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ABSTRACT

Mapping the chemical composition of single cells at the submicron level could
provide abundant insight into cellular functions, such as understanding signaling
pathways and cellular phagocytosis. Secondary Ion Mass Spectrometry (SIMS) imaging
can be used to create in situ chemical maps of a host of biologically relevant species.
Macrophage cells are indispensable constituents of the animal immune system. Acting as
cellular garbage disposals, macrophages keep the blood stream clean by recycling lipid
droplets, waste particulate, dead cells, and foreign species through a process called
phagocytosis. Shown in Chapters 3, 4, and 5 of this thesis are lipid membrane images
and calcium depth profiles of phagocytic and inactive or dying macrophages. These
images represent a novel approach at identifying the dynamic cellular events related to
phagocytosis and demonstrate SIMS ability to simultaneously image multiple cell-related
signals at submicron resolutions – difficult to achieve with other methodologies. This
combination of imaging and profiling is significant because it provides the possibility of
defining previously unknown phagocytic mechanisms. A clearer picture of phagocytosis
will enhance understanding of the immune system.
Along with the pertinence and scope of single-cell imaging, Chapter 1 of this
thesis presents the unique capabilities of SIMS in the biological imaging modality. The
novel application of a disaccharide matrix to ultra-high vacuum (UHV) analyses, such as
used in SIMS, is detailed in Chapters 2 and 3. Finally included, is the direction of SIMS

iv
imaging to relevant biological applications. The aim of this thesis is to demonstrate
single-cell SIMS imaging capabilities, provide insight into membrane function during
phagocytosis, and illustrate a complimentary technique to cryogenics for UHV analyses.
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Chapter 1
Introduction: Imaging and Profiling Cells with SIMS
Parts of this chapter were adapted from S. Parry and N. Winograd “Imaging with
SIMS” Encyclopedia of Mass Spectrometry vol. 6, 2007, 596-605, with permission.
Copyright 2007 Elsevier.

Detailed chemical maps of biological surfaces are imperative to precise
pathological diagnostics and continue to provide impetus for time of flight secondary ion
mass spectrometry (TOF-SIMS) imaging research. To this end, developments in SIMS
instrumentation and imaging techniques, such as the cluster sources and metal deposition,
are in rapid advance. Preparation methodologies to better preserve biological structure
for high vacuum analyses are also being developed. Chemical images of biological
surfaces can provide detail of dynamic cellular events. To date, most biological SIMS
imaging has focused on mapping cellular membranes in single cells and whole tissue
sections.

Along with surface characterization, the capability of profiling biological

material by etching and imaging successive layers is now being developed.
A primary goal of SIMS researchers is to define activity of dynamic cellular
events, to compliment existing biological diagnostics. While fluorescence imaging is
still, undoubtedly, the primary method for cellular characterization, SIMS offers the
inherent benefits of snapshot imaging “without labels or tags”. Phagocytosis, or the
process of engulfing and metabolizing biological matter, is one of the most essential
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cellular processes. Phagocytosis is an indispensable function of the immune system and
is also the process through which macrophages convert insoluble, low density
lipoproteins (LDL) to soluble, high density lipoproteins (HDL).1 Breakdown of the
phagocytic mechanism leads to atherosclerosis and heart disease.

Stepwise SIMS

chemical maps may provide insight into the (dys)function of cellular phagocytosis.
However, sample preparation is one of the most significant obstacles to the SIMS
imaging methodology. Fast freezing preparations provide the most native environment
amenable to SIMS analysis, but a more time/cost–efficient matrix that permits room
temperature imaging is in demand for high-vacuum studies.
The work presented here illustrates chemical profiles of dynamic cellular
behavior, along with an elegant matrix for SIMS analysis of biological material. As such,
this thesis is focused on two themes: (1) a novel approach at preserving cells with a
glassy trehalose matrix for high vacuum imaging, closely related to (2) demonstrating
atomic and cluster source TOF-SIMS as diagnostic tools for cellular membranes and
intracellular localizations – particularly for phagocytic macrophages. This chapter will
cover the fundamental principles of SIMS imaging, with special focus on the TOF-SIMS
instruments used for data presented in this thesis. Both inorganic and biological images
will be illustrated, demonstrating SIMS capabilities. Other SIMS methodologies and
instrumentation, such as magnetic sector analyzers, will also be detailed here. Finally, a
terse comparison is made to the capabilities of alternative and complimentary bioimaging
techniques.

3
1.1 SIMS Fundamentals and Applications
Spatially resolved mass spectra provide the basis for imaging mass spectrometry.
When employing the SIMS modality, an energetic ion beam is focused to a submicron
spot and directed to a known coordinate on the sample surface. Desorbed ions are then
collected by a conventional mass analyzer. An image is created by rastering the ion beam
over the surface and collecting mass spectra on the fly.
Determination of the spatial distribution of atomic and molecular species across
the surface of a variety of materials is unique to mass spectrometry. There are important
applications in materials science and, particularly, in biology for the assay of tissue and
even single cells. The SIMS approach complements imaging MALDI experiments
whereby a focused laser beam is rastered over a sample coated with the appropriate
matrix molecule. For MALDI, the lateral resolution is generally greater than a few tens
of microns, and it is best utilized for peptide and protein assays in the ion m/z range of
1000 – 100,000. Although the lateral distribution of lower molecular weight molecules is
possible, the acquisition is compromised by chemical noise associated with the matrix.
For SIMS, the lateral resolution is higher, typically in the range of 50 – 500 nm, but the
mass range is limited to ions of m/z 1 – 2000, generally with less chemical noise in the
lower mass range.
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1.1.1 Developments in SIMS Imaging
Several approaches to SIMS imaging are available. The earliest attempts utilized
an unfocused ion beam to irradiate the entire sample area.2 The spatial distribution of
secondary ions was preserved in the ion optical column in a fashion similar to an optical
microscope. These ion microscopes can be applied to the study of semiconductors,
biological cells,3 and drug dispersion in carcinoma cells,4 with a lateral resolution of
several micrometers. Ion microprobes, where the lateral resolution is defined by the size
of the focused incident ion beam, in general yield submicron lateral resolution and are,
therefore, more widely implemented for imaging experiments. A wide range of
applications are utilized including measurement of atmospherically induced boric acid
structures on boron oxide films,5 and biological images detailing both atomic and
molecular chemical localizations from many samples, such as brain and kidney tissues,6
single cells,7 and subcellular organelles.8

1.2 Principles of SIMS Imaging
The ion-solid interaction associated with impact of the incident projectile induces
intrinsic chemical damage to the sample surface. For molecular systems, this damage
results in loss of molecularly specific signals when the number of incident projectiles
exceeds about 1 % of the number of surface molecules. Above this dose, chemical
fragments begin to accumulate on the surface, and the information in the mass spectra is
limited to elemental species and small molecular ions such as CN-. Because this effect
exists, two basic modes of operation have emerged. In the first case, the primary ion

5
beam is pulsed so as to be compatible with a time-of-flight (TOF) mass analyzer. This
mode of operation has the advantage that the incident dose can be kept below the damage
threshold while still collecting molecule-specific mass spectra. Moreover, spectra may
be recorded by repeating pulses at a rate of up to 10,000/sec. This property is important
when considering that a typical image may consist of 256×256 pixels, or 65536
individual mass spectra.
The second mode of operation involves the use of a continuous ion microprobe
followed by detection using either a quadrupole or magnetic sector mass spectrometer.
Given that pulsing is not required, the incident beam current is generally much lower than
the peak current in pulsed TOF-SIMS experiments, but the ion dose exceeds the damage
threshold and only a limited number of masses can be detected simultaneously. This
mode is referred to as dynamic SIMS because many layers of the sample are removed
during the imaging experiments. The first microprobe instruments used beams of ionized
gases such as Ar in a duoplasmatron source,9 and the extracted ions were focused by
using conventional electrostatic lenses. Gallium liquid-metal ion sources may also be
incorporated into these devices, allowing the probe size to be reduced to less than 50 nm.
These instruments can be applied to detection of inorganic ions in cosmochemical,
metalloid alloy, and biological samples.10 And, in a third approach, it is possible to
construct very bright Cs ion sources, which can also be focused to less than 50 nm.
These sources are useful because the ionization probability of negative-ion species is
enhanced by implanted Cs atoms,11 increasing the sensitivity. With a high resolution
magnetic mass analyzer, for example, it is feasible to distinguish between 12C15N and
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C14N.12 This high mass resolving power opens the imaging experiments to the

detection of stable isotope labels.

1.2.1 Pixilating the Image

The procedure for converting the acquired data into an image format is illustrated
in Figure 1-1 . For TOF-SIMS, the entire mass spectrum of each pixel is available for
analysis. By assigning an intensity shade and color to each pixel relative to the amount
of signal detected at that coordinate, an ion image may be generated. Summation of all of
the ions in the mass spectrum yields a total ion spectrum, useful for revealing topographic
information about the sample. Ions of specific masses may be assigned different colors
to provide a clearer indication of the lateral distribution of different molecular species.
Alternatively, localized mass spectra for any region of interest in the total ion image may
be extracted from any selected pixels. A similar procedure is utilized for dynamic SIMS
imaging, except the number of different masses associated with each image is usually
four or less.

7

Primary
Ion
Source

Ti
m/z 48

Ba
m/z 138

Figure 1-1: SIMS imaging schematic. Mass spectra are generated for each pixel and
matched to the corresponding beam coordinate. Right, a chemical map is made by
selecting different ions from the total mass spectrum and assigning color/shading relative
to mass and intensity.

1.2.2 Cluster SIMS
Current advances in SIMS imaging involve the use of cluster-ion sources such as
Au3+, Bi3+, and C60+ to generate greater secondary ion abundances, particularly for the
higher mass ions. For example, the C60+ ion source produces secondary ion yields that
are more than 100 times those of gallium ion beams, while limiting subsurface damage.
Moreover, there is evidence to suggest that the chemical damage problem noted for
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atomic bombardment is not as severe. With cluster beams, then, the effective damage
threshold may occur at much higher ion doses, leading to even more sensitivity.

1.2.3 Tandem SIMS
Lastly, because mass spectra are often congested with molecular fragments or
mixtures of compounds, tandem mass analyzers and detectors for the secondary ions
would be very valuable. In the tandem modality, a fraction of the secondary ions of
interest are mass selected and detected. The remaining secondary ions are fragmented via
chemical or electron collision and focused to a separate detector. The tandem technique
facilitates differential ion mapping of the same surface, allowing researchers to image
larger molecules and elucidate their identities by subsequent fragmentation. Tandem
spectrometers can be employed extensively with the MALDI imaging methodology, but
they have seen only narrow application in SIMS imaging because their low ion
transmission compromises sensitivity.13

1.3 SIMS Imaging Methods
The instrumentation in SIMS imaging is dominated by TOF and magnetic sector
instruments. The most popular method for molecule-specific imaging involves the use of
TOF spectrometers with liquid-metal ion sources. Gas sources, such as vaporized carbon
are beginning to supplant some liquid-metal beams. Indeed, all of the data presented in
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this thesis are generated from a liquid metal AuGe or carbon source, delivering Au+/ Au+3
or C60+ primary ion beams, respectively. The TOF-SIMS instrument used for the images
and spectra demonstrated in this thesis is detailed in Figure 1-2. The sample stage for
this instrument is pulsed at 3000 s-1 with ± 2500 V. The stage pulse is timed precisely to
coincide immediately after arrival (1-10 ns) of the primary ion pulse to repel the sputtered
ions. The sputtered secondary ions are then accelerated into the TOF mass spectrometer
by an extraction lens at ± 4300 V, positioned 1 cm above the stage.
The TOF mass spectrometer for this instrument employs a reflectron type flight
tube. The reflectron improves mass resolution of secondary ions with an ion mirror,
which consists of an array of ring electrodes and a grid at sufficient potential to reflect the
secondary ions in the flight tube nearly 180º back towards the detector. The homogenous
field from the ring electrodes steers the secondary ions to the center of the grid, which is
typically held at ± 2550 V – such that Vme ≥ Voe, where Vm is the potential of the ion
mirror and Vo is the incident potential of the secondary ion.14 The reflectron thus corrects
for particles of equal mass-to-charge (m/z) but slightly different kinetic energy by
allowing the higher energy ions to penetrate farther into the field before being deflected,
effectively allowing the slower ions to “catch up”. The total time for secondary ions to
reach the detector can be approximated using the classical kinetic energy equation:
Eq. 1.1


t = L m
2
qV



1

2

1.1
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Where L is total flight tube drift length (~2.0 m), m, q, and V, are ion mass, charge, and
potential. However, to compensate for the aforementioned energy spread, illustrated in
the schematic of Figure 1-3, the equation is expanded with Eq. 1.2, which represents the

t m = 2 Ld  m
 2qV 

1

2

⋅ 


Vo

 ⋅ (1 + δ ) 12
Vm 

1.2

flight time within the ion mirror. Here Ld is flight path length in the mirror and δ is the
energy spread factor. It should be noted that some time/energy spreading also comes as a
result of the primary beam pulse length; i.e. longer pulse lengths will facilitate a greater
spread of secondary ions. Experiments in this thesis utilize a 50 – 100 ns primary pulse.
Because modern TOF secondary optics and detectors can delineate thousands of
mass spectra per second over a range ≥ 1000 Da, they are used to determine chemical
localizations of many species with each image.

These sources generate sufficient

secondary ions/pulse to operate in the pulsed mode and take advantage of the
multichannel benefit of modern TOF instruments.

Inorganic samples studied with

magnetic sector and TOF-SIMS instruments are generally analyzed in their native states
without any physical or chemical treatments. The spectra used to generate chemical
maps are often evaluated with principal component analysis to determine statistical
loadings, and thus facilitate better signal localization.
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Figure 1-2: Photograph of the TOF-SIMS instrument used for this thesis.
components are labeled.

Major
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Figure 1-3: Schematic of reflectron/ion mirror. Spurious trajection angles are corrected
as ions enter e- field of ring electrodes. Lower energy ions (black) “catch up” to higher
kinetic energy ions (gray).

1.3.1 Time of Flight

While biological species may be the primary interest to modern SIMS
applications, TOF-SIMS imaging is considerably useful as a tool for characterizing
inorganic thin films.

One application of SIMS imaging of thin films is mapping

lithographically-patterned compounds.

To confirm the success of a lithographic

technique, SIMS is used to verify localization and chemical identity of patterned species.
For techniques requiring multiple stages and masks, SIMS imaging can characterize the
pattern of each successive deposit. Sol-Gel compounds, SnO2 and Fe2O3, patterned with
thermal lithography, will undergo a redox reaction in the presence of some combustible
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gases, allowing electronic detection.

A TOF-SIMS image can be used to quantify

coverage of SnO2 and Fe2O3 compounds over an array of micro filaments coated with
heat-sensitive organosilane chemicals.15

SIMS mapping of 100×100 µm heating

elements with a 25 kV Ga+ beam, show localized coverage of the thermally patterned
organosilane films. Chemical maps of the organosilane films and the subsequent spincoated Sol-Gel compound, SnO2, are shown in Figure 1-4.

One can employ SIMS

imaging in combination with other spectroscopies to substantiate localizations in thin
films.

Inhomogeneities or inclusions in stainless steel films can lead to premature

corrosion.

The protective coating or “passive film” formed on stainless steel after

mechanical polishing is readily characterized with TOF-SIMS imaging. After exposing
polished Cr-Ni steel to a highly-corrosive solution of FeCl3, inclusions in the protective
oxyhydroxide film can be verified with a combination of TOF-SIMS, XPS, and Auger
spectroscopies. Shown in Figure 1-5, chemical SIMS maps of a passive film show
depleted Cr levels at the inclusion site, whereas Mn and S are enhanced in the same
region.16 Images from several positive and negative ions of the same region of interest
are included in Figure 1-5. By identifying the chemical composition of inclusions,
measures can be taken to improve polishing techniques and increase the life of stainless
steels.
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Figure 1-4: Positive SIMS images of 100 × 100 µm micro hot plates coated with 5 nm
organosilanes. (Left) (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (TFS) before
heating (S4 and S1) and after (S3 and S2). (Right) Sn+ map image of hot plate after spincoating with SnO2. Bottom bar illustrates relative signal intensity. (Savage et al.15)

Additionally, TOF-SIMS produces chemical images detailing analyte diffusion
through bulk materials. It is possible to image the cross-section of a fiber optic cable
core and map doped elements with a microprobe. Dopants endow fiber optics with
amplification and filtering properties. By elucidating the diffusion and distribution of
doped elements, relative to manufacture processes, more efficient optic cables may be
fabricated. A 25 keV Ga+ microprobe rastered over a core cross section can image
elemental domains of phosphorous, fluorine, germanium, and other dopants at 500 nm
lateral resolution. Chemical images with a Ga+ primary beam have been used to show
that fluorine redistributes in the fiber core under the heat and hydroxyl exposure used for
fabrication of fiber Bragg gratings.17 Line scans through the cross-section, ~ 50×50 µm
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images, showed that whereas fluorine concentration increases, germanium concentration
remains relatively constant after heating.

Figure 1-5: Positive and negative chemical maps of a 18Cr8Ni stainless steel surface.
Central localization marks an inclusion in the surface. Images were taken at 128×128
pixels. Side bars indicate signal intensity relative to image maximum. (Rossi et al.16)
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1.3.2 Magnetic Sector

Duoplasmatron gas sources with magnetic sector secondary optics also
incorporate unique benefits for SIMS imaging and are the preferred methodology for
many problems. Magnetic sector instruments are particularly useful for mapping small
molecules or elements. Because the duoplasmatron primary beams in these instruments
are operated in the DC mode, one can focus them to beam sizes < 50 nm while
maintaining sufficient secondary ion signal for quantitative imaging.

Therefore,

magnetic sector instruments are generally better suited for imaging smaller particles and
features than TOF instruments.

High resolution isotopic imaging of astronomical

particles is one application of a magnetic sector instrument.

A focused, 16 keV Cs+

duoplasmatron source can image individual circumstellar grains < 200 nm in diameter
from interplanetary dust particles (IDPs). IDPs are normally composed of 100–500 nm
grains bound together by carbonaceous compounds. It is possible to delineate the origins
of some IDP grains by mapping oxygen isotopes with SIMS.

A small percentage of

grains in a single IDP can be identified as having extrasolar genesis by imaging the
distribution of 17O and 16O. The 17O/16O ratio is used to determine the type and mass of
the star from which the individual grain originates.18,19 In Figure 1-6, a chemical map
with excess 17O in a grain is illustrated, indicating its extrasolar formation.19 Typically,
inorganic samples are stabilized for imaging by a thin layer of epoxy or pressing into a
soft substrate, such as Al or Au. Sample charging, caused by the Cs+ beam, is attenuated
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by coating the IDPs with 50 Å Au. Illustrated in Figure 1-7 are SIMS images of an IDP
with grains elevated in 18O, possibly signifying supernova origins. A TEM image of the
same particle is overlain with the SIMS image in Figure 1-7, to verify localization of 18O.

Figure 1-6: SIMS images taken with a Cs+ duoplasmatron source from a slice of
interplanetary dust gathered from the stratosphere. The center image illustrates a single ~
100 nm grain with substantially higher 17O isotopic levels than seen with solar grains
(Messenger et al.18).
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Figure 1-7: TEM images with a SIMS image overlay at 4 µm × 4 µm field of view. (A)
TEM of an interplanetary dust particle. (B) SIMS overlay of 18O localized to 100 – 200
nm grains. (Messenger et al.19)

1.4 Biological Imaging

1.4.1 Sample Preparation

Chemical mapping of biological species is arguably the most heavily studied
application of SIMS imaging. Although chemical treatments are generally unnecessary,
cells and tissues must be physically stabilized to be preserved in ultra-high vacuum
(UHV) for SIMS imaging. Biological samples are studied in the dried, freeze-dried, or
frozen states. The chosen method of preparation determines how closely the chemical
localizations in the SIMS images will resemble those found in the native sample.
Unfrozen, air or vacuum–dried samples are more prone to signal delocalization and are
typically used for qualitative analysis.

“Fast-freezing” with specific cryogenic
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compounds, such as liquid propane or nitrogen slush, prevents crystallization and
delocalization of biological species in their natural aqueous medium. Freeze-dried (FD)
samples can deliver images of laterally preserved samples, but may collapse under high
vacuum, eliminating three-dimensional information.

Whereas chemical mapping of

biological compounds has traditionally been confined to ions of ≤ m/z 400 with atomic
sources, vapor-deposition of FD samples with Ag or Au facilitates imaging and detection
of ions of m/z greater than 1200. Intracellular components or dynamic membrane events
are imaged in their native morphology by keeping them frozen after fast-freezing. Invacuo fracture of frozen samples is used to expose preserved tissue and cellular
components for SIMS analysis.
Alternatively, biological samples are preserved by infusion with disaccharides
prior to FD. Because some disaccharides are known not only to prevent crystallization,
but also to provide high desiccation tolerance to biological species, they appear
particularly suited to SIMS analysis.20 Some investigators are using SIMS to identify
localizations inherent to (dys)function in diverse cells and tissues.
Custom hardware and software facilitates more detailed analysis of regions of
interest (ROI). By fixing samples to a micrometric stage, interfaced with coordinated
sensitive software, specific regions of cells or tissues can be imaged with multiple
spectrometric techniques and compared. Imaging the same ROI with multiple techniques
enhances and validates the information. Subcellular domains in mouse cochlear tissue
are readily identified by imaging the same ROI with differential interference contrast
(DIC) and SIMS. Coordinate-matching software, interfaced with a micromanipulator,
ensures that the images are generated from the same spot and field of view (fov).21
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1.4.2 Biological Tissues

Of the many tissues available for SIMS imaging, neurological tissues are one of
the most regularly studied. One technique of preserving the lateral spacing in membrane
lipids is with high-pressure freezing. Lipids in brain tissue samples prepared by freezing
in liquid N2 at 2000 bar, followed by freeze-fracture and freeze drying (FD), maintain
their relative localization.22 A common method of fixing tissue slices to the substrate is
to issue a non-invasive tissue adhesive. Slices are typically prepared with a microtome or
vibratome at thicknesses less than 500 µm. For freeze-fracture, a metal shard or ring is
gently sandwiched on top of the sample prior to freezing. To expose a fresh frozen
surface, the sample is fractured in vacuo.22 A Bi+ primary beam can map cholesterol in
rat cerebellum with spatial resolution approaching 300 nm.

Images of cholesterol

localization in the white matter and inner region of the granular layer of sliced rat
cerebellum are illustrated in Figure 1-8 . The high-pressure freezing preserves the lateral
heterogeneity of the tissue more distinctly than does conventional FD. The cholesterol
signal is likely to originate from the supportive glial cells, such as oligodendrocytes,
which insulate neurons.

Imaging localizations in glial tissue and cells increase the

understanding of myelination and possible neural regeneration mechanisms.
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Figure 1-8: SIMS images at 256×256 pixels of a 197 × 197 µm section of rat cerebellum
prepared by freezing at 2000 bar and fracturing under liquid N2. (L) Total positive ion
image. (R) Logarithmic presentation of cholesterol signal of m/z 369.4+ and m/z 385.4+
localizing with the white matter and inner granular layer, at the top right and bottom left,
respectively. (Nygren et al.22)
Larger tissue sections can be imaged as well. Most instruments are limited to 1-2
mm fov per image, but larger images can be generated by moving the sample stage and
combining successive images in mosaic style. For example, entire coronal cross sections
of a sliced rat brain can be imaged with SIMS.23 Positive and negative-ion SIMS images
of rat brain tissue are shown in Figure 1-9 at varying fields of view. As in this case,
large sections of tissue are sometimes rinsed with buffer to remove cellular lysate, salts,
and other debris. Conventional freezing and FD are typically sufficient for preserving
near-macroscopic tissue domains. Tissue samples illustrated in Figure 1-9 are rinsed for
30 seconds with NH3HCOO, then immediately refrozen and FD. Positive and negativeion SIMS images in Figure 1-9 show distinct localization of several different lipids with
spatial resolution at 2-3 µm. Complementary localization of cholesterol and the m/z
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184.1+ phosphocholine fragment ions to the white and grey matter, respectively, are also
illustrated in Figure 1-9. Ions from sulfatides, phosphatidylinositols, and other lipids also
map to the brain tissue images (not shown).

Contrary to established literature on

neurological lipids, the sulfatide signal localizes with the phosphocholine ions. An
explanation is that the SIMS images shown are primarily from the membranous surface,
where lipid concentration may not mimic that of the entire tissue.

Figure 1-9: Positive and negative SIMS images taken at increasing magnifications of a
coronal mouse brain slice. Squares indicate successive imaging area illustrated to the
right. Top three images are of cholesterol fragments, m/z 369.4+, and m/z 385.4-,
respectively. Bottom images are the phosphocholine fragments, m/z 184.1+, and m/z
79.0-, respectively. All images are 128×128 pixels. (Sjovall, P. et al.23)
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1.4.3 Biological Cells

Imaging single biological cells generally demands greater spatial resolution than
that required for tissues.

Sample-preparation protocols for single cell imaging are

designed to preserve the relative and quantitative molecular localizations at tens to
hundreds of nanometers. Temperature-controlled freeze-driers, which keep samples at 80 ºC during FD, can preserve the relative chemical localizations in cells. Single ratembryo fibroblasts, FD at – 80 ºC and imaged with a magnetic sector SIMS at ≤ 100 nm
spatial resolution, are shown in Figure 1-10.21 As mentioned above, the magnetic sector
instruments use a DC beam, which one can afford to focus down to smaller beam sizes
than those used with pulsed TOF instruments. These smaller beams are particularly
useful at imaging domains of small molecules several nanometers across. By tuning
multiple parallel detectors to the m/z of known isotopes, multi-isotope mass spectrometry
images (MIMS) of specific cellular areas, such as organelles can be chemically mapped.
Magnetic sector instruments are limited, however, because the target ions must be known
prior to imaging. Bromodeoxyuridine and
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N-labeled uridine, naturally incorporated

into the DNA and RNA, respectively, are imaged with MIMS. In this case,
12

81

Br- and

C15N-, localize distinctly to the RNA nucleolus core and nuclear envelope, as illustrated

in Figure 1-10.21 MIMS maps of many other ions, such as 12C15N-, 12C-, 31P-, and 127I- can
be produced at similar mass and spatial resolutions. With magnetic sector imaging, the
SIMS signal is sufficiently intense and spatially resolved as to enable 31P- localization in
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lamellipodia of the endothelia. Subcellular imaging can provide insight to organelle
functions, such as protein production and signaling.

Figure 1-10: Multi-Isotope Mass Spectrometry (MIMS) images of rat embryo fibroblasts.
(Left) 12C15N- m/z ion map; intense areas indicate RNA nucleolus core. (Right) Parallel
image mapping 81Br- m/z ion; illustrating outline of the nuclear envelope. Both images
~25 um2 fov, 256×256 pixels. (McMahon et al.21)
The understanding of lipid membranes’ function can be enhanced with SIMS
imaging of single cells. The dynamic membrane behavior of single-cell organisms can be
imaged with TOF-SIMS. SIMS chemical images of mating tetrahymena, fast-frozen in
liquid propane and imaged with an In+ beam, elucidate a greater understanding of lipid
behavior
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phosphatidylcholine, supports the conclusion that lipid gradients are formed with
different cellular events. The smaller headgroup, with respect to the tailgroup cross
section, of the phosphonolipid facilitates its aggregation at sites of negative or concave
membrane curvature.

Conversely, phosphatidylcholine lipids have headgroups with
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larger cross-section areas than the tail groups, leading to aggregation at sites with positive
or convex curvature. Larger, biologically relevant ions are also mapped from single cells
with SIMS. The m/z 430+ ion, for example, identified as vitamin E, is mapped and
localized in a single neuron of Aplysia californica, using a Au+ primary beam.25 Prior to
FD, dissected neurons are incubated in artificial sea water to preserve morphology.
Vitamin E is implicated in neuronal signaling and is reported to effect membrane
curvature.26,27 SIMS chemical images, illustrating vitamin E localization at the somaneurite junction in a neural cell, are shown in Figure 1-11 .

Figure 1-11: Positive ion maps from a single neuron of Aplysia californica. Scale bars
are 100 µm. Images are 256×256 pixels. Color bar on left indicates relative signal
intensity. (a) m/z 86.1+ ion, a lipid headgroup fragment of phosphatidylcholine. (b) The
acyl chain fragment m/z 69.1+ ion, a general signal for lipid membranes. (c) The vitamin
E m/z 430+ ion, shown localizing at the soma-neurite junction. (d) Line scans for the
normalized m/z 86.1+ and m/z 430+ ions signals, illustrating the complementary increase
of vitamin E at the junction. Width and length of the line scan is illustrated in the top
right corner of (d). (Monroe et al.25)
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1.5 Alternative/Complimentary Bioimaging Methodologies

Imaging techniques and instrumentation other than SIMS have shown significant
application. For biological species, fluorescence microscopy is easily the chief imaging
methodology used by most researchers studying biomechanisms. Fluorescent imaging is
very versatile, applied to the entire spectrum of viable and fixed biological components.
Annually, thousands of publications attest to the biological applications of fluorescent
microscopy, which include lipids, proteins, nuclear material, signaling molecules, and
elemental bioconstituents such as Mg and K.28 Fluorescent probes can be used to track
single lipid molecules.29 Lateral resolution, however, is generally confined to the
diffraction limit of light and is attenuated further when multiple probes are in proximity.30
Furthermore, fluorophore tags have been shown to perturb native domains of small lipid
molecules.31 Atomic force microscopy provides nanometer spatial resolution, but
provides no chemical information.32 The infrared and coherent anti-stokes Raman
imaging techniques provide chemical composition, but suffer from poorer lateral
resolution.32,33 Similarly, MALDI imaging delivers unparalleled chemical information,
particularly for large molecules such as proteins, but is limited to tens of microns in
spatial resolution.34 With its combination capabilities of wide-range chemical mapping
and lateral resolution of ≤102 nanometers, SIMS holds a unique position in biological
imaging.
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1.6 Conclusions

Much of SIMS research is focused on the numerous prospects related to
biological imaging of tissue and single cells. A host of novel developments, such as the
cluster sources and sample metallization, have propagated SIMS imaging in various
research areas. SIMS has long been a prominent means of surface characterization and is
now widely recognized as a bona fide bioanalytical tool.
Overcoming obstacles to SIMS imaging, particularly the relatively low
secondary-ion yield of certain species, would significantly expand the utility of SIMS
imaging.

Techniques to increase ion yield, such as laser post-ionization, are being

pursued and improved. Alternatively, a methodology that negates the damage restrictions
of the static limit (i.e., removing the entire surface without losing mass selectivity or
sublayer mixing) would also lead to greater potential. Because of lower subsurface
damage, much of the focus of cluster sources remains on layer-by-layer imaging to create
three-dimensional biological maps.
SIMS provides the capability of mapping lipids, signaling molecules, metabolites,
and other cellular species in their native two and three–dimensional morphology at
subcellular levels. Fully employed, SIMS imaging may ultimately be used to define
biological mechanisms of healthy and diseased tissue, mechanisms that are difficult to
ascertain with other methods.
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Chapter 2
Trehalose for SIMS High-Vacuum Analysis

2.1 Introduction

Disaccharides are used in an increasingly broad range of biological applications.
Cells and tissues have long been washed in a sucrose solution to safely remove
cryoprotectants and mitigate osmotic shock incident to freezing preparations.1,2
Disaccharides are also used as cryoprotectants to prevent crystallization damage during
freezing, enabling researchers to store species at temperatures above -100 ºC without loss
of vitrification. 3

Further, disaccharide treatments have been shown to enhance post-

thaw survival of frozen species. 4,5 Because simple sugars are nontoxic, no removal
steps are necessary. More recently, the disaccharides, led by trehalose, have even been
used to preserve biological function and structure through the freezedrying/lyophilization process. 6,7,8

While various sugars can stabilize frozen and

dehydrated species, trehalose has proven the most versatile and efficient. 9,10 This chapter
will focus on the unique qualities of the disaccharides, which facilitate high spatial
resolution and membrane preservation with MS bioimaging experiments.
Trehalose is a natural product, synthesized and employed by many living
organisms. Trehalose, a disaccharide of glucose, is identical to maltose except that it’s
two cyclic glucopyranose constituents are bound by their reducing, anomeric, α carbons –
making it a nonreducing sugar 11 ( Figure 2-1 ). Many flying insects use trehalose as their
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(a)

(b)

(c)
Figure 2-1: (a) α,α,-trehalose structure (b) sucrose (c) α,β-trehalose. (Albertorio et al.11)
primary source of carbohydrate energy. It is believed that flying insects use trehalose
because cleavage by a trehalase enzyme produces two glucose molecules; twice as
efficient as the glycosidic metabolism of starch polymers – the carbohydrate storage of
most animal species. 12 Trehalose is also produced by various yeasts, plants, bacteria, and
microscopic animals, such as tardigrades.13 Perhaps the most prominent role of trehalose
is that of naturally preserving biological function and life sans hydration.
Some trehalose-producing organisms exhibit a phenomenon known as
annhydrobiosis (life without water). Certain species of tardigrades, which naturally
produce trehalose, can survive after years of suspended metabolism in a desiccated
state.14 Trehalose-producing tardigrades have also demonstrated the ability to remain
viable through extreme cold and vacuum.14 These protective qualities have lent to the
emerging application of disaccharides to high-vacuum analyses. John and Lois Crowe
and colleagues successfully revived (by rehydration) a desiccated tardigrade after taking
a 30 minute SEM image of the animal under ultra-high vacuum, seen in Figure 2-2.13
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This image is significant because the SIMS cellular images shown in this thesis were
taken at ultra-high vacuum as well, 10-8 – 10-9 torr. Considerable research is underway
to define the mechanisms of trehalose protection and utilize the sugar to remedy various
medical obstacles, such as protein drug stabilization.

Figure 2-2: Tardigrade images taken with a scanning electron micrograph. Left, an active
animal. Right, tardigrade under anhydrobiosis (life without water), desiccated, but viable
and preserved. (Crowe et al.13).

2.2 Mechanisms
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2.2.1 Water Replacement Theory

The most prevelant evidence from experimentalists and computational researchers
leads to the theory that trehalose acts to replace water upon dessication of biological
species. Several groups have conducted FTIR measurements demonstrating virbrational
modes of various lipid moieties similar in the presence of trehalose and the hydrated
state.15,16,17,18 Crowe et al. at UC Davis showed that the the IR-absorbing phosphate
asymmetric stretch at 1230 cm-1 was nearly identical in IR spectra of dipalmitoyl
phosphatidylcholine (DPPC) with water or trehalose, seen in Figure 2-3.15,19 It was also
demonstrated that the trehalose OH stretches between 1300-1 and 1400 cm-1 were
significantly shifted in the presence of DPPC, indicating a strong reaction to the polar OH
groups. 16 These results indicate that the numerous OH moieties from the sugar form
hydrogen bonds with the phosphate headgroups of the lipid. Similar results were
obtained from IR spectra of DPPC with trehalose where a range of stretches for CH2
(from the lipid tailgroups) matched those found in water.15 Unlike the phosphate
headgroups hydrogen bonded to the OH substituents, the acyl lipid chains are ‘free’ and
disordered in ambient conditions. Raman spectroscopy of the carbonyl peak at 1680–
1780 cm-1 of DPPC in the presence of pseudo lipids derivatized with a disaccharide
substituent also mimicked that of the hydrated DPPC.17 Also, FTIR measurements
showed no shift of the amide peak at 1543 cm-1 from hydrated proteins to those dried in
the presence of trehalose or sucrose.20
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Figure 2-3: Phosphate stretch measured with FTIR between 1200 to 1280 cm-1 (Crowe et
al.15)

Luzardo et al. showed that titrations of the lipid dimyristoylphosphatidylcholine
(DMPC) with >20 mM trehalose solutions imply that 11 of the water molecules
surrounding DMPC are replaced by three trehalose molecules.18 Dipole potential
measurements of DMPC monolayers showed a decrease in the lipid dipole potential with
increasing concentration of trehalose up to 250 mM. Luzardo et al. ascribe the decrease
in dipole potential to an expansion of the lipid area or the reduction of polarized water.
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These results were complimented with FTIR measurements, where it was demonstrated
that the carbonyl moieties at the sn-1 and sn-2 positions of DMPC were both hydrogen
bonded to trehalose. Interestingly, the same set of experiments showed that sucrose only
bonded to the sn-2 carbonyl – likely due to its more linear structure.11,18
Solid state NMR experiments support the theory that sugars can replace water
molecules under dry conditions. NMR spectra of 31P at temperatures above and below
the known lipid phase transition for DPPC confirm the rigid phosphate headgroup for
both DPPC and 2:1 trehalose:DPPC mixtures. When the 7-position of the sn-2 acyl chain
on DPPC is deutruron-labeled, 2H spectra at temperatures above the lipid transition
shows line shapes for 2:1 TRE:DPPC similar to those of the hydrated lipids.21

2.2.2 Structure

The exceptional qualities of trehalose among other sugars has recently been
linked not only to its structure, but distinctive stereochemistry.11 The natural-occurring
form of trehalose, as seen in Figure 2-1, is α,α-trehalose, with two (1→1) glycosidic αglucopyranose rings bound in a axial, axial conformation. The axial, axial bonding gives
α,α-trehalose it’s unique “clam shell” structure, measured with X-ray crystallography.11,22
Sucrose and a synthetic form of trehalose, α,β-trehalose, while both nonreducing sugars
do not maintain the clam shell structure. Studies on supported lipid bilayers (SLB) by
Albertorio et al. showed that α,α-trehalose was far superior to sucrose and α,β-trehalose
at preventing delamination.11 Significantly, the same group tested a “clam shell”
synthetic disaccharide, α,α-galacto–trehalose, and found it comparable to α,α-trehalose
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for preserving the SLB structures in the dry and rehydrated states. It is theorized then,
that the closed configuration of α,α-trehalose forms a cup into which lipid headgroups
can be efficiently hydrogen bonded. Alberterio et al. pointed out that α,α-trehalose has a
C2 axis of symmetry in the closed formation, which facilitates symmetrically equal
hydrogen bond creation for both its glucopyranose rings.11

2.2.3 Phase Transition Depression

Related to the water replacement functionality is the disaccharides ability to
change lipid transition temperatures (Tm) in cell membranes. Calorimetric experiments
have shown that lipids lyophilized in the presence of disaccharides at ≥30 mM exhibit
lower fluid-gel phase transition temperatures than those dehydrated in aqueous media
alone.15,9 Leslie and Crowe used FTIR to show that the lipid Tm for the bacteria
Escherichia coli was approximately 35ºC lower when dehydrated with trehalose or
sucrose than without.23 Tsvetkova et al. used differential scanning calorimetry (DSC) to
show that the lipid Tm for DPPC liposomes decreased by 10ºC when lyophilized with
trehalose.24 If Tm of the lipid membrane is below the glass transition (Tg)of the sugar,
desiccated cellular membranes can remain in the liquid crystalline phase, protected in the
vitreous sugar.15 This is possible because the vitrified solute(s) bordering and between
the lipid lamellae support the intra-membrane stress and prevent crystallization.9
Therefore, the membrane lipids can be in the liquid crystalline or gel phase prior to
rehydration and are protected from massive solute diffusion or lysing that would occur if
a gel–fluid transition and rehydration occurred simultaneously.10,25
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To verify sufficient rigidity of a vitreous sugar matrix, the Young’s modulus,Y,
(or tensile modulus) of a disaccharide matrix was compared to the lamellar stress of a
lipid membrane. Martin and Bryant calculated Y of a sucrose:raffinose 85:15 sugar glass
at 20 GPa.26 In order to prevent spurious lipid transitions in the glass, the Y of a vitreous
sugar matrix must be sufficiently rigid to support the lamellar stress of a dehydrated
membrane. Using known DPPC values of area, ~0.15 nm2, hydration energy, ~ 5×10-20
J/molecule, and fully hydrated transition temperature, To = 42 ºC.27,28 The lamellar
tension gradient can be quantized by Eq. 2.1.
∂π

∂T

−3
≈ 2 × 10 N

mK

2.1

– where π is the surface tension gradient in one dimension. A DPPC membrane at room
temperature is ~20 ºC below To, resulting in a lamellar stress of ~ 40×10-3 N/m. This
corresponds to a stress of 80 MPa assuming an average DPPC lamella thickness of ~ 0.5
nm, where 1 Pa = 1 N/m2. Therefore, with a Y of 20 GPa, the lamellar stress is
equivalent to only about 0.4 % strain of the glass. It is assumed that the Young’s
modulus would be similar for the various disaccharide glasses.9

2.2.4 Viscosity Inhibits Fusion

The bulk viscosity of the lyophilization matrix also preserves biological
structure/function by inhibiting dynamic processes.15,9 The highly viscous sugar matrix
not only provides stabilization via direct interaction with proteins and lipids, but also
prevents dynamic cellular events, such as membrane fusion and metabolite diffusion.
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Research on egg PC liposomes lyophilized in trehalose and sucrose has shown that
solutes diffuse across the membrane rapidly after heating the matrix above Tg.29 Even at
temperatures 10 ºC above Tg, transmembrane leakage of the fluorescent dye
carboxyfluorescein was an order of magnitude higher than the same matrix at Tg over the
same time period.29 Based on these types of studies, it was determined that solute
diffusion was minimized at 10 ºC below Tg or cooler.30 Trehalose solutions used for
lyophilization in our lab were analyzed with DSC to measure Tg. As seen from Figure 24, even conservative concentrations of trehalose at 50 mM with ~0.2 % (10 % wt/wt for

dried matrix) glycerol freeze-dried in a PBS buffer show a glass transition well above
room temperature. The addition of plasticizers, such as glycerol, decreases Tg.31
However, it has been shown that glycerol can increase protein survival at concentrations
≤ 5 % wt/wt of the dried matrix.32 Glycerol also seems to enhance substrate adhesion.
To mitigate the negative effects of sodium in the mass spectra, most samples are rinsed in
deionized water containing 50 – 80 mM trehalose and ≤ 10 % dry wt/wt glycerol for
several seconds before freeze drying. As mentioned previously, disaccharides lessen
osmotic stress to membranes from heat and salt.33 Some evidence suggests this is due to
increased viscosity and direct interaction with proteins and lipids.33 With sugar at 80
mM, and marginally reduced glycerol concentration to 8 % wt/wt, we measured Tg at
approximately 60 ºC – as seen in Figure 2-5. Completely removing glycerol raises Tg,
but cells do not attach as cohesively to the substrate.
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Figure 2-4: Differential Scanning Calorimeter cyclic scan of a 50 mM trehalose, 0.2 %
glycerol aliquot, lyophilized in phosphate-buffered saline.
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Figure 2-5: Differential Scanning Calorimeter cyclic scan of a 80 mM trehalose, < 0.2 %
glycerol aliquot, lyophilized in deionized water. Jagged trace starting ~ 45 ºC is the
beginning of the scan and likely an artifact from partial hydration.

2.3 Cytosolic Loading of the Disaccharide

As mentioned earlier, the disaccharide must be on both sides of the lamellae to
protect the membrane. The protein, α-hemolysin, acts as a pore-forming agent in cell
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membranes and has been shown to facilitate up to 500 mM trehalose integration across
the bilayer.5 Guo et al. have successfully used gene transfection to stimulate the natural
production of cellular trehalose, preserving lyophilized Escherichia coli.6 Several others
have shown that trehalose can be trafficked across the membrane in certain cells by
several hours incubation via fluid phase endocytosis up to 50 mM.8,10 Recently, it has
been shown that the addition of special stress proteins found in desiccation tolerant
organisms can markedly enhance post-lyophilization survival of nucleated cells.10
Contact mode AFM images of a macrophage incubated and lyophilized in trehalose,
illustrated in Figure 2-6, provide additional confirmation that the cell maintains its threedimensional structure in vacuo. This further alludes to intracellular sugar as conventional
freeze-drying leads to collapse of the cell.

Figure 2-6: Contact mode AFM images of a macrophage freeze-dried overnight at 10-6
torr in 50 mM trehalose, ~0.3 % glycerol. (L) Two-dimensional, x-z, plot of the cell.
The table underneath with color-marked rows corresponds to the ∆x and ∆z of the colored
hash lines seen in the x-z image above. (R) Three-dimensional, x-y-z, image of the same
cell.
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2.4 Conclusion

The disaccharides have been shown to provide utility as biological protectants
under various stresses. The disaccharide trehalose has proven to be the most versatile
and robust in the protective capacities. This prominence over other disaccharides,
particularly for lyophilization, seems largely due to the unique “clam shell” structure of
trehalose and its’ tendency to resist crystallization and form amorphous matrices – even
under sub prime freeze-dry conditions. Illustrated in the following chapters, we have
observed morphological preservation via incubation and a pre-lyophilization rinse with
trehalose for high–vacuum analysis.
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Chapter 3
TOF-SIMS Imaging of Eukaryotic cells Preserved in a Trehalose Matrix

This chapter has been reproduced with permission from S. Parry and N. Winograd
“High-Resolution TOF-SIMS Imaging of Eukaryotic Cells Preserved in a Trehalose
Matrix”, Analytical Chemistry 77(24), 7950-7957 (2005). Copyright 2005 American
Chemical Society.

3.1 Introduction

Mass spectrometry techniques are finding important bioanalytical applications
when employing the imaging modality.1-3 With pulsed ion beans or probes, time-of-flight
secondary ion mass spectrometry (TOF-SIMS) imaging has been shown to be a useful
tool in identifying molecular localization in biological species at submicrometer spatial
resolution. Images have been generated from a range of biological and lipid samples,
including rat pheochromocytoma cells (PC12),3,4 liposomes,5 red blood cells,6 brain and
kidney tissue,7,8 paramecia,9 and human prostate carcinoma (PC-3) cells.10 Briefly, a
beam of primary ions is focused and impinged upon a sample surface. Impact of the
primary ions ejects electrons, atoms, and molecules. Less than 1% of the sputtered
atoms or molecules are ions. The sputtered ions are focused onto a detector, generating a
mass spectrum. A number of issues relative to bioanalysis using TOF–SIMS have been
described previously.5
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Because TOF–SIMS must be performed under ultra high vacuum (UHV),
typically ~10-9 – 10-10 torr, biosamples must be stabilized during analysis to prevent
rupture and delocalization. Considerable interest has been given to lipid functions and
domains in situ. Some groups freeze–dry biosamples for TOF–SIMS imaging.7 Without
a stabilizing matrix, however, freeze–dried cells can collapse, eliminating dimensional
localization and membrane curvature. Cells kept frozen in amorphous ice, do not
collapse and can be imaged in their native structure. To date, freezing followed by in
vacuo freeze–fracture has been the chief sample stabilization method used to preserve
cellular integrity for TOF–SIMS biological analyses.
Analysis of amorphous, frozen samples has produced valuable information
pertaining to membrane composition,9 but can be costly and difficult due to the necessity
of keeping the sample frozen while preventing condensation on the surface. Frozen
biological samples generally require fracturing to expose the species of interest entrained
within the ice. To obviate condensation upon the exposed ice surface, fracturing is
carried out within the TOF–SIMS preparatory chamber under UHV at carefully
monitored temperatures. Ice samples must be fractured at the ‘no etch’ temperature, 168
K, for pressures in the low 10-8 torr, which is sufficiently cold to prevent freeze etching
but warm enough to stop condensation of residual water in the vacuum chamber.6 Trace
amounts of ice condensation upon the sample during this procedure can decrease image
resolution. While ice matrices arguably provide the most native environment, molecular
images of very fine processes, such as those found on neurons and glial cells, have yet to
be demonstrated from an ice matrix. A technique which simplistically preserves native,
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three–dimensional, membrane composition, while enhancing lateral resolution, would
readily compliment SIMS imaging of frozen biosamples.
Detailed in the previous chapter, the disaccharide trehalose is known to preserve
biological tissue and cells at high levels of dessication.11-13 Trehalose, a disaccharide of
glucose, is identical to maltose except that it’s two cyclic glucopyranose constituents are
bound by their reducing, anomeric, α carbons – making it a nonreducing sugar.14,15 Even
entire organisms have been found to survive natural desiccation, anhydrobiosis (life
without water), for years.11,16 Under dry conditions, disaccharides such as trehalose, form
an amorphous glass, which stabilizes entrained biomolecules.11 Of the various
disaccharides, trehalose has been shown to be the most effective at preservation.
Though the mechanism of disaccharide biopreservation is not completely clear,
structure, viscosity, resistance to crystallization, and hydrogen bonding all appear to be
factors. Of the disaccharides, trehalose is particularly resistant to crystallization.17
Desiccated trehalose forms a highly viscous glass, prohibiting most biological and
chemical processes.13 Extreme viscosities prevent the movement and diffusion of cellular
constituents, effectively “freezing” the cell in place. Cicerone et al. have reported that
the addition of small amounts of an amorphous plasticizer, such as glycerol or DMSO,
can enhance preservation of proteins freeze–dried in sugar.18 FTIR studies have shown
similar stretching modes exist between polar head groups of hydrated lipids and lipids
vitrified in disaccharides.19-21 These findings have lead to the widely–accepted
hypothesis that in the dry, amorphous form, trehalose acts as a water replacement
molecule, preventing proteins from denaturing and lipid membranes from rupturing upon
desiccation and rehydration.16,21 Castner et al. have used principle component analysis
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(PCA) to show that peptides vitrified in trehalose can be identified and sequenced by
TOF–SIMS of fragmented amino acid constituents.22 Recently, the Winograd lab has
used a C60+ source to depth profile a trehalose peptide film.23 Others have imaged Ag–
coated tissue slices dehydrated in sucrose after formaldehyde fixation and
cryosectioning.8 Subsequent to publication of the proceeding images, Lechene et al.
began to use trehalose to preserve cells for DC beam NanoSIMS imaging – capable of
delivering resolution at ≤ 100 nm. To our knowledge, no one has previously attempted
SIMS imaging of biological cells preserved in sugar.
We have developed a highly viscous, lyophilization (freeze-dry) matrix, which
preserves cellular integrity while demonstrating submicron lateral resolution of single
cells. Typical TOF-SIMS imaging sources employ a focused beam of approximately 200
nm. 7,24 Theoretically, these beams deliver < 0.5 um resolution, which is particularly
difficult to objectively demonstrate with biological samples. Beams with <100 nm spot
sizes have been developed, which facilitate even greater resolving capabilities.25
In this chapter, we illustrate a method to freeze–dry cells in trehalose and to
obtain SIMS images of subcellular regions of these cells with ≤ 1 µm lateral resolution.
Micron–sized features can be structurally stabilized in high vacuum and resolved
distinctly. This represents a technique which preserves three–dimensional membrane
integrity while facilitating a level of lateral resolution difficult to achieve with other
sample preparation protocols. Previously unresolved fine processes, such as those in the
nervous system, can now be imaged with TOF–SIMS.
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3.2 Experimental

3.2.1 Macrophages

Cells were a gift from the Prof. Robert Schlegel lab. J774, murine, macrophages
were obtained from American Type Culture Collection (Masassas, Va) and cultured onto
cleaned glass shards. Glass shards were sputter-coated with <100 Å Cr, to facilitate Au
adhesion, and ~100 Å of Au to allow charge dissipation during primary ion
bombardment. Cells were allowed to grow and polarize for 1-2 days before freezedrying.

3.2.2 Glial Cells

Glial cells, a gift from the Gong Chen lab, were harvested from day-old, Sprague–
Dawley rat pups and separated from cerebral tissue as previously described.26 Au-glass
shards were coated with 0.2 mg/ml poly-L-lysine and 0.1 mg/ml collagen from VWR and
Sigma-Aldrich, respectively. To induce maturation of the oligodendrocytes, N1
supplement (Sigma-Aldrich) was added to the DMEM culture media (Invitrogen) and
incubated for several days.

3.2.3 Cultures

Macrophages and glial cells are cultured on Au–covered glass substrates to
facilitate charge dissipation and monitoring with an optical, transmission microscope.
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The glass substrates were first cleaned in a 30% H202, 30% NH4OH solution to remove
organic contaminants. Substrates used for glial cell cultures were then soaked in 0.2
mg/mL poly-L-lysine, 0.1 mg/mL collagen, air dried, triple rinsed with deionized water,
and air dried overnight in a sterile hood. Macrophages attached themselves to the Au
surfaces without any coatings. Cells were mechanically dislodged from 25 cm2 culture
flasks by manual agitation, then pipeted directly on to the prepared substrates. Because
the combined thickness of the Au/Cr coatings was only ~200 Å, the glass substrates were
optically transparent and could be analyzed with a transmission microscope (Olympus
CK40) throughout the incubation process to verify cell viability and attachment. A series
of optical images of cells grown on Au–glass is shown in Figure 3-1 . After harvesting,
glial cells were initially cultured in DMEM media with fetal bovine serum (FBS), as
previously reported,27 to facilitate cell growth. Newly cultured glial cells and maturing
oligodendrocytes are shown in Figures 1B and 1C, respectively. To promote growth of
mature oligodendrocytes, the DMEM–FBS media was replaced with DMEM–N1
supplement in some samples. Macrophages divided and polarized freely in RPMI/FBS
culture media.
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Figure 3-1: Digital images of cells cultured on glass substrates, covered with 100 Å Au,
before and after TOF-SIMS analysis, A-D. Bars are ~100 µm. (A) J774 macrophages
after 1 day on Au–glass. (B) Immature oligodendrocytes and astrocytes growing on Au–
glass coated with 0.2 mg/ml poly-L-lysine and 0.1 mg/ml collagen; Astrocytes are
indicated by white circles (C) Maturing oligodendrocytes, cultured on Au–glass for
approximately 1 week (D) Oligodendrocytes after freeze–drying and subsequent, room–
temperature TOF-SIMS analysis at 10-9 torr, rehydrated with DI water. Rehydrated cells
are not viable. Stripes indicate scrapes in Au covering.

3.2.4 Lyophilization

Glycerol and α-α (d) trehalose were purchased from VWR and Pfanstiehl,
respectively, and used without further purification. Prior to lyophilization, cells were
incubated in 50 mM trehalose for several hours to facilitate fluid phase endocytosis of the
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sugar, as previously described by Crowe et al.28 Cells were rinsed gently in PBS buffer
(Sigma-Aldrich) containing 50 mM trehalose and 0.2 – 0.3 wt% glycerol, covered with
another Au-glass substrate or 200 mesh finder grids (Au or Cu – Electron Microscopy
Sciences), then frozen in liquid nitrogen. Frozen sample sandwiches are left under
vacuum, 10-2 – 10-7 torr overnight to freeze–dry. More detail pertaining to the freeze–
drying technique will be included in the next section.

3.2.5 Instrumentation

Images and spectra were all taken in a TOF–SIMS mass spectrometer described
previously,29 equipped with an Ionoptika Au source. The Au source utilizes a Wien filter
for mass selection of the primary ion. The Au+ beam (15 – 25 kV) operated at
approximately 200 nm spot size, 2 nA beam current, at 50 ns pulse widths and a 300 µm
aperture. All images presented were taken in positive SIMS mode at 256×256 pixels,
with 10–15 shots/pixel. Delayed extraction between the arrival of the primary ion pulse
and the secondary extraction pulse of 100 ns, facilitated mass resolutions (m/∆m) of
>2000 at peaks of interest.

3.2.6 Ag Deposition

Some samples were vapor deposition–coated with 1.5 nm of Ag. Slugs of 99.99%
Ag (Sigma-Aldrich) were placed in a tungsten basket and vaporized with 30 amperes of
DC current at beginning chamber pressures of 1×10-8 torr, reaching maximum pressure of
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2×10-7 torr during deposition. A quartz crystal microbalance (Maxtek TM400 controller,
6MHz Sycon piezo) adjacent to the sample was used to measure deposition rate, typically
0.01 nm/s, and the Ag thickness.

3.3 Results and Discussion

The initial objective of these experiments is to demonstrate not only the practical
and economical application of room temperature bioanalysis, but also to provide a
technique by which sufficient image resolution can be generated for mapping preserved
biological domains. We first detail the lyophilization procedure because it is crucial to
the imaging protocol. Several positive ion SIMS images are presented to demonstrate the
application and direction of the technique.

3.3.1 Lyophilization

Both cell types were incubated for at least four hours in 40 – 50 mM trehalose
prior to freeze–drying. It has previously been demonstrated by Crowe et al. that trehalose
incubation can preserve viability of non–nucleated blood platelets through the freeze–
drying process;28 and efforts to preserve nucleated cells is the current focus of multiple
research groups. Following incubation, cells were rinsed for 5 seconds in a 50 mM
trehalose, 10 – 15 wt% glycerol, buffer solution and frozen. Glycerol was added to
facilitate stronger, more uniform, adhesion to the substrate. Prior to plunging substrates
in liquid nitrogen, samples were gently sandwiched with a thin, glass or metal, top shard.
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The time between removing samples from the culture flask to freezing in liquid N2, was
less than 1 minute. Because trehalose acts as a cryopreservant, fast-freezing is not
necessary to obtain an amorphous matrix.30
Samples were placed in a watchglass under liquid nitrogen and immediately dried
in a vacuum chamber. Chamber pressures ranged from 10-2 torr (rough pump only) to 107

torr (rough and turbo pumps) for at least fifteen hours. After freeze–drying, sandwiched

samples were fixed to a copper block with double–sided Cu tape. Then, to expose the
lyophilized cells for SIMS imaging, the sandwich was fractured by removing the top
shard. The sample block was quickly inserted into the TOF–SIMS, high–vacuum
analysis chamber to prevent any ambient hydration. Because Ag coatings have been
shown to enhance SIMS signal,8 some samples were coated with 1.5 nm of Ag via vapor
deposition prior to analysis. Because the exposed cells could easily be located using the
optical microscope fixed to the chamber, identification techniques, such as fluorescence,
were unnecessary.3,4,9
To determine membrane preservation, several samples were rehydrated after
TOF–SIMS imaging. Optical analysis demonstrated that the trehalose–incubated cells
maintained membrane size, morphology, and substrate attachment following rehydration.
An optical picture of an oligodendrocyte rehydrated after lyophilization and subsequent
TOF-SIMS analysis is shown in Figure 3-1D.
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3.3.2 Imaging of Macrophage Membranes

The outer leaflets of elliptically–shaped, polarized macrophages and small,
spherical, non–polarized macrophages were imaged distinctly. Because positive images
generated significantly greater amounts of relevant and localized signal than negative
ones, only positive SIMS images are demonstrated here. SIMS images of the
macrophages without a Ag coating are illustrated in Figure 3-2 . Macrophages coated by
deposition of 1.5 nm Ag are shown in Figure 3-3 . Typical mammalian cells maintain at
least a 4:1 ratio of phosphocholine (PC) to phosphatidylethanolamine (PE) in the outer
leaflet of the membrane, while the reverse is true for the inner leaflet.31 Because sodium
is much more concentrated in the extra cellular matrix, anti–localization of the m/z 23.0+
(Na+) and m/z 365.3+ (trehalose molecule + Na+), indicates an exposed, intact membrane.
Intense phosphocholine headgroup, low PE headgroup signal, and anti–localization of
Na, are consistent with outer leaflet exposure.4,31,32
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Figure 3-2: Positive ion SIMS images, at 256×256 pixels, of polarized and nonpolarized
macrophages freeze-dried (FD) in a 50 mM trehalose, 0.3 wt % glycerol matrix, A-F. All
images are 200 µm2 fov. (A) Total positive ion image (B) m/z 23.0+, Na, 0-20 cts (C)
Phosphocholine (PC) headgroup fragment, m/z 184.1+, C5H15NPO4+, 0-2 cts (D) PC headgroup
fragment with m/z 23.0+ Na+ adduct, m/z 206.1+, C5H15NPO4+ – H+ + Na+, 0-1 cts (E)
Phosphatidylethanolamine (PE) headgroup fragment, m/z 168.0+, C4H11NPO4+, 0-1 cts (F) m/z
184.1+ blue, m/z 23.0+ red, overlay. Bottom; mass spectra generated from total ion image, A.
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Figure 3-3: Positive ion SIMS images, at 256×256 pixels, of macrophages FD in a
trehalose/glycerol matrix; vapor-deposition coated with 1.5 nm Ag, A-F. All images are
200 µm2. (A) Total positive ion image (B) Trehalose, 342.3+ Da, with m/z 23.0+ Na+
adduct, m/z 365.3+, C12H22O11,Na+, 0-2 cts (C) Overlay; m/z 365.3+ red, m/z 184.1+ blue,
0-3 cts (D) PC, m/z 206.1+, 0-1 cts (E) PE, m/z 168.0+, 0-1 cts (F) PC headgroup with
CH3 fragment, m/z 198.1+, C6H18NPO4+, 0-1 cts.

Metal deposition resulted in decreased resolution and enhanced signal intensity.
Images of uncoated cells in Figure 3-2 exhibit approximately 2:1 greater lateral resolution
than the Ag–coated cells seen in Figure 3-3. Enhanced resolution is particularly evident
when comparing the elliptical macrophages, which come to an apex, < 2 µm, at their
extremities, as seen in Figures 3-1A, 3-2C, and 3-2F. The apex is not resolved for Ag–
coated macrophage images. Loss of lateral resolution in the metalized samples is likely
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due to the mechanism of Ag deposition, where hot, vaporized Ag atoms embed into the
lipid bilayer. Ag–coated samples, however, demonstrate higher signal intensity under
similar fluence.8 The abundant PC head group fragment, m/z 184.1+ (C5H15NPO4+)
localizes tightly with cells in both images, but is > 2× more intense in the Ag sample
when normalized for fluence. The PE fragment at m/z 168.0+ (C4H11NPO4+), identified
by Gazi et al.,10 is also more intense from the Ag–coated samples. While increased PE
signal can indicate a cross–membrane fracture, in this case it is more likely a
consequence of Ag penetration. This theory is verified by the intensity of the PC signal,
which is more abundant in the outer leaflet.31,32
Some of the lipid peaks observed may be unique to samples prepared in sugar as
they have not been reported as localizations in ice images. For example, m/z 198.1+
(C6H17NPO4+), the m/z 183.1+ PC headgroup fragment plus a CH3 from the glycerol
backbone, mapped with some of the macrophages, shown in Figure 3-3F. As seen in
Figures 3-2 and 3-3, a signal at m/z 206.1+ (184 – H+ + Na+) also localizes with nearly all
our freeze–dried cells, but is not observed in ice samples.3-6,9 The m/z 206.1+ peak may
be due to the mechanism of freeze–drying where interstitial water is pulled to the surface.
In this way, water–complexed Na ions may aggregate.33 Numerous other PC and
hydrocarbon fragments localized to the macrophages, as shown in Table 3-1 .
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Table 3-1: Other positive ion SIMS signals observed from cells lyophilized in a
trehalose/glycerol matrix, which have been localized with outer leaflet SIMS images.

Other Macrophage +SIMS Mapping Peaks

•
•
•
•
•
•
•
•
•
•

41 – C3H5+ (Hydrocarbon)
58 – C3H8N+
59 – C3H7O+
60 – C4H10N+ (Amine)
67 – Hydrocarbon
71 – Hydrocarbon
72 – C3H6NO+
74 – Amine
86 – PC
91 – Glycerol - H

•
•
•
•
•
•
•
•
•
•

95 – Hydrocarbon
102 – Amine
104 – C5H14NO+
125 – C2H6PO4+
147 (146.98) – 125 - H+ + Na+
163 – Hydrocarbon + Na+
166 – C5H13NPO3+
198 – C6H17NPO4+
224 – PC
*493 – 495 Cholesterol + Ag

*Some for Ag deposition

3.3.3 Imaging of Glial Cells

Increased SIMS resolution is best demonstrated with the glial cell images
illustrated in Figures 3-4 thru 3–6. Glial cells are known to contain substantially higher
levels of cholesterol and PE than other animal cells.34 The narrow glial processes
extending from oligodendrocytes are particularly well resolved in Figure 3-4 and
Figure 3-5 . In Figure 3-4, K+ signal at m/z 39.0+ is shown localizing tightly with the cell
body and processes. Distinct localization of m/z 39.0+ along with the absence of lipid
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signal is indicative of intracellular material and a through–fracture of the cell.4 A
through-fracture occurs when the outer membrane of the cell is detached with the
overlaying sugar upon removal of the top shard of the freeze-dried sample sandwich.

Figure 3-4: Positive ion SIMS images of preserved, through-fractured, oligodendrocytes
FD in trehalose/glycerol matrix, A-B. Images are all 225 µm2 fov. (A) Total positive ion
of three glial cells (A1) m/z 23.0+, Na+, 0-12 cts (A2) Overlay m/z 23.0+ red, m/z 39.0+
blue, K+,0-3 cts (B) Total positive ion of a single oligodendrocyte (B1) m/z 23.0+, Na+,
0-12 cts (B2) Overlay m/z 23.0+ red, m/z 39.0+ blue, 0-3 cts.
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Figure 3-5: Positive ion SIMS images, at 256×256 pixels, of micron-width, connected
glial processes, FD in trehalose/glycerol matrix, A-G. All images are 225 µm2 fov (A)
Total positive ion image. (B) Na m/z 23.0+, 0-1 cts (C) PC m/z 184.1+, 0-1 cts (D)
Overlay m/z 23.0+ red, m/z 184.1+ blue (E) PE, m/z 168.0+, 0-1 cts – localizes only with
cell bodies (F) PC fragment, m/z 104.1+, C5H14NO+, 0-1 cts (G) Polydimethyl siloxane
(PDMS) contaminant fragment, m/z 43.0+, CH3Si+, 0-7 cts. Anti–localization of PDMS
signal indicates membrane preservation.
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Outer leaflet images are illustrated in Figures 3-5 and Figure 3-6 , evidenced by
the lack of K+ intensity, strong PC signals, and anti-localization of Na+, m/z 23.0+. In
Figure 3-5, the PC lipid signals, m/z 184.1+ and m/z 104.1+ (C5H14NO+), distinctly map
with the cell bodies and the triple junction of the micron–thin processes35 of the
contributing glial cells. This level of lateral, image resolution is particularly significant
as the role of glial cell lipids in myelin and neuronal function is a topic of current
interest.36-38 The lipid signal for PE at m/z 168.0+, localizes with the cell bodies in Figure
3-5E, but is not observed at the glial processes. This might be attributed to the high,

positive, membrane curvature of the outer leaflet of the processes. The inner leaflet,
conversely, maintains lipids of high negative curvature, conducive to the conical shape of
PE.9,32 However, due to the relatively low m/z 168.0+ intensity in this case, no definitive
conclusions are drawn here. Signal from a common contaminant, polydimethylsiloxane
(PDMS), at m/z 43.0+, CH3Si+, anti–localizes with the glial cells, seen in Figure 3-5G.
This implies that the cellular membranes remained intact during analysis and maintained
their in situ barrier with the extracellular matrix.
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Figure 3-6: Positive ion SIMS images of astrocytes FD in trehalose/glycerol matrix, A-F.
Images were 256×256 pixels and 615 µm2 fov. (A) Total positive ion image (B) Na, m/z
23.0+, 0-17 cts (C) Overlay, m/z 23.0+ red, PC m/z 184.1+ blue, 0-2 cts (D) PE headgroup
fragment, m/z 142.0+, C2H9NPO4+, 0-1 cts (E) PE m/z 168.0+, 0-1 cts (F) Cholesterol
fragment, m/z 369.4+, C27H45+, 0-1 cts.
A 614 µm fov image of astrocytes, coated with 1.5 nm of Ag is illustrated in
Figure 3-6. Astrocytes are distinguished from oligos by their larger, flat, cell bodies and
thicker cell processes.27 Several significant lipid peaks were localized with the
astrocytes, such as PC, PE (m/z 168, m/z 142), and cholesterol (m/z 369).
Similar to macrophage images, several other low mass amine and hydrocarbon
fragments, such as m/z 125.0+ (C2H6PO4+) localized with the glial cells. This apparent
increase in positive SIMS signal is likely due to the multitude of hydroxyl substituents on
the sugar, which are credited for protein and lipid stabilization via hydrogen bonding.19-22
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The many available proton donors in the disaccharide readily facilitate creation of
positive ions.

3.4 Conclusion

Trehalose lyophilization matrices provide submicron TOF–SIMS resolution while
preserving three–dimensional integrity of biological cells. This represents a significant
compliment to ice matrices as a method to image in situ lipid localization of cellular
membranes at room temperature. For example, imaging lipid localization reported at the
sites of phagocytosis in macrophages39 should be feasible. The trehalose matrix also
provides a novel means whereby fine biological processes, such as those found in the
nervous system, can now be resolved. Taken together, these benefits indicate that it
should be possible to image lipids in the myelination process. Our focus has been to
image lipid domains of macrophages performing phagocytosis and lipid profiles of mixed
glial/neural cultures.
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Chapter 4
Depth-Profiling and SIMS Imaging of Calcium Localizations

4.1 Introduction

Calcium is a multifunctional component in biological cells, indispensable to
animal life. Intracellular Ca concentration is known to spike during phagocytosis, or
engulfment of foreign and waste matter.1 Covered in Chapter 5 of this thesis,
phagocytosis is an important process of the immune system. In most cases though, the
extent to which Ca has permeated the cytosolic space is directly related to apoptosis,
natural or programmed cell death.2 Apoptosis is imperative to healthy tissue turnover in
adult organisms as well as embryonic development.3,4 While Ca facilitates a host of
biological functions and is connected to the pathogenesis of numerous diseases, increase
in cytosolic Ca is a universal sign of cell demise. In healthy cells, Ca is primarily stored
in the endoplasmic reticulum ER, a subcellular organelle responsible for protein and lipid
synthesis. The ER maintains Ca concentrations at µM – mM, > 103 higher than found in
the free cytosolic space of active cells.2,5 Calcium release from the ER is a known trigger
for apoptosis.2,6,7 Depletion of ER calcium into the cytosol is implied in a cascade of
deleterious events, including the activation of phospholipases, responsible for degrading
membrane lipids.2 Toxicity associated with extracellular Ca influx, has been shown to be
related to the Ca uptake pathway.8 Irrespective to the pathway of external entry,
perturbation of the intracellular Ca homeostasis is generally a precursor to apoptosis. The
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mechanisms related to apoptotic Ca perturbations are unclear.4 The ability to image
subcellular Ca in three dimensions would not only help to define the cascade mechanisms
related to cell death, but has notable potential for clarifying phagocytosis.
While fluorescence has long been the leading technique for chemical mapping in
cells, dye-labeling is limited when imaging intercellular Ca. Loading the cellular
cytoplasm with a sufficient amount of Ca indicator for adequate fluorescent detection has
proven difficult, especially for myelinated nerves and tissue where calcium stores are
buried under layers of lipid insulation.9 This is a significant impediment, as Ca is known
to be a vital metabolic component of the nervous system. It has also been shown that
fluorescent probes can perturb and manipulate the physicochemical properties.10,11
Further, even confocal microscopes are unable to differentiate the signal depth for
samples with a high index of refraction. Of course SIMS is capable of localizing native
Ca at depths without resorting to labels.
Illustrated in the previous chapters, SIMS imaging can be used to take
“snapshots” of metabolic activity. For mapping elemental, monatomic cations, such as
Ca+/2+, SIMS is often the preferred methodology. It has recently been stated that for
biological imaging, SIMS most useful applications have been elemental detection in
subcellular localizations.12 The detection limit for elemental quantification with dynamic
SIMS has been calculated down to ~1 ppb13 and is considered the “most sensitive”14 for
such measurements. For dried biological cells, Morrison et al. have used SIMS
microscopy to quantify Ca detection limits in the ppm – ppb range.15 Chandra and
Morrison, have shown previously that SIMS is an ideal methodology for mapping and
profiling intercellular Ca localizations.15,16 This group imaged calcium localizations in
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various subcellular organelles using a magnetic sector SIMS instrument. Chandra
produced three-dimensional quantitative SIMS images of Ca localizations in renal
epithelial cells.17 Shown in Chapter 1 of this thesis, the magnetic sector instruments
employ a DC primary beam, capable of lateral resolutions down to 10s of nanometers.
Because the unpulsed beam maintains a duty cycle orders of magnitude higher than TOF
instruments, low concentration analytes can be imaged more quickly. However, atomic
beams, such as those used with magnetic sector instruments, impart considerable damage
to the underlying strata. It has been shown that subsurface mixing is caused by
penetration of the atomic projectiles. Therefore, depth resolution and localizations for
magnetic sector instruments can be suspect – especially when etching tens or hundred of
nanometers. The advent of cluster sources has raised the possibilities of generating less
damaging three-dimensional images of biological cells and tissues.18 The inherent ability
to map monatomic elements, along with the demonstrated uses of trehalose as a
biological matrix, makes SIMS a preferred methodology to image subcellular calcium
localizations in a sugar glass
Complimentary to the published SIMS images of cells in trehalose are the sugarpeptide SIMS experiments conducted by the Castner and Winograd groups. Castner et al.
used SIMS with surface plasmon resonance (SPR) to show that substrate-adherent
proteins dried in a trehalose matrix retained their native three-dimensional structure.19
Winograd and coworkers have shown that a homogeneous solution of peptides dried in a
trehalose film maintain a molecular-ion, steady-state, signal through SIMS etching at
depths, d, where 0 < d ≤ 270 nm.18,20 Significantly, the m/z of these peptides ranged to
over 800 Da with a depth resolution of ≤ 10 nm – feats not previously demonstrated for
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biological profiling experiments with SIMS. These depth-profiling experiments also
illustrated that such a combination of steady-state signal and depth resolution were only
plausible when employing primary ion cluster beams, such as Au m+ or C 60+ .
Positive SIMS images of macrophages in this chapter illustrate expected Ca
localizations for apoptotic cells. To our knowledge, no one has yet to image or profile
subcellular Ca localizations at these resolutions with a cluster source. Chemical maps of
depth-etched cells demonstrate subcellular calcium localizations, which are consistent
with calcium release and diffusion from ER organelles. A likely advanced apoptotic
situation is imaged as well where Ca+ is spread throughout the entire cytosolic space of
the cell. Cluster SIMS profiles, such as shown here, may provide understanding to the
three-dimensional Ca activity and spreading as a function of apoptosis. Subcellular Ca
imaging also has significant import to understanding the crucial immune-system
mechanism of phagocytosis.

4.2 Experimental

4.2.1 Materials and Cell Preparations

Murine macrophages were a generous gift from Robert Schlegel. The complete
details for sample preparation are included in chapter three of this thesis.
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4.2.2 Instrumentation

The instrument used for imaging and profiling is a BioToF SIMS instrument
explained in detail elsewhere,21 which is equipped with 40 keV C 60+ and 25 keV Au1+−3
primary ion sources. Both sources are designed and manufactured by Ionoptika Ltd. in
Manchester, U.K. The C 60+ source, at 40º to the normal, was used to etch the samples
with DC currents ranging from 20 pA – 250 pA, depending upon the settings. The C 60+
source operated at maximum anode voltage, 40 keV, for all profiles and images. Some
cells were imaged using the 20 keV Au1+ source (between etching cycles), also
positioned at approximately 40º with respect to normal. Images were taken following
carbon etching with Au1+ , at currents ranging from 200 pA – 1100 pA.

4.3 Sputter Rate

To estimate etching depths of the C 60+ source, a simplified erosion equation was
used. This equation hinged on three key variables: sputter yield, Y, molecular density, ρ,
and primary ion fluence, Ip. The sputter yields for the vitrified cells were taken from the
calculations of Cheng and Wucher, who used dynamic C 60+ profiling with atomic force
microscopy, AFM, to determine Y for trehalose/peptide films.18,20 Their calculated Y for
trehalose at 250 molecules per incident C 60+ ion is used for the matrix here. The
basic sputter rate equation used for determining the depth etched into the cells is Eq. 4.1,

R=

Y × Ip ×Q

ρ×A

4.1
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where R is sputter rate in µm/sec, Q is charge per C 60+ , Ip the primary ion current, and A is
surface area. Density, ρ, is estimated at 1013 molecules/µm3. The trehalose-cellular
matrices used here represent a more complex milieu than the Cheng et al. homogenous
sugar-peptide films and other variables related to damage are omitted. However, because
damage is negligible, particularly with C 60+ for elemental analysis, the basic rate equation
is sufficient.

4.4 Results

Multiple cells on different days were imaged and depth profiled. Samples were
imaged with a 20 keV C 60+ at 256 × 256 pixels, 70 ns pulse widths, 20 pA, at 3000 Hz. In
Figure 4-1 total ion, phosphocholine (PC) headgroup fragment ion, and Ca+ ion bitmaps
are illustrated from a positive SIMS, 150 × 150 µm fov, of several macrophages.
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Figure 4-1: Positive SIMS image of macrophages lyophilized in a sugar/glycerol matrix.
Taken with 20 pA 40 keV C 60+ at 256×256 pixels, 33 shots/pixel, and ~150 µm2 fov. (A)
Total positive ion (B) PC headgroup fragment C5H12N+, m/z 86.10+, 0-1 cts. (C) Ca+, m/z
39.96+, 0-1 cts, no observed localization. (D) Corresponding positive SIMS spectra with
major peaks labeled. Inset illustrates C5H12N+ signal.
At 33 shots/pixel, total primary ion fluence was 8.4×1010 ions/cm2, well below the
accepted static limit for C 60+ of ~1012. Lipid signal is indicative of an intact membrane
seen in (B). Calcium signal, illustrated in (C), is weak and homogeneous throughout,
sputtered from the buffer matrix. Intracellular Ca must be accessed by etching the cell.
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Figure 4-2: Bitmaps from positive 150 µm2 fov, 40 keV C 60+ SIMS, 20 shot/pixel
256×256 pixel, images. (A) Ca+, m/z 39.96+, 0-1 cts, after approximately 2 µm etching.
(B) Overlay of (A) with PC headgroup fragment C5H12N+, m/z 86.10+, 0-1 cts. (C)
K2Cl+, m/z 112.90+, after over 1 µm etching, 0-1 cts. (D) Overlay of (A) with (C) to
illustrate cellular localization in small interior pocket of cell.
By iterating between 20 shots/pixel, 20 pA, (300 µm aperture) C 60+ images, and
150 pA C 60+ etching of the same image, a Ca profile is observed. Illustrated in Figure 4-2
is the Ca+ signal after seven etching cycles, totaling 810 seconds or 1.9×1015 ions/cm2,
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over 2 µm in depth. Also in Figure 4-2, are overlays of the Ca+ bitmap with the PC m/z
86.10+, and the K2Cl+, m/z 112.90+ bitmaps. Because the membrane is quickly sputtered
away, the m/z 86.10+, bitmap is taken from the first or ‘surface’ image prior to sputtering.
The green K2Cl+, m/z 112.90+, however, is taken after six sputtering cycles, and is
indicative of the cellular interior.
To track the Ca+ signal, bitmaps after twelve successive etching cycles are
illustrated in Figure 4-3. To emphasize the calcium localization, images were cropped to
~ 48 µm2 from the 150 µm2 region shown in Figures 4-2 and 4-1. The progress of the
m/z 39.96+ Ca+ signal can be easily followed and compared with increasing amounts of
C 60+ fluence. Observe that maximum m/z 39.96+ brightness between cycles #6 and #8,
corresponding to 1.9×1015 – 2.6×1015 ions/cm2, ranging approximately 2 µm in depth.
Notice that calcium localization is not observed until a fluence level of nearly 5×1014
ions/cm2, or roughly 600 nm in depth. After cycle #12, or 8.2×1015 ions/cm2, the Ca+ m/z
39.96+ signal has reached near background levels.
A separate positive SIMS image series yielded similar results. A 190 µm × 190
µm positive SIMS image, shown in Figure 4-4, shows another subcellular m/z 39.96+
localization after sputtering with the C 60+ source. A new approach in this set of images
was to overlay the CNONa2+, m/z 87.98+ signal, which localized with the cells after
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Figure 4-3: Succession of twelve positive ion bitmaps of Ca+, m/z 39.96+, 0-1 cts. All
images were taken with 20 pA C 60+ , 20 shots/pixel, after 150 pA C 60+ bombardment/etch at
fluence noted at the bottom of each. Images cropped from 150 µm2 image in Figures 4-1
and 4-2. To ensure uniformity, all images were created from selecting the mass range
m/z 39.93+ – 40.01+ after calibrating each mass spectrum with 39K (m/z 38.96+) and 41K
(m/z 40.96+). Cropped image size is 48 µm for all images. (Bottom) Plot of Ca counts
from a ~10 µm2 area surrounding the Ca localization versus primary ion fluence.
1.8×1015 ions/cm2 C 60+ fluence. The CNONa2+ signal is generated when the common
biological fragment CNO- forms an adduct with two Na+ ions. The m/z 87.98+ CNONa2+
peak was also observed in the first image series, but not included. In this case, the Ca
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signal was not observed until C 60+ etching at a fluence of ≥ 2×1015 ions/cm2, well over a
micron in depth.

A

B

4.4×1015

C

D

Surface/4.4×1015

1.8×1015/4.4×1015

Figure 4-4: Positive SIMS image of macrophages taken with 40 keV C 60+ at 256×256
pixels, 20 shots/pixel, and 190 µm × 190 µm fov. (A) Total positive ion image (B) Ca+,
m/z 39.96+ 0-1 cts after C 60+ etching thousands of nanometers. Calcium localization is
circled (C) Overlay of Ca+, m/z 39.96+ 0-1cts, and C5H12N+, m/z 86.10+ 0-2 cts. (D)
Overlay of Ca+, 39.96+ and CNONa2+, m/z 87.98+ 0-1 cts after C 60+ etching.
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Interestingly, in both sets of Figures illustrated, only one of the several
macrophages imaged exhibits any calcium localization. It has been shown that low levels
of intracellular Ca2+ can actually promote phagocytosis.22 However once phagocytosis is
initiated, fluorescence measurements have shown regional Ca peaks during the process.1
Notably, it is the doubly-charged form, Ca2+, that is pumped by the ER – not Ca+ which is
imaged here. However, a doubly-charged Ca2+ signal at m/z 19.98+ does not appear in
any of the spectra throughout all of the cycles. This is likely because Ca is only in the
doubly-charged state in the aqueous cytosol of the cells, but holding only a single charge
in the solid matrix. The tight, subcellular Ca+ localization observed in the above images,
4-3 and 4-4, is consistent with healthy cells or the beginning stages of apoptosis. It has

been shown that the rate of cell division is increased with higher Ca levels.23 Others have
implied that the fluctuation of free Ca2+ regulates the anaphase of cell mitosis.24,25
However, anaphase fluctuations were in the high nM range, while apoptotic cells Ca2+
can fluctuate orders of magnitude (mM) higher.26 Mentioned earlier, healthy ER
organelles maintain Ca concentrations in the mM range. Why then are no Ca
localizations imaged in the other cells? Calcium is likely not localized in the other cells
because the thin structure of the ER may be beyond the resolving capabilities of the
cluster source in this case.27 In the event of apoptosis, however, the ER is releasing its Ca
stores and extracellular Ca may also flow in. Without more evidence, no further
conclusions are drawn here as to why the other cells in the images do not exhibit calcium
localizations.
Illustrated in Figure 4-5, are more diffuse and striated Ca+ localizations. The cell
circled in the 175 × 175 µm total ion image has no topography, indicating that it is either
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a through fracture or a crushed cell. As seen in (B) of Figure 4-5, the PC headgroup
fragment, C5H15NPO4+, m/z 184.07+, localizes strongly with the cell. After etching, Na+
also localizes with the cell – implying that the cell has died. Illustrated in (B) – (C) is the
broad spreading of the Ca+ localization of approximately ten microns after increasing the
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Figure 4-5: Positive SIMS images and mass spectra of macrophages taken with 20 keV
Au+ at 256×256 pixels and 175 µm × 175 µm fov. (A) Total positive ion (B) Overlay of
Ca+, m/z 39.96+ 0-1 cts, and m/z C5H12N+,86.10+ 0-2 cts. (C) Ca+, m/z 39.96+ 0-1 cts
after C 60+ etching thousands of nanometers. (D) Mass spectra range showing Ca+, 39.96+
signal sandwiched between 39K and 41K – after ~1015/cm2 C 60+ bombardment.
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C 60+ fluence to 9.8×1014 ions/cm2. For accurate comparison with images from Figure 43, the Ca+, m/z 39.96+ bitmap in (C) was cropped to ~48 µm. The calcium localization

here appears to be at least double that from the cells in Figures 4-3 and 4-4. This is quite
possibly a result of Ca diffusion as a consequence of apoptosis.
Calcium in the incubation media was increased to see the effect on depth profiling
for Ca+ localization. As Ca is a required element for healthy metabolism, the RPMI cell
growth media used for these experiments maintains 1.8 mM Ca concentration. Calcium
concentration was increased to 10 mM by adding an appropriate amount of CaCl2 (s) to 3
mL of macrophages in RPMI. The cells were then allowed to incubate for several hours.
As seen in Figure 4-6, after depth profiling for tens of nanometers at a fluence of
2.6×1014 ions/cm2, Ca mapped distinctly to the entire cell body width of two cells. The
cells in Figure 4-6 were imaged and profiled with C 60+ and did not appear to be crushed in
the total SIMS image. The calcium monochloride signal CaCl+, m/z 74.93+, and its
weaker isotope m/z 76.93+, both mapped (not shown) with the two calcium loaded cells.
As not all of the cells localized the calcium signals, it is reasonable to conclude that the
increased media calcium didn’t initiate apoptosis. Rather, it is probable that the available
Ca channels were simply allowed to uptake greater amounts. Also, the fact that Ca+
signal doesn’t localize to any specific area/domain of the cell is further evidence that it is
likely not a response to phagocytosis.1
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Figure 4-6: Positive C 60+ SIMS profile of macrophages. Images were taken at 40 keV at
256×256 pixels and 90 µm × 90 µm fov. (A) Bitmap of PC headgroup fragment
C5H12N+, m/z 86.10+ 0-1 cts (B) Ca+, m/z 39.96+ 0-1 cts, (C) Ca+, m/z 39.96+ 0-1 cts
cropped down to 48 µm × 48 µm fov (D) Overlay of (A) and (B).
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4.5 Conclusions

Imaging with SIMS is an ideal modality for mapping biological Ca at different
levels and even in three-dimensions. Universally, Ca localization is a symptom of injury
and apoptosis. However, Ca is employed by living systems for an endless number of
other processes. In its free, cation, form, calcium is an indespensible component to
metabolism and signaling. A particularly significant Ca function is the localized Ca
concentration spikes accompanied by phagocytosis in macrophages. Chemically
mapping and profiling macrophages with SIMS can elucidate Ca2+ activity during
phagocytosis and provide insight to mechanisms of the immune response. Further, a
better understanding of phagocytosis would clarify the means whereby macrophages
process low density lipoproteins, regulating plaque buildup in blood vessels.
Future experiments relating to SIMS depth profiling may focus on sputtering into
phagocytic macrophages. Active macrophages, supplied with opsinized cells or particles
can be imaged and profiled in progressive time frames to characterize calcium and other
metabolites activity. The carbon cluster source, C 60+ , is used to sputter the cellular strata
because it imparts relatively little subsurface damage. By sequentially mapping these
phagocytic cells, we hope to gain a better understanding of Ca metabolic pathways and
phagocytic mechanisms.
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Chapter 5
Imaging Phagocytosis and Membrane Domains

This chapter was adapted from S. Parry, M. Kurczy, X. Fan, M. Halleck, R.
Schlegel, N. Winograd SIMSXVI Int. Conf. Proc. 2007 (submitted) with permission.

5.1 Introduction

Macrophage metabolism provides an essential disposal service to the immune
system and decreases cholesterol congestion in the arteries.1,2 By binding to specific
ligands, eukaryotic organisms use phagocytosis to engulf and kill infectious microbes. In
a similar manner, apoptotic cells are recognized and devoured by phagocytic cells, such
as neutrophils and macrophages.1,3-4 The CDC reports that atherosclerosis, or hardening
of the arteries, accounts for approximately 21% of all deaths in the United States.5
Atherosclerosis occurs when cholesterol from low density lipoprotein (LDL) deposits
block blood flow. Macrophages phagocytose and metabolize LDL to high density
lipoprotein (HDL) packets which are safely solubilized in the blood stream.2
Phagocytosis of apoptotic fibroblasts is necessary to minimizing scar tissue and enhance
wound healing.6 Complete phagocytosis entails a series of cellular mechanisms
involving recognition/adhesion,4 phagosome formation,1 digestive enzyme trafficking,7
and metabolite processing.1,8
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Among the cellular responses to phagocytosis, macrophage membranes
experience lipid rearrangement to facilitate attachment and endocytosis. Fluorescent
images of murine macrophages have shown subcellular cholesterol accumulation at the
site of myobacteria phagocytosis. The same study showed that depletion of membrane
cholesterol inhibited phagocytosis of myobacteria.9 Others have shown that macrophages
recognize the lipid phosphatidylserine (PS) on apoptotic cells concurrent to
phagocytosis.4 Blocking with a PS-binding protein largely prevented the same cells from
being devoured. While fluorescence is still the primary method for imaging cellular
lipids, a fluorophore tag is required for each lipid imaged. Increasing evidence illustrates
that fluorescent tagging of small lipid molecules can interfere with their native
localization.10
Imaging multiple membrane lipids of macrophages at different stages of the
phagocytic process would provide new insight into lipid activity. Fundamentally, SIMS
imaging is capable of mapping cholesterol in membranes of phagocytic and non active
macrophages to compare against existing fluorescence experiments. By comparing the
m/z 369.4+ cholesterol signal in these macrophages to the more ubiquitous
phosphocholine (PC) signals, such as m/z 184.1+ and m/z 86.1+, basic plasma membrane
lipid response to phagocytosis could be observed. It has been shown that lipid
heterogeneity in the macrophage membrane depends on the identity and size of the object
being processed.1,2,11 Phagocytosis of large particles necessitates lipid donation from
subcellular organelles to the plasma membrane.1 Finally, lipid constituents in the
membrane are heterogeneous as a function of time following/incident to
phagocytosis.2,9,11,12 It is now known that membrane cholesterol increases in
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macrophages progressively as they contact and process LDL droplets.2,12 Complimenting
images from the previous chapter, this chapter illustrates SIMS chemical maps of
cholesterol and PC localizations in macrophages relative to phagocytosis.

5.2 Experimental

5.2.1 Materials

Murine J774 macrophages were obtained from American Type Culture Collection
(Manassas, Va). Erythrocytes, or red blood cells (RBCs), were a munificent donation
from the experimentalist. RBCs were opsonized with monoclonal anti-glycophorin A,B
(Sigma, St. Louis, Mo.). Macrophages and RBCs were treated/cultured in Dulbecco’s
PBS buffer, fetal bovine serum, and 1640 RPMI cell culture media, all purchased from
Mediatech Inc. (Hernon, Va). Trehalose dihydrate and glycerol were purchased from
Sigma (St. Louis, Mo.) and VWR (West Chester, Pa.), respectively. Both cell dyes, DID
(1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate) and DII (1,1’dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate) were obtained from
Invitrogen Corp. (Eugene,Or.). For membrane cholesterol enhancement experiments,
Aquaplex®, β-Cyclodextrin with cholesterol, was aquired from CTD Inc. (High Springs,
Fl.). Polystyrene beads for alternative phagocytic experiments, were purchased from
Duke Scientific (Palo Alto, Cal.). All materials listed were used without further
purification
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All TOF-SIMS spectra and images were aquired on the Ionoptika, Biotof I
instrument, assembled in–house and detailed previously.13 The 25 keV Au primary ion
source was purchased from Ionoptika Ltd. (Hampshire, U.K.). Briefly, the beam
impinged the surface at approximately 40º to normal, was pulsed at ~70 ns, and delivered
mass resolutions (m/∆m) of ≥ 2000 for most peaks of interest with delayed extraction.

5.2.2 Methods

For culturing or dyeing, all cells were incubated at 37 ºC and 6 % CO2.
Macrophages were cultured onto Si shards coated with 100 Ǻ of Au as previously
described in chapter three. For dyeing experiments, macrophages and RBCs were
incubated for ≤ 60 minutes at 15 – 25 µg/ml DII or DID. With consent from the
University, the experimentalist’s RBCs were collected with a sterilized sharps puncture
and rinsed with PBS prior to dyeing with DII/DID or opsonization with anti-glycophorin.
On advice from Schlegel et al., to significantly increase receptor-mediated attachment
and phagocytosis, RBCs were opsonized with anti-glycophorin for approximately 20
minutes in PBS or serum-free media prior to being introduced to macrophage cultures.4
For polystyrene microsphere phagocytosis, the beads were readily phagocytosed without
any surface treatment prior to addition to the macrophages. Therefore, ≥ 103 beads were
rinsed and suspended in ~500 µL PBS with 50-100 mM trehalose, then pipeted directly to
~ 500 µL buffer/media solution of macrophages.
After allowing ≤ 10 minutes for RBC/bead attachment or ≥ 30 minutes for
advanced phagocytosis, the macrophages were rinsed vigorously in cold PBS to remove
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free RBCs and particulate. Cells were then rinsed and immediately freeze dried in 50100 mM trehalose and 0.2-0.3 % glycerol distilled water solution. To increase
cholesterol content, some macrophages were treated with 250 µM β-Cyclodextrin with
cholesterol in serum free media for 1 hour prior to the addition of RBCs. To expose cells
after lyophilization, the top shard was removed from sandwiched samples, while
unsandwiched samples were hit with N2 gas to remove the overlaying sugar matrix. To
avoid ambient hydration cells were quickly transferred to the SIMS instrument vacuum
chambers.
For dual staining experiments, phagocytosing and non-phagocytosing
macrophages were dyed in separate flasks for approximately 60 minutes. Immediately
after staining, both flasks were scraped or agitated vigorously to dislodge cells and 2 mL
aliquots from each were added to a separate flask containing several Au–coated Si shards.
After allowing 30 minutes for attachment to the substrates, cells were rinsed and
lyophilized as illustrated above.

5.3 Results

5.3.1 Untreated Cells

Explained previously, phagocytosis is known to effect lipid placement in the
macrophage outer membrane. SIMS images of untreated macrophages, or those not
exposed to foreign particulate and dye prior to freeze-drying, are shown in Chapter 3.
Illustrated in Figure 5-1, pristine TOF-SIMS images can be generated with this sugar
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protocol delivering lateral resolutions well below a micron. Using the accepted criterea
for calculating lateral resolution – where the length scale over which signal intensity
corresponding to an interface changes from 20 % – 80 % of maximum, lateral resolution
for the macrophage in Figure 5-1 is less than 400 nm. At this resolution, the rolling
topography of the cell membrane, consistent with ‘membrane ruffling’, can be seen in the
total ion image in Figure 5-1. Membrane ruffling, caused by intercellular actin filaments
pushing outward on the membrane, is a common phenomenon observed in
macrophages.9,14

Figure 5-1: A positive SIMS 80 µm2 fov image of a single polarized macrophage,
lyophilized in trehalose. Imaged with 20keV Au+ at 256×256 pixels, 20 shot/pixel, 100
pA. (L) Total Ion image; (R) PC headgroup fragment, m/z 86.1+, C5H12N+.
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5.3.2 Phagocytosis

SIMS images were generated at the earliest stages of phagocytosis, where
polystyrene (PS) beads and RBC material were first attached to the macrophage
membrane. After < 20 minutes, macrophages exposed to 7 µm beads were rinsed in
Ca/Mg – free PBS to remove loose particulate, lyophilized overnight, then imaged.
Multiple beads were attached to most cells imaged. While it is known that macrophages
can phagocytose particles larger than themselves and remain viable,15 the large
microspheres shown in Figure 5-2 were exposed to macrophages only long enough to
facilitate attachment prior to lyophilization. The incident angle of the focused, 200 nm
20 kV Au+ beam, together with the curved topography in this sample, create a shadowing
effect with a factor of 25 × lower signal coming from the lee of the cell and beads.
Interestingly though, a thin line of phosphocholine m/z 184.1+ is observed
circumnavigating the bead in direct contact with the macrophage, indicated by a white
arrow at the top of the image. The line of phosphocholine wraps completely around the
bead, not just the beam-facing region – negating simple topographical considerations. An
inorganic artifact, unique to the beads at m/z 142.9+, is used as a tag for bead location.
Notice that beads not associated with the macrophage and not completely layered in lipid,
indicated by blue arrows, display this inorganic signal exclusively. This further confirms
that the upper bead, intimately associated with the macrophage, is entirely lipid coated.
White arrows indicate the bead completely engulfed in lipid, at the top of the image, and
a bead beginning to be engulfed at the bottom of the image. A yellow arrow identifies a
thin lipid process “reaching out” towards the uncoated bead in the upper left of the image.
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This observation is complimentary to fluorescent studies where a transitory “phagocytic
cup” from the macrophage membrane extends out to surround particulate in the first 10
minutes of phagocytosis.14,16

No Lipid

Lipid
Coating

No

Partial

Figure 5-2: Optical and positive SIMS images of macrophages exposed to 7 µm PS beads
for several minutes. SIMS images taken with a 20 keV Au+ primary ion beam. (L)
Optical image of macrophages attached to PS beads on a 100 Ǻ Au-coated glass slide, ~
300 µm2 fov. (R) Total Ion SIMS image, 100 µm2 fov, 15 shot/pixel, 200 pA. (Bottom)
Overlay of m/z 142.9+, PS microsphere surface artifact, red; and m/z 184.1+, PC
headgroup fragment C5H15NPO4+, green. White arrows identify a bead completely
engulfed at top and a partially coated bead at bottom of image. The yellow arrow points
to a thin process, consistent with the “phagocytic cup” reaching out towards an uncoated
bead. Blue arrows indicate two beads not lipid coated.
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A separate experiment was conducted where RBCs dyed with DII where added to
macrophages and freeze-dried after 7 minutes incubation. After rinsing, a weak
dispersion of RBCs and their lysate were observed attached to the macrophages. Another
positive SIMS image shows an intense 5-10 µm localization from the DII molecular ion
m/z 833.8+, C59H97N2+ signal, attached to a single macrophage. Seen in Figure 5-3, the
dyed RBC material is distinctly imaged, resting on top of a polarized macrophage. A
normalized line scan shows a decrease in PC C5H12N+ signal at m/z 86.1+, where DII
intensifies. Deficiency of the common membrane PC lipid signal indicates that the
particulate is possibly an insoluble DII agglomerate. As seen in Figure 5-3, image
analysis and normalization of the PC signal to total counts shows a decreasing, yet
definitive, lipid presence. The thin lipid layer again is consistent with the “phagocytic
cup” as the DII precipitate would have no PC to contribute. An RBC on the other hand,
would reasonably contribute PC to the image, eliminating the 30 % PC decrease shown in
the line scan. Further, because vigorous rinsing preceded lyophilization and imaging, the
particle is most definitely attached to the macrophage membrane. Therefore, the
macrophage is expected to be in the early stages of phagocytosis of a solid DII
particulate. No other lipid or lipid pattern is detected. The absence of the expected
cholesterol localization9 may be due to blockage of the primary beam from imaging the
active region by the attached particulate.
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Figure 5-3: Positive 25 keV Au+ SIMS images of macrophages briefly incubated with
dyed (DII) RBCs. Fov 180 µm2, 13 shots/pixel. (A) Total Ion image overlaid with
intense DII, m/z 833.8+, C59H97N2+ signal, blue (B) Combined PC signals of C5H12N+ and
C5H15NPO4+, at m/z 86.1+ and m/z 184.1+, respectively. (C) Overlay of DII and PC
signals (D) Mass spectra range for DII molecular ion. (Bottom) Line scan for PC and DII
over the area indicated under white bar. Line scan is normalized to total counts.
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5.3.3

Dyed and Treated Macrophages

To further differentiate phagocytic macrophages from those not exposed to
opsonized RBCs, both RBCs and macrophages were died in an alternate experiment.
Images where RBCs and macrophages are died with DID and DII to provide easier
identification are shown in Figure 5-4. In these experiments phagocytosis was imaged at
advanced time periods of ~60 minutes, which is sufficient time to internalize these small
particulates.4 Non phagocytic cells, or those not exposed to RBCs, were dyed with DII,
while RBCs were dyed with DID. Phagocytic macrophages were not dyed at all.
Curiously, cholesterol is seen to localize with two of the cells not cultured with RBCs.
This cholesterol localization was evident even when normalizing for total ion counts (not
shown). Here again we postulate that a cholesterol pool may be blocked by the RBC
body. However, because 60 minutes were allotted for complete phagocytosis, the DID
C59H97N2+ localization may represent a ‘through’ fracture of the macrophage, accounting
for the absence of topography for the phagocytic cell as seen in the total ion image. It is
unknown why cholesterol is not imaged in the other inactive cells, but may be an artifact
of the freeze-drying or dyeing process.10 Further, the relative increase of PC signal colocalized with the DID m/z 859.8+ signal, compared to the shorter time frame illustrated
in Figure 5-3, suggests a more intimate association with the macrophage than the
phagocytic cup.
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Figure 5-4: Positive SIMS images taken with a 20 keV Au+ primary beam, at 25
shots/pixel, 145 µm2 fov. RBCs were dyed with DID prior to exposing to undyed
macrophages for ~60 minutes. Non phagocytic or unfed macrophages were dyed
separately with DII. (A) Total ion image (B) DII m/z 833.8+, C59H97N2+, red (C) Overlay
of DID m/z 859.8+, C61H99N2+, blue, with PC m/z 184.1+, green(D) Cholesterol m/z
369.4+, C27H45+, turquoise.
Finally, macrophages were treated with β-Cyclodextrin with cholesterol to
increase membrane cholesterol content.17 After macrophages were exposed to βCyclodextrin with cholesterol for 1 hr, dyed RBCs were incubated and phagocytosed for
45 minutes. Seen in Figure 5-5, a 5-10 µm, cholesterol localization was observed with a
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single cell. The normalized cholesterol m/z 369.4+ C26H41O+ signal in the observed
region maintained a 4 × increase over base levels. No dye signal was observed. The
absence of dye signal suggests that the RBC was either fully internalized or possibly
separated from the macrophage upon fracture after lyophilization. Previous SIMS
experiments of macrophages enhanced with β-Cyclodextrin showed increased membrane
cholesterol, but no distinct domains. However, as seen here with phagocytic cells, a
distinct cholesterol domain is evident. Also seen in Figure 5-4, PC fragment ion m/z
184.1+ also shows localization with the region of interest (ROI), but at 33 % lower counts
than cholesterol m/z 369.4+ – unique for single cell SIMS imaging. After 45 minutes of
exposure to RBCs, the increased cholesterol10 and absence of any DII signal, may
indicate a site of complete or advanced phagocytosis.
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Figure 5-5: Positive SIMS image of a single macrophage treated with β-Cyclodextrin and
exposed to opsonized RBCs for 45 minutes. Imaged with 20 keV Au+, at 95 µm2 fov,
and 40 shot/pixel. (Top) Total positive ion image. (L) PC headgroup fragment m/z
184.1+, green, (R) Cholesterol m/z 369.4+ C27H45+ signal localization, red. Cholesterol
counts are 50 % greater than PC in region of interest.
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5.4 Conclusion

Cellular phagocytosis initiates dynamic lipid behavior in macrophage membranes
and is crucial to a healthy immune system. With its’ chemical “snapshot” capabilities,
SIMS may be the ideal methodology to compliment fluorescence for time-lapse imaging
of phagocytosis. By stepwise imaging of the phagocytic process, we aim to elucidate
membrane mechanisms related to this system.
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Chapter 6
Conclusions and Future Directions

6.1 Directions/Applications

6.1.1 Macrophages

Significant details pertaining to macrophage activity can be gathered from SIMS
imaging. As shown here, phospholipid and cholesterol profiles in the membranes of
macrophages at different stages of phagocytosis can be imaged with SIMS. The
capability of generating SIMS 3-dimensional profiles with a C60 cluster source for
intracellular Ca has also been demonstrated. It is possible to consider many future
experiments to further clarify the role of lipids, Ca, and other species. By studying
advanced phagocytosis of beads or biological particles, followed by surface mapping, the
dynamic lipid activity in the macrophage membrane may be ascertained. Subsequent
depth profiling of the phagocytic macrophages with C60 could be used to locate the
engulfed particles and map any relevant signals, such as Ca or possible lipid signal. By
connecting both surface images and depth profiles of phagocytic macrophages, the
crucial mechanisms surrounding the immune system response and apoptosis may be
better understood.
Continuous advancements in instrumentation, such as the cluster sources, and
sample preparation protocols are stretching SIMS application in bioimaging research.
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Some success with 3-dimensional imaging of a single cell, via C60 profiling, has recently
been reported.1 Sample preparation techniques to enhance signal, such as the new
ammonium sulfate rinse demonstrated by Wu et al.,2 show promise at exposing cell
membranes and boosting lipid detection with a reproducible protocol. Close
collaboration with biological specialists has facilitated SIMS applications to research
involving cancers,3,4 artherosclerosis,5 and dynamic activity of single-cell organisms6 to
name a few. This author believes that chemical mapping of neurological tissues and cells
is a very promising direction for SIMS bioimaging.

6.1.2 Neurological Components

Several SIMS researchers have already used SIMS imaging to chemically map
tissues and cells of the nervous system.7-11 From chapter 1, for example, we showed
images taken from Nygren7 and Sjövall8 et al., who used Bi and Au respectively, to map
cholesterol and phosphocholine domains in rodent brain coronal tissue slices. Kozole
and Winograd used a C60 primary ion source to characterize lipids in a sagittal mouse
brain slice, showing distinct domains corresponding to different regions, such as the
striatum and corpus collosum.9 SIMS images of a single sea mollusk neuron, as well as
neuron-supportive rat glial cells, were illustrated in Chapters 1 and 3 of this thesis,
respectively.10-11
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High lipid content, tissue density, and the prominence/abundance of inorganic
cations, make the nervous system an ideal target for SIMS imaging. The majority of the
mammalian central nervous system (CNS) volume is taken up by fatty lipid insulation.
Axons in the CNS are insulated by a thick lipid coating called the myelin sheath. The
myelin sheath is created by a glial cell, or CNS supportive cell, called an oligodendrocyte
(oligo). Illustrated in Figure 6-1, when oligos reach maturity, they send out lipid-rich

Figure 6-1: Illustration of an oligodendrocyte (G) myelinating multiple axons. (Baumann
et al.12)
extensions of their plasma membrane and can myelinate several axons simultaneously.12
A single mature oligo can produce 3 × its body mass of insulating myelin each day.13
Fully mature oligos and myelin maintain one of the highest lipid to protein ratio of any
mammalian cells/tissue at 70 % dry weight lipid.13 Myelin sheath composition is
dominated by cholesterol at a factor of 2 greater than the next most abundant species,
galactolipids.13 Separate research has shown sodium channel clustering in axons due to
myelination.14 In fact, neurological studies have found that remyelination and Na
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channel clustering are imperative for damaged axons to regenerate.15 Saher et al. have
demonstrated that oligos likely receive cholesterol stores from neighboring astrocytes,
another supportive glial cell. The same group confirmed that even a moderate 20 %
decrease in oligo cholesterol content resulted in failure to produce myelin.16 While
neurons have long been known to employ Ca signaling, it has also been shown recently
that Ca2+ is used uniquely by the glial cells for inter- and intracellular communication.17
Why is the prominence of lipids, Na, and Ca in neural cells significant to SIMS analysis?
As discussed here and elsewhere, SIMS is inherently adept at imaging inorganic
ions.18-20 Covered in Chapter 4, SIMS is often the preferred methodology for elemental
analysis, such as Na+ and Ca+, when mapping surfaces and profiling materials. Sodium
ionizes to Na+ readily at 5.1 eV, compared to 13.6 eV for hydrogen to H+, which is
significant since most biomolecules are detected as [M+H]+ and has led some SIMS
researchers to dope with Na to enhance the formation of the [M+Na]+ adduct.21 A
leading SIMS bioimaging researcher stated in 2006 that mapping subcellular elemental
localizations is still SIMS most useful application to biological mapping.18 Conversely,
Bjorn Johansson, possibly the premier specialist in SIMS imaging of neurological tissue,
recently wrote, “…the most fruitful applications of SIMS in biomedicine in the short run
can be expected in the study of lipids.”22
Explained earlier, the bulk of neurological tissue comes from layers of lipids.
Also mentioned above and shown extensively, SIMS is a proven methodology for
imaging lipids. Illustrated in Figure 6-2, are immaculately preserved, total ion SIMS
images and m/z 184.1+ bitmaps of mixed glial cells imaged with both the 40 keV C60 and
20 keV Au1 sources. While no cholesterol is localized in these images, because the cells
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were not fully mature, the m/z 184.1+ phosphocholine signal is intense and tightly
localized. Sjövall et al. mapped several distinct lipid localizations in brain tissue,
including cholesterol, galactolipids, and inositol.8 Electron micrograph images have
shown that the mean myelin thickness in one mammalian specimen was 0.13 µm ± 0.005
µm.23 Estimating oligo bilayer thickness from measured values of phosphocholine
membranes at 4.5 nm,24 0.13 µm of myelin corresponds to 29 bilayers. This thickness of
readily ionized lipids may be ideal for imaging and depth profiling SIMS experiments. In
fact, Kurczy and Winograd have recently used the 40 keV carbon source to image
cholesterol and phospholipid localizations in a mouse embryo after tens of nanometers
sputter cleaning through surface contaminations.25 The proven ability of SIMS to image
lipids and elemental ions, combined with their intrinsic importance and abundance in the
nervous system, makes SIMS a principle candidate for imaging neurological species.
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Figure 6-2: Positive SIMS images of mixed glial cells, oligos and astrocytes, lyophilized
in 50 mM trehalose, 0.3 % glycerol. Images are of the same group of cells, taken minutes
apart with 20 keV Au1+, (A) and (C); and 40 keV C60+, (B) and (D). Images at 256×256
pixels. (A) and (B) are total ion images at ~400 µm × 400 µm with (A) rotated 30º CCW
with respect to (B). (C) and (D) are bitmaps of m/z 184.1+, blue, and Na+, m/z 23.0+,
orange. Bottom, normalized line scan of m/z 184.1+ showing 3 × phosphocholine
increase at high-curvature section of membrane above the astrocyte nucleus.

109
6.2 SIMS Obstacles

6.2.1 Sample Preparation

The high-vacuum environment necessary for SIMS imaging, presents unique
obstacles for analysis of biological samples. As covered previously in chapters 2 and 3 of
this thesis, each preparation protocol for SIMS of biological samples is marked with
unique difficulties. Primarily, SIMS researchers desire to image biological samples in
their native states, thus creating a bona fide chemical map detailing natural processes.
Biological samples imaged from amorphous ice allow the most native structural analysis,
but are readily obscured by condensation.26 Further, cells in ice are difficult to identify
optically and often require fluorescent markers to locate. The sugar matrix advocated in
this thesis provides a time and cost effective platform for SIMS imaging and depth
profiling, free from the problems related to condensation. However, special care must be
taken to minimize the time cells are exposed to ambient conditions because the freezedried sugar matrix will absorb water from the air. Eliminating the obstacle of moisture
absorption would make the sugar protocol more reliable, especially in the humid summer
months. One remedy for ambient hydration may be to fracture the freeze-dried sugar
matrix in vacuo with the same knife used for ice experiments. Furthermore, if the
samples were lyophilized and fractured in the instrument preparation chamber, they could
be immediately analyzed without any exposure to the ambient atmosphere. To glean
useful chemical information, the preparation protocol must not only provide adequate
structural preservation, but also facilitate the formation of a sufficient number of
secondary ions.
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6.2.2 Ionization

Most SIMS scientists would agree that the chief obstacle for biological SIMS is
low ionization efficiency of secondary species. Typical total secondary ion efficiency for
cells and tissues is only 10-3 – 10-4 ions per impact.27 Some researchers have employed
novel innovations, such as rinses, chemical enhancements, and metal depositions to
improve the ionization efficiency from biological samples.2,18,28,30 These techniques have
proven to increase the ion percentage only mildly and suffer from contamination and
delocalization concerns.18 Piehowsky and Winograd30 recently showed that controlled
ice deposition in vacuo can enhance some useful biological signals, but ion yields are still
below 1 %. Undoubtedly, an advancement that increases SIMS ionization yield to the
percent or tens of percent range would vault SIMS into a significant biological diagnostic
tool, unparalleled in analytical methodologies.
The ionization and detection of biomolecules in SIMS is highly dependant upon
the environment. Certain cellular constituents are poorly ionized and difficult to image,
while others are ionized at the expense of neighboring molecules. Sostarecz et al.
reported that the ionization efficiency of phospholipids increased when cholesterol was
added to a synthetic lipid film.31 Altelaar et al. showed that formation of cholesterol
molecular ions is influenced by the natural biological matrices of animal tissue.32
Because of complex matrix effects with biological samples, SIMS results must be
standardized carefully to make quantitative measurements. By simultaneously imaging
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β-cyclodextran treated and untreated macrophages from the same cell line, Ostrowski et
al. were able to quantitate membrane cholesterol signal with SIMS.33 While SIMS is a
proven chemical mapping technique, the environment or “matrix” of the sample must be
considered.

6.3 Conclusion

Dynamic cellular events and membrane compositions stabilized in a sugar matrix
can be chemically detailed with SIMS imaging. Reproducible SIMS analysis of cells and
peptides vitrified in a sugar glass verify trehalose as a viable matrix for high-vacuum
analysis of preserved biological species. The promise of identifying the mechanisms of
phagocytosis has marked relevance to the etiology of arthrosclerosis and other immune
responses. Continuous improvements in sample preparation, source beams, collection
efficiencies, and other SIMS components are propagating SIMS into the crucial field of
biological diagnostics. These improvements are gradually overcoming the unique
obstacles to greater SIMS applications, such as ionization efficiencies and sample
stability. Taken together, these advancements may put SIMS into applications that are
complimentary to other established bioimaging methodologies.
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