searched in the protein database using peptide mass fingerprinting (where a protein score greater
than 51 was considered significant). This search identified two hypothetical proteins: EF1885
and EF1734 corresponding to m/z 3662.2 and 7325.9, respectively. These m/z values were lower
by 975 and 839 Da than the reported masses of these proteins. The MS/MS data from other peaks

did not yield a sufficient S/N ratio to generate any successful matches in the protein databases.
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Figure 32. Typical in situ MALDI-MS of intact E. faecalis V583 biofilm.

Figure 33 shows a typical in situ MALDI-MS in the mass range m/z 500 to 2500 of an E.
faecalis V583 biofilm for the bottom up proteomic approach with and without trypsin digestion.
No peaks were observed at higher masses and matrix interference peaks dominated below m/z
500. The mass spectra of the trypsin digested biofilm (top trace of Figure 33) display several

peptide peaks with varying intensities which were not observed in the undigested control biofilm

(bottom trace of Figure 33).
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Figure 33. In situ MALDI-MS of E. faecalis V583 biofilm. top trace shows spectrum of biofilm
digested with trypsin. Bottom trace shows spectrum of neat untreated control biofilm. Peaks
arising after trypsin digest are marked with asterisks.

Eight peaks between m/z 500 and 1800 Were also observed that might be associated with
trypsin digested peptides. However, none of these peaks could be reliably assigned as they
displayed low MASCOT scores due to low signal to noise, the primary sequences assigned via
their MS/MS data were questionable, and/or they lacked of correlation with any protein in the

database.
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Top Down
Sequence Sequence coverage
Database Reference Protein ID | MASCOT score @ (%) Theoritical m/w
V583 gi/29376414 EF1885 100 4637
V583 gi/29376284 EF1734 100 8165
(a) Protein score greater than 51 are significant (p<0.05)
Bottom Up
Peptide m/z | Theoritical
used for |mol. wt of the| Protein
Sequence MASCOT|  protein identified | subcellular
Database | Reference Protein score ® | identification protein localization
717.4,1188.6,
V583 0i|29343947 |enolase 68 1851.9 46482 Cytoplasm
V583 0i|29343950 |glyceraldehyde 3-phosphate dehydrogenases 47 749.4,819.3 35749 Cytoplasm
V583 0i|29342693 |tyrosyl-tRNA synthetase 37 1389.4, 1487.4 47231 Cytoplasm
V583 |qi|29344777 |hypothetical protein EF 2843 36 828.5 8359 Cytoplasm
V583 | @i|29344997 |BioY family protein 34 730.1 19446 Membrane
V583 /29342815 |excinuclease ABC, subunit B 34 1701.8 76054 Cytoplasm
V583 0i|29344009 |hypothetical protein EF_2033 34 788.4 4498 Cytoplasm
1139.6, 1702.9,
V583 |qil29342305 |translation elongation factor Tu 32 1862.9, 2184.0 43361 Cytoplasm
V583 | gi|29344612 |helicase, putative, RecD/TraA family 32 1863 97416 Cytoplasm
V583 0i]29344600 |spermidine/putrescine ABC transporter, permease protein 29 629.4 31484 Membrane
V583  |qi|29344133 |GTP-binding protein 28 712.1 46992 Cytoplasm

(a) Protein score greater than 26 indicate identity or extensive homology (p<0.05)

Table Il. List of proteins identified on intact E. faecalis V583 biofilms by top down and bottom

up proteomic approaches.

In situ MALDI-MS Imaging of Peptide

Figure 34 shows the MALDI-MS images of several different ion peaks in co-cultures of E.

coli and E. faecalis V583 strains grown together until the two biofilms met at the interface: the

E. faecalis ARHPHPH peak at m/z 851.5, an endogenous peak at m/z 673.3 observed in both

species, and a peak at m/z 655.7 observed predominantly in the E. coli biofilm region. The MS

images show the ARHPHPH peptide was observed only in the E. faecalis biofilm region and not
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in the E.coli region. Both strains grew at approximately equal rates, but the MS images were

cropped to emphasize the E. faecalis region.
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Figure 34. MALDI-MS images of co-cultured biofilms of E. faecalis V583 and E. coli showing
spatial distributions of three ions: (a) m/z 673.3, an endogenous peak observed in both species,
(b) m/z 655.7, an E. coli specific peak, and (c) m/z 851.5 corresponding to the ARHPHPH
peptide from E. faecalis. (d) is a cartoon showing the relative positions of each strain in the co-
culture and the absolute size of the images.

MALDI-MS images of trypsin digested peptides on intact E. faecalis V583 single species
plate biofilms were also obtained (data not shown) to observe the spatial localization of the
associated proteins. These results demonstrated the feasibility of imaging proteins on intact
biofilms without involving any complicated sample preparation steps employed by traditional
proteomics such protein extraction, purification, and/or concentration. Among the several
proteins identified and imaged by MALDI-MS were BioY family protein (a biotin transporter),
GTP binding protein (multifunctional protein family), tyrosyl-tRNA synthase (a protein

synthesis associated protein), glyceraldehyde-3-phosphate dehydrogenase (a glycolysis enzyme
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and possible cell surface virulence factor). Also the MS images of these proteins indicated that
different proteins were expressed differentially within the biofilm as a result of heterogeneous

environments.

MALDI-MS requires that a matrix compound be sprayed onto the biofilm surface and the
presence of this matrix can affect the spatial resolution of MS imaging. The scanning electron
micrograph of E. faecalis V583 biofilm sprayed with CHCA matrix showed the ~0.7 pum
bacterial cells were apparent within the <10 um matrix crystals (data not shown). However, the
spatial resolution of ~150 um for MS images acquired in this study was not dependent on the
matrix crystal size, but rather on the laser spot size (~150 um diameter) and the step size of MS
image acquisition (also 150 pum).

D. Discussion

Summary of Results

The ARHPHPH heptapeptide was identified in both vancomycin-resistant and sensitive E.
faecalis strains under a range of conditions including mono- and co-cultured biofilms as well as
planktonic cultures. ARHPHPH was also imaged at the boundary of co-cultured, adjacent E.
faecalis and E. coli biofilms, appearing only on the E. faecalis side. ARHPHPH was proteolyzed
from k-casein, a component in the growth media, by E. faecalis microbes. RHPHPH peptide was
also observed, but it could not be determined if this peptide actually existed in culture or only
formed during MS analysis. Several peaks specific to E. faecalis other than these two peptides
were also observed, but their identities could not be confirmed by de novo sequencing. In
addition, eleven different proteins were identified by the bottom up proteomics approach and two
proteins were identified by the top down approach. Finally, the feasibility of imaging proteomics

on intact E. faecalis V583 bacterial biofilms by MALDI-MS was also demonstrated.
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2. Peptide and Protein Expression

ARHPHPH was found to be associated with E. faecalis biofilms and planktonic culture,
but it does not represent any sequence in this organism’s proteome. Rather, ARHPHPH
corresponds to the f96 — 102 residues of k-casein.’® Casein is one of the components of the trytic
soy growth media used here and prior work showed that many E. faecalis strains can proteolyze
casein.’®® Thus, E. faecalis appears to be proteolyzing casein from the growth media to produce
ARHPHPH, an observation that has not been previously reported. Other enterococci strains, E.
faecium and E. durans, were also found to proteolyze casein, but the E. faecalis strains were
report to be more active.**

The imaging of ARHPHPH on intact biofilms demonstrates the potential for MALDI-MS
to study the spatial localization of peptides and proteins in their native form. As the E. coli strain
examined here did not proteolyze casein, the ARHPHPH peak could be used to study the spatial
interactions of E. faecalis with other microbial species. This is analogous to prior work where
surfactin from B. subtilis co-cultured S. aureus used to map the chemistry associated with the
phenotypes by MALDI-MS imaging, with higher concentration of the surfactin observed at the
interface suggesting an inhibitory role against S. aureus.™

The eleven proteins identified in vancomycin-resistant E. faecalis V583 by the bottom up
strategy include both cytosolic and membrane proteins (Table 11).2% Several of the cytosolic
proteins have ‘moonlighting’ or multiple functional associations with the cell surface as reported
for enolase and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).*** %2 These cell surface-
associated, multiple function bacterial proteins can be virulence determinants playing important
roles in interactions with the host, including adaptive responses to environmental changes,

adherence, internalization, toxin synthesis, and escaping the host immune system.™*® For instance
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in Streptococcus agalactiae, the cell surface localized GAPDH protein is reported to function as
a virulence factor with B lymphocyte-modulatory activity, while in Streptococcus oralis it is
reported to be important in colonization. In Streptococcus suis serotype 2, GAPDH is known to
play a role in adhesion for cell binding and albumin binding protein. Over all, GAPDH is known
to exhibit moonlightling behavior, contributing to bacterial virulence in most gram positive
bacteria. Like GAPDH, enolase is also reported to play a vital role in the virulence behavior of
several gram positive bacteria. It is known to be present on the surface of most streptococci and
has a strong plasminogen-binding property. Apart from plasminogen-binding, enolase is also
found to be binding to the salivary mucin, Muc7 in Streptococcus gordonii contributing to the
bacterial virulence. MALDI-MS imaging of these multifunctional proteins in their native form
on intact biofilms should permit detailed studies of their virulence roles in biofilms.*

The top down approach identified only two proteins (Table 11), EF1885 and EF1734, both
predicted to be membrane proteins. This is not surprising since no protein digestion steps were
involved in the top down approach. This is consistent with prior results in which only highly
abundant membrane proteins were directly detected by MALDI-MS when no cell lysis or protein
concentration steps were involved.'?* ' 13> While EF1885 and EF1734 were detected intact
without any trypsin digestion, the observed masses for their peptides were nonetheless lower
than the predicted masses by 839 and 975 Da, respectively. For the protein EF 1734 a predicted
cleavage site with the peptide sequence AGGFFLAR of m/z 837.4 was reported.'*® The
observance of a lower m/z for the protein EF1734 is likely due to the cleavage of this peptide
from the protein, although no such cleavage site has yet been reported for the protein EF1885.
Fragmentation of intact proteins in the MALDI plume after desorption/ionization may have

occurred here, as in-source decay is a common phenomenon in MALDI-MS.*?



83

A further detailed study on imaging these identified proteins in response to various stress
factors could give a greater insight and add to the future applications of imaging proteomics to
the study of bacterial biofilms. For example, the method can be employed to study the effect of
antimicrobial or other culturing perturbation. MALDI-MS and/or laser desorption postionization
MS can be used to examine the spatial distribution of antibiotics and/or metabolites in the
biofilms® and can colocalize them with cellular proteins, providing a more complete picture of
an antimicrobial challenge and biofilm response.

3. Limits of Peptide and Protein Imaging Methodology

Only highly abundant membrane proteins or proteins that have a functional association
with the cell surface could be identified and imaged, limiting the number of proteins detected by
this technique.?”** Furthermore, in the bottom-up approach different trypsin digested peptide
peaks originating from the same protein could show varying intensity within the biofilm, which
could be attributed to differences in digestion efficiency, and/or desorption/ionization efficiency
of different trypsin- digested peptides.'?” The lower sensitivity of the instrument to detect protein
peaks of much higher masses due to poor detection efficiencies was also a major reason why
more proteins were not detected by the top down approach.*?’

Optimization and/or incorporation of additional steps in cell lysis and protein denaturation
that do not compromise the spatial integrity of the biofilm could aid in detection of additional
proteins. The use of different enzymes or a combination of digestion enzymes might also allow
identification of a larger number of proteins and their spatial localization on intact bacterial
biofilms.

A major challenge with the technique is spot-to-spot variability observed within a single

analysis that arises from differences in desorption/ionization efficiency rather than analyte
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concentration in heterogeneous biofilms. This adverse effect can arise from ion suppression,
heterogeneous matrix application, detector noise, and/or sample charging and their net effect is
to hinder quantification of analytes. These factors have slowed the progress of MALDI-MS
imaging for absolute quantification of analytes in many biological samples.” " *3* Various
strategies have been proposed to solve the problem of quantification in MALDI-MS generally.'**
For example, stable isotope labeled internal standards have been used for protein quantification
in non-imaging proteomic MS.*> 1% Comparison with liquid chromatography MS data’*’ or use
of internal standards'*® '*° have also been used to quantify MALDI-MS images of lipids, drugs,
and other small molecules. Further, several advanced data processing tools are in the
developmental stage to address the noise and surface topography variability in MS imaging.?
Spatial and depth resolution are also an issue in these experiments. The ~150 um spatial
resolution is actually typical for most MALD-MS imaging of biological samples, although
resolution below 25 pm is sometimes possible.> "7 The exact depth in the biofilms from which
proteins and peptides were detected was not measured, but is also likely to be in the range of tens
of microns. For example, MALDI-MS imaging of animal tissue slices found that the matrix

solution coated on the sample surface can extract analytes from as deep as 40 pum from the

sample surface.*



VI. QUANTIFICATION OF ANTIBIOTIC IN BIOFILM-INHIBITING

MULTILAYERS BY 7.87 EV LDPI-MS IMAGING

A. Introduction

Traditional quantification techniques based on gas or liquid chromatography mass
spectrometry generally require several time consuming sample cleanup procedures prior to
analysis. Over the past decade, MALDI-MS has been applied to the rapid quantification of
analytes with high sample throughput and simple sample preparation.’* ¥ However,
quantification by MALDI-MS involves several challenges with respect to reproducibility, matrix
application and small molecule quantification.

This work demonstrates the potential of LDPI-MS imaging for small molecule
quantification. LDPI-MS addresses some of the limitations of MALDI-MS quantification while
retaining the latter’s benefits of rapid sample throughput and simple sample preparation. LDPI-
MS employs VUV radiation for single photon ionization of laser desorbed neutrals.?® %> 8" Use of
VUV radiation from the fluorine laser allows single photon ionization of only those analytes with
ionization energies below 7.87 eV and in the case of analyte-cluster formation,™ up to ~8.3 eV.
This selective ionization simplifies mass spectra, minimizes background signal, and improves
signal to noise. Furthermore, derivatization with a low ionization energy tag or chromophore
allows 7.87 eV single photon ionization of high ionization energy species.’” ** For example,
ampicillin cannot be directly identified by 7.87 eV LDPI-MS,*® but prior results indicate it

should be detectable upon derivatization with piperazine.*’

MS imaging detects analyte over an
entire sample surface, further improving quantification of spatially inhomogeneous analyte

distributions. Thus, LDPI-MS imaging should be a robust tool for small molecule

85
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quantification with potential applications in the direct analysis of bacterial biofilms on medical
devices.® ¥

Implanted medical devices are often plagued by colonization with bacterial and/or fungal
biofilms, so control of biofilm growth is essential to improve device efficacy and longevity.*® E.
faecalis is an opportunistic pathogen and a natural inhabitant of mammalian gastrointestinal
tracts that is also a major cause of infections of the urinary tract, respiratory tract, general skin
wounds, root canal and various medical implants.**> *3* For example, E. faecalis biofilms are
known to colonize peri-prosthesis tissues and to spread out as causative agents of orthopedic
implant infections.*® Early stage E. faecalis biofilm formation on medical devices generally
occurs within days of implantation'*® and often results from inoculation by endogenous bacteria.

Various strategies exist to prevent early stage biofilm formation on implanted medical
devices, biomaterials, and other surfaces where biofilm formation is deleterious to designed
function.®*® This work examines the prevention of early stage biofilm formation on medical
devices by use of a polyelectrolyte multilayer surface coatings composed of chitosan and
alginate, both high molecular weight biopolymers.*® The antimicrobial properties of chitosan
have been well studied.’®> % Multilayers composed of chitosan were also found to be
antimicrobial®® and chitosan-alginate multilayers have been used for slow release of the

common antibiotic ampicillin.'®®

Ampicillin is derivatized here with piperazine to form the N-
methylpiperazine acetamide of ampicillin. The resultant compound, called MPA-ampicillin, is
detected quantitatively by 7.87 eV LDPI-MS when adsorbed in chitosan-alginate multilayers.
MPA-ampicillin spiked multilayers are then shown to inhibit the growth of E. faecalis biofilms.

Finally, LDPI-MS imaging is used to determine how much of an initial minimum inhibitory

concentration of MPA-ampicillin remained in the multilayer after exposure to the biofilm.
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B. Experimental Details

1. 7.87 eV LDPI-MS Imaging and MALDI-MS

7.87 eV LDPI-MS imaging was performed using a custom built instrument and the MALDI-
MS was performed using a commercial instrument (4700 TOF/TOF, AB SCIEX, Foster City,
CA, USA) described in detail previously in Chapter 2.

Linearity as well as limits of quantification and detection (LOQ and LOD, respectively)
were determined for LDPI-MS on multilayer samples (see below). 0.3, 0.6, 1.2, 3.1, 10.2, 20.4
and 40.9 nmole aloquots of MPA-ampicillin dissolved in water:acetonitrile (7:3 v:v) were added
to separate multilayers. These were allowed to dry in air for 20 min prior to the addition of 18.3
nmoles of sulfadiazine as an internal standard, then air dried again. These multilayers were then
analyzed by LDPI-MS imaging for determination of MPA-ampicillin signal linearity with
concentration, LOQ, and LOD. MPA-ampicillin spiked multilayers were used for efficacy
studies, but the internal standard was added only immediately prior to LDPI-MS imaging. A
minimum of three trials were performed for linearity, LOQ, and LOD determination.

2. Preparation of MPA-Ampicillin and Multilayers

The N-methylpiperazine acetamide of ampicillin was prepared in house using previously
described methods.®” Ten layer chitosan-alginate polyelectrolyte multilayers were prepared on
0.5 mm thick silicon substrates coated with 100 nm of gold (Sigma-Aldrich) and verified by
X-ray photoelectron spectroscopy and attenuated total reflection Fourier transform infrared

spectroscopy, as described previously in Chapter 2 and Chapter 3.
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Figure 35. Schematics showing the experimental protocol for biofilm inhibition by MPA-
Ampicillin.

3. E. faecalis Colony Biofilm Growth and MPA-Ampicillin Activity

A detailed description of colony biofilm growth is described in Chapter 2. Briefly,
Polycarbonate membranes (Millipore, 0.20 um pore size, 25 mm diameter, Fisher Scientific)
were inoculated with 40 pL of 10° colony forming units (CFU) of E. faecalis V583 cultures
(ATCC 700802, American Type Culture Collection, Manassus, VA), then grown on tryptic soy
agar (TSA) at 37°C for three days while replenishing the agar plate daily.®” *° A growth curve
for E. faecalis colony biofilms (Figure 36) indicated growth for three days was sufficient to form
a mature biofilm. The MPA-ampicillin spiked multilayers were sterilized by 20 min exposure to
radiation from a germicidal ultraviolet lamp (254 nm, 4.8 watts, held ~30 cm from the sample,

G15T8, Osram Sylvania, Danvers, MA). Figure 35 displays a schematic of the biofilm inhibition
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procedure: sterilized MPA-ampicillin spiked multilayers were placed on agar plates and mature
biofilms on membranes were placed over the multilayers, completely covering them. These
efficacy studies were performed in TSA media for 18 h, after which viable cells in the biofilms
were counted by microdilution plating. A minimum of three trials were performed for each

concentration of MPA-ampicillin.
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Figure 36. E. faecalis colony biofim growth curve.
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C. Results

LDPI-MS of MPA-Ampicillin Neat and in Multilayers

Figure 37 displays 7.87 eV LDPI-MS of neat MPA-ampicillin, with the parent ion at m/z
489.2 and several predicted characteristic fragment ions (structures shown). The characteristic
fragment at m/z 412.2 was attributed to the parent ion after loss of benzene from the ampicillin
moiety. M/z 274.2 was attributed to the cleavage of the amide bond in the ampicillin moiety,
similar to the b-type fragment ions commonly observed in peptides. M/z 256.2 was attributed to
loss of water after amide bond cleavage, also consistent with peptide fragmentation where water
or ammonia losses from y and b type ions are commonly observed. M/z 170.1 was attributed to
the cleavage of the piperazine derivative from the ampicillin moiety and m/z 113.1 was attributed
to piperazine. It appeared that charge resided on the piperazine moiety for all the fragments, as it
does following collision induced dissociation of protonated peptides functionalized with
piperazine.*® Electronic structure calculations indicated that 7.87 eV single photon ionization is
localized on the piperazine chromophore,™’ further evidence that this moiety serves as the site of
position charge localization on the cation.**

Figure 38 shows the 7.87 eV LDPI imaging mass spectra of 3.1 nmoles of MPA-ampicillin
adsorbed onto chitosan-alginate polyelectrolyte multilayers before and after UV sterilization:
these spectra indicate that the antibiotic spiked into these multilayers is stable to this level of UV
exposure. The antibiotic spiked multilayer displays characteristic fragments of MPA-ampicillin
at m/z 274.2, 170.1 and 113.1. Several unlabeled peaks at m/z 270.1 and below m/z 150 appeared
from desorption laser-induced pyrolysis of the multilayer.*>> The bottom and top traces show
mass spectra before and after UV sterilization, respectively, again indicating no significant

differences in the fragmentation pattern of MPA-ampicillin. It is concluded that photolysis or
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other modification of the antibiotic or multilayer did not result from UV sterilization. MALDI-
MS-MS was also performed on the UV sterilized multilayer surfaces with adsorbed antibiotic
(Figure 39): no significant difference was observed in the MALDI-MS-MS of MPA-ampicillin

before and after sterilization

\ +
N
-
\
m/z 113.1 .
7000~ l \N_§
| . +
\
HN N
6000 ) ‘20 - i N
) m/z170.1 N
5x. HN_{ -
5000 - > Eb N
0O O HN%
. m/z 256.2 o >~ o
) Ho” ~y NV
< 40001 - S
> N B N
= _1\} m/z 412.2
o
£ 3000- o< _ -
. N—»
NN
2000 1m/z27zfz 0 29 HNwz
(0]
HO);N&N%
- S
1000 “] MM i
0+ %
T T T T T T
100 200 300 400 500
m/z

Figure 37. 7.87 eV LDPI-MS of the neat N-methylpiperazine acetamide of ampicillin (called
MPA-ampicillin) shown with the structures of the parent ion and characteristic fragments.
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Figure 38. 7.87 eV LDPI-MS spectra of MPA-ampicillin adsorbed on multilayer surface before
and after UV sterilization with peaks characteristic to MPA-ampicillin labeled.
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Several fragments observed in LDPI-MS were also observed in the MALDI-MS of MPA-
ampicillin in the multilayer (Figure 39). The MALDI-MS fragments at m/z 257.1, 158.2 and
114.1 displayed similar structures to those observed in LDPI-MS, except that the former were
protonated. Furthermore, the protonated parent signal observed by MALDI-MS was more
intense with respect to MPA-ampicillin fragments compared to the radical cation parent observed
by LDPI-MS. However, several matrix and multilayer interference peaks were also observed at
masses below m/z 300 in MALDI-MS that were absent in LDPI-MS. LDPI-MS analysis of
MPA-ampicillin in multilayers resulted in the complete removal of not only the multilayer, but
based upon visual analysis, also the ~100 nm thick gold coating from the underlying silicon
substrate. This indicated that LDPI-MS sampled through the entire depth of the multilayer
surface while MALDI-MS relied upon the matrix to extract the analyte from the multilayer.
However, the high laser fluence employed here for Au film desorption likely imparted more
internal energy into the desorbed neutrals, enhancing fragmentation upon single photon
ionization and reducing the parent ion signal.?* >

Parent ion signal by LDPI-MS for neat MPA-ampicillin was much lower in intensity
compared to the fragment ions and for multilayer samples, no parent ion was observed. The
piperazine fragment ion at m/z 113.1 was observed as the most intense ion from both neat and
multilayer samples. Similarly, m/z 186.4 was observed as the most intense peak for the internal

standard. Hence, the fragment peaks at m/z 113.1 for MPA-ampicillin and m/z 186.4 for the

sulfadiazine internal standard were chosen for quantification of MPA-ampicillin.
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multilayers before and after UV sterilization.
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2. Inhibition of Intact E. faecalis Colony Biofilms by MPA-Ampicillin

The antibiotic was found to inhibit E. faecalis biofilms growth after 18 h of incubation by
the procedure shown in Figure 35. Figure 40 shows the results of this procedure, the inhibition
plot against E. faecalis colony biofilms for multilayers spiked with 0.02 to 2.0 umole aliquots of
MPA-ampicillin. Controls consisted of no substrate applied to the biofilm (marked “Blank” in
Figure 40), gold-only substrate (“Au)” and multilayer without antibiotic (“Multilayer”): all these
samples were incubated with the intact biofilms grown on a 25 mm diameter polycarbonate
membrane for 18 h. After incubation, the number of colony forming units (CFU) in each entire
biofilm was determined by the microdilution plating method. There was no significant inhibition
observed in controls when MPA-ampicillin was absent, while for the Au control there was ~2%
inhibition. The PEM control displayed an ~8% inhibition, consistent with the antimicrobial
properties of the chitosan component of the multilayer.**>*¢

The 90% minimum biofilm inhibitory concentration, (MBIC)g, for MPA-ampicillin
adsorbed on multilayer surfaces against these E. faecalis biofilms was achieved by the addition

of 0.61 umoles. 99.9 % inhibition (2.32+0.07 x 10* CFU) was observed by the addition of 1.23

pmoles of MPA-ampicillin and no CFU were observed for larger amounts of antibiotic.
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Figure 40. Inhibition plot for MPA-ampicillin adsorbed on multilayer surface against E. faecalis
colony biofilms. or 2.32+0.07 x 10* CFU was observed at 1.23 pmoles MPA-ampicillin and no
CFU were observed at >1.63 umoles.
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3. Linearity Range and Analytical Sensitivity of 7.87 eV LDPI-MS Imaging

MPA-ampicillin was spotted in amounts ranging from 0.3 to 40.9 nmoles onto multilayer
surfaces along with known amounts of sulfadiazine as an internal standard (IS), then analyzed by
LDPI-MS imaging. The top right corner of Figure 41 shows a representative MS image for m/z
113.1 (MPA-ampicillin fragment) extracted from LDPI-MS data recorded from a 1x1 cm square
antibiotic spiked multilayer. The colored region in the image shows distribution of MPA-
ampicillin and the black region shows its absence in the multilayer. The mass spectrum of the
m/z 113.1 piperazine fragment was extracted by averaging over the region of interest (ROI)
where the analyte was distributed in a 0.6 to 0.8 cm diameter spot on the multilayer surface
(colored region in the image), both shown in Figure 41. The area of MPA-ampicillin to IS peak
ratio (ration of m/z 113.1 to 186.4) was calculated at each concentration using the averaged mass
spectra from the LDPI-MS image, then used to determine linearity. The linearity range for MPA-
ampicillin spiked multilayers was established to be 0.6 to 20 nmoles with R? of 0.986 using data
acquired from two consecutive days (Figure 42). The LOQ was 0.6 nmoles with S/N 9 and the

LOD was 0.3 nmoles with S/N 6.
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Figure 41. 7.87 eV LDPI-MS image (1 x 1 cm) showing the distribution of MPA-ampicillin (m/z
113.1) on the multilayer surface (inset) and the averaged mass spectrum from the region of
interest (ROI).
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Figure 42. Linear regression plot for MPA-ampicillin adsorbed on chitosan-alginate
polyelectrolye multilayers with sulfadiazine as internal standard (IS).

Quantification of MPA-Ampicillin in Multilayers After Biofilm Growth

A 90% biofilm-inhibiting amount of MPA-ampicillin adsorbed on multilayers was
incubated with E. faecalis biofilms for 18h, then the multilayers were treated with IS. Analysis
by LDPI-MS imaging found that only 0.7% or 3.6 nmoles (RSD of 16.0%) of the initial 0.61
pmoles of MPA-ampicillin remained on the multilayer surface after incubation with the biofilm.
The area of MPA-ampicillin to internal standard peak ratio was calculated from the MS image
spectra, then the linear regression established above was employed to determine the amount of

MPA-ampicillin remaining on the multilayer after incubation.
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D. Discussion

1. Implications for Preventing Infections on Medical Devices

Previous work found that chitosan-alginate polyelectrolyte multilayer surfaces can be used
for slow release of ampicillin."®® It is demonstrated here that 0.61 and 1.23 pmoles MPA-
ampicillin inhibited 90% and 99.9% of a 25 mm diam E. faecalis biofilm over an 18 h exposure,
respectively. If all the MPA-ampicillin instantaneously transferred to the biofilms, assumed to be
0.5 mm thick, then 90% inhibition of the biofilm occurred at ~1 mg/ml antibiotic concentration.
While only 0.7% of the antibiotic remained on the multilayer after a 90% inhibiting exposure,
prior results indicate that significant release of antibiotic likely continues over several hours,
making the instantaneous concentration of MPA-ampicillin in the biofilm << 1 mg/ml.'*® This
timescale of release should be effective given that E. faecalis shows high initial adhesion on
several common polymeric biomaterials within 3 h of exposure.™™® The results of Figure 40, the

168 and the short term adhesion of microbes™ collectively indicate

antibiotic release timescale,
that MPA-ampicillin spiked multilayers should be effective for preventing E. faecalis biofilm

formation on medical devices and implants for the first day following implantation.

2. Quantification by LDPI-MS Imaging vs. MALDI-MS

7.87 eV LDPI-MS imaging was demonstrated to rapidly quantify a small molecule analyte
on intact polyelectrolyte multilayers. Quantification by MALDI-MS of various analytes and
samples without prior preparation, including protein hepcidin in human plasma,**> melamine and
its derivative in milk powder,*>® phenothiazines in human plasma,’®? and benzodiazepines.™
Several issues must be considered when comparing quantification by LDPI-MS and MALDI-

MS.
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One limiting factor in quantification by MALDI-MS is the need for the addition of matrix
which is known to affect sensitivity and reproducibility. Inhomogeneous co-crystallization of
matrix and analyte is another additional factor to consider when using MALDI-MS for
quantification, particularly when ion signal intensity is derived from single or multiple laser
shots. Matrix thickness and matrix-to-analyte ratio are also known to strongly affect ion signal in
MALDI-MS.'® LDPI-MS entirely avoids the various quantification-inhibiting effects of matrix
application that accompany MALDI-MS analysis of small molecules. Even homogenous
application of MALDI matrix can result in matrix crystals that differ in size, quality, analyte
extraction efficiency, and density per unit surface. All these factors can vary with the local
physical properties of the sample surface, affecting information regarding analyte
distributions.*” By contrast, LDPI-MS uses no matrix and hence avoids these limitations.

Competing endogenous species such as proteins or lipids can cause significant ion
suppression of the analyte signal as well as compound-dependent ionization efficiencies which
will hinder quantification by MALDI-MS, especially in complex samples.'”® For example,
certain endogenous compounds can have higher proton affinity which allows them to
successfully compete for charge with the analyte. Such effects can be reduced by maintaining a
constant sample composition for MALDI quantification.’** Use of an internal standard can
mitigate this effect, although homogenous introduction of an internal standard on the sample
surface is required.*”® By contrast, desorption is independent of ionization in LDPI-MS, which
additionally selectively ionizes only those analytes whose ionization energy is lower than 7.87
eV. In the absence of secondary proton transfer events observed at elevated pressures, most
endogenous compounds will not be ionized and neither competitive ionization nor ion

suppression effects should occur in LDPI-MS. Unlike atmospheric pressure photoionization,
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proton transfer events are not expected here due to the low pressures in the source of the LDPI-
MS.

There are several positive attributes of MALDI-MS that render it preferable for
quantification, including the observation that it can approach attomole sensitivity.**> > 17° By
contrast, LDPI-MS is only observed here to display 0.3 nanomole sensitivity (LOD). However,
this comparison is premature given that commercial MALDI-MS instruments benefited from two
decades of development while the LDPI-MS instrument utilized here is a home-built, non-
commercial prototype. Another positive aspect of MALDI-MS is the versatility of this ionization
method: thermally labile, low mass analytes as well as involatile, high mass biopolymers
including for proteins, peptides, lipids, and some pharmaceuticals can all be ionized by
MALDI.*** However, the ability for selective ionization of low ionization energy analytes by
7.87 eV LDPI-MS for some small molecule analytes provides the advantage of simplifying mass
spectra, minimizing background, and improving sensitivity. Overall, 7.87 eV LDPI-MS imaging
at this stage should be seen as a complimentary tool still under development for rapid
quantification of small molecule analytes without the need for expensive sample clean up
procedures. Furthermore, these results indicate that 7.87 eV LDPI-MS imaging should be

applicable to quantification of a range of small molecular species on a variety of complex

organic and biological surfaces.



VII. CONCLUSIONS

It seems that every emerging and established analytical technique has been applied to
imaging. MS imaging is an emerging and fast growing imaging technique for the analysis of
complex systems spatially in all three dimensions, particularly for the analysis of biological
samples.

A positive contribution was made in this thesis to this emerging MS imaging field using
SIMS, MALDI-MS and LDPI-MS. The protocols described can thus be used to at least partially
address some unsolved scientific questions, in particular those associated with the architecture
and properties of the bacterial biofilms.

Since biofilms are complex heterogeneous communities which vary widely in their
composition both chemically and structurally, evaluating any new technique directly on such a
complex system can result in several unresolved questions. To overcome this issue, this thesis
describes the use of a multilayer model system with some resemblance to bacterial biofilms. This
multilayer model system served as an excellent, well characterized system mimicking the
bacterial biofilms, which was particularly essential to evaluate MS imaging protocols. Ce" ion
sputtering was used to demonstrate the possibility of depth profiling in this multilayer system,
with a greater potential foreseen to perform depth profiling in real bacterial biofilms. The depth
profiling described in this thesis was performed in conjunction with XPS (Chapter 3) though any
other atomic or molecular imaging techniques like SIMS, MALDI or LDPI-MS can also be used
in conjunction with Cgo" ion sputtering to get further valuable molecular information within the
depth of the sample. Further the multilayer system does not simulate the roughness of the surface
as commonly observed with real biofilms, which would be a major limiting factor in application

of the technique to real biofilms. A future prospect for this depth profiling strategy
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would be to evaluate the technique directly on a real biofilm system and examine its efficiency in
understanding the properties of bacterial biofilms.

The multilayer surface also served as a good model system to compare the two MS
techniques SIMS and LDPI-MS, to highlight the benefits of each technique particularly, to study
bacterial biofilms.

In addition to performing depth profiling and evaluating the SIMS and LDPI-MS
techniques using the multilayers, the multilayer system was also used as an antimicrobial surface
to host a small molecule antibiotic, for slow release into a biofilm. The multilayer model also
served as a good sample surface to evaluate a protocol using LDPI-MS imaging for small
molecule antibiotic quantification. The results from this multilayer surface established the future
prospects of utilizing this robust LDPI-MS imaging protocol to quantify small molecules directly
from several other complex surfaces like tissues, biofilms and other surfaces. Furthermore,
LDPI-MS imaging could serve as an alternate to the traditional quantification techniques which
require analyte extraction and concentration from the sample prior to analysis.

MALDI-MS imaging was used in this thesis to demonstrate the possible use of the
technique to detect, identify and spatially locate both proteins and peptides from intact bacterial
biofilm surface. This can be particularly helpful in understanding the role of specific proteins in
biofilms.

However, there are several limitations associated with MS imaging techniques, particularly
as applied to study biological materials. Though this thesis does not address all these issues, it
leaves behind several thoughtful questions to improve the technique further. For instance, a
major limitation of MS imaging by MALDI-MS and LDPI-MS is their low spatial resolution,

which is primarily dictated by the desorption laser. This low spatial resolution has a very
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significant impact particularly in studying bacterial biofilms, although this was not an issue for
the applications described in this thesis. The low spatial resolution can have a significant impact
particularly in single cell studies, since the resolution of these techniques is a few hundred cells,
limiting the applications of the technique when compared to other single cell non-MS based
imaging techniques. Thus a major challenge to the MS imaging community is to achieve spatial
resolution in the single cell level.

Another major challenge associated with MS imaging techniques is to obtain quantitative
information spatially. MS imaging techniques can detect and identify molecular species from
surfaces, but when it come to quantification of the detected and identified molecular species
spatially there has been issues, in particular differences arise in the ionization efficiencies
observed from spot to spot which are primarily due to the sample composition and the topology
of the sample surface. Various strategies have been proposed to solve this problem of
quantification.** For example, stable isotope labeled internal standards have been used for

14 14
G145, 146

protein quantification in non-imaging proteomic M Comparison with liquid

Y7 or use of internal standards™*® '*° have also been used to quantify

chromatography MS data
MALDI-MS images of lipids, drugs, and other small molecules. Furthermore, several advanced
data processing tools are in the developmental stage to address the noise and surface topography
variability in MS imaging.? This thesis demonstrated that LDPI-MS appears particularly
promising for quantification, at least for small molecule analytes. However it should be
mentioned that LDPI-MS as performed here shows greater degree of fragmentation of the parent
ions, this could be primarily due to laser desorption-induced energy transfer event and not due to

SPI event. The LD event can be controlled to some extent, but needs further work with the

method to minimize fragmentation.
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It can be concluded that MS imaging is still in its infancy. Continued improvements with
greater and newer applications such as those presented in this thesis are motivation to the MS
imaging research to address the limitations and work towards making MS imaging a prime
imaging technique. MS imaging has the potential to solve several outstanding problems that have

not been addressed by other molecular imaging techniques.
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