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Abstract

Electron imaging of biological samples stained
with heavy metals has enabled visualization
of nanoscale subcellular structures critical in
chemical-, structural-, and neuro-biology. In
particular, osmium tetroxide has been widely
adopted for selective lipid imaging. Despite the
ubiquity of its use, the osmium speciation in
lipid membranes and the mechanism for image
contrast in electron microscopy (EM) have con-
tinued to be open questions, limiting efforts to
improve staining protocols and improve high-
resolution imaging of biological samples. Fol-
lowing our recent success using photoemission
electron microscopy (PEEM) to image mouse
brain tissues with a subcellular resolution of
15 nm, we have used PEEM to determine the
chemical contrast mechanism of Os staining in
lipid membranes. Os (IV), in the form of OsO,,
generates aggregates in lipid membranes, lead-
ing to a strong spatial variation in the electronic
structure and electron density of states. OsO,
has a metallic electronic structure that dras-
tically increases the electron density of states
near the Fermi level. Depositing metallic OsO,
in lipid membranes allows for strongly enhanced
EM signals of biological materials. This un-
derstanding of the membrane contrast mech-
anism of Os-stained biological specimens pro-
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vides a new opportunity for the exploration
and development of staining protocols for high-
resolution, high-contrast EM imaging.

Introduction

Osmium tetroxide has been extensively used
as a lipid-specific stain for enhancing mem-
brane contrast in electron microscopy for the
last few decades.! The successful develop-
ment of a reliable heavy-metal staining pro-
tocol for biological material has facilitated
electron microscopy imaging of biological sys-
tems with subcellular resolution using scan-
ning electron microscopy (SEM) and trans-
mission electron microscopy (TEM).2% OsO,
staining is routinely used in a variety of fields
ranging from fundamental chemistry,”® biol-
ogy, 1% and medicine research!! to histology
of pathological tissue during medical diagnos-
tics and treatment.!' '3Despite the prevalent
and widespread adoption of osmium staining
in electron microscopy, the nature of the con-
trast mechanism in EM, as well as the molecular
reactions required for the staining process, are
surprisingly unknown.

Conventional understanding of the mecha-
nism of Os contrast in EM generally focuses on
the identity of Os as a “heavy metal”, with a
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large atomic number. '* Historically, the biolog-
ical literature suggested that osmate esters are
formed in the tails of unsaturated fatty acids
in lipid membranes, as facilitated by the well-
understood reaction of OsO, with alkenes.'
The increased electron density afforded by the
Os(VIII) species in the membranes was sug-
gested to be the source of improved electron
scattering and electron interactions in SEM and
TEM in regions of biological material with high
lipid concentrations.! More recently, research
on improving the staining of whole brain sam-
ples for neuroscience applications hypothesized
the osmium species responsible for EM contrast
is osmium (IV) (Os0O,), rather than the previ-
ously proposed osmium (VIII) (osmate ester).
Upon staining, the biological material under-
went an observable color change in an ex situ
model experiment, suggestive of the formation
of Os(IV).? However, the presence of OsO,, was
not confirmed and no explanation was provided
for how contrast is generated by OsO,. X-ray
photoelectron spectroscopy (XPS) of stained
specimens showed the presence of a mixture of
low Os oxidation states, but lacked the spa-
tial resolution needed to determine the loca-
tion of different Os oxidation states.® Without
a fundamental understanding of what molecu-
lar species exist during the staining process and
what role they play in image contrast, efforts to
improve image contrast in EM of biological ma-
terials are limited to exhaustive search rather
than rational designs. This makes it partic-
ularly challenging to assess modified staining
protocols. Furthermore, without a clear grasp
of the source of imaging contrast, developing
alternatives to highly toxic osmium tetroxide
remains unobtainable.

We have recently demonstrated success-
ful wide-field imaging of ultra-thin brain
slices (UTBS) with 15 nm resolution using
a technique named photoemission electron mi-
croscopy (PEEM).1” PEEM is based on pho-
toelectric effect where a UV photon excites a
material that then can emit electrons that are
then magnified and mapped to a detector us-
ing electron optics analogous to the magnifica-
tion of photons in wide-field light microscopy,
as shown in Figure 1(a). As the diffraction
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limit of electrons is on the order of A rather
than 100s of nm, PEEM allows for material
imaging with spatial resolution as good as 8
nm.!'® PEEM has been rigorously developed for
probing electronic properties of flat material
samples including metals,*?° two-dimensional
semiconductors? ?* and polymer films.? In
these systems, the contrast results from a spa-
tially varying work function, and/or differences
in electronic structure and density of states
(DOS). As such, high-quality PEEM imaging
generally requires materials that are conductive
- metals or high-mobility semiconductors. Bio-
logical materials are conventionally thought of
as insulating materials and are challenging to
image with PEEM.?% Contrary to this under-
standing, we obtain synaptic resolution PEEM
images of UTBS stained with the same stain-
ing protocol developed by Hua et al. that has
been previously used in SEM imaging. %7 Fol-
lowing our initial study, it was a puzzle to us
how high-resolution and high-contrast images
could be generated from insulating biological
samples.

In this paper, we show that biological materi-
als stained with OsO, and K,Fe(CN)y contain
Os0,in lipid membranes.?"? OsO, behaves like
a metal, possessing a high electronic density of
states that crosses the Fermi level, and provides
the needed conductivity and electronic density
of states for successful PEEM imaging of bio-
logical tissues. We propose a full mechanistic
picture leading to OsO, formation, discuss pos-
sibilities for a likely slow step, and pinpoint spe-
cific routes for contrast improvement. As the
speciation of osmium also plays an important
role in the contrast of SEM and TEM that share
the same staining protocol, the mechanism of
Os staining and image contrast described here
is equally critical for improving the image qual-
ity of biological materials in the broader EM
field.

Experimental Methods
Mouse brain sections were prepared for PEEM

imaging following the same protocol used for
SEM? and for PEEM imaging in our previous
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Figure 1: (a) A schematic of PEEM. A ultra-thin brain slice (UTBS) is on a gold-coated Si substrate,
illuminated by a Hg lamp UV continuous-wave (CW) light source. (b). A representative PEEM
image of mouse brain tissue. The bright contours indicate cell membrane stained with osmium, and
the dark features are cytoplasm. Ultrastructure can be clearly revealed, such as the neural dendrite

and the mitochondrion in the shaded area in the inset.

(c¢) Energy diagram of photoemission

process, where electrons in occupied states below the Fermi level (Eg) are photoexcited with UV
light of photon energy hv to a final states (Eg,) above vacuum level (Ey,.) with kinetic energy Exg.
The work function, @, is the energy difference between Er and Ey,.. Inset shows a schematic of
the obtained photoemission spectrum from the accessible density of states (DOS) as a function of

kinetic energy of photoelectrons.

work using “reduced osmium” staining proto-
col.!” Briefly, the mouse was perfused transcar-
dially to preserve tissue ultrastructure. The
mouse brain was surgically removed and fixed,
and a vibratome sectioned brain slice (200 —300
pum) was stained with successive rounds of os-
mium tetroxide and potassium ferrocyanide be-
fore ethanol dehydration and embedding with
EPON resin. Resin encapsulated brain was
then sectioned using an ultramicrotome to a 40-
80 nm-thick UTBS which was picked up on a Si
substrate with native oxide (n-SiO,/Si) coated
with 50 nm of polycrystalline gold. The addi-
tional conductive layer is used to prevent sam-
ple charging during photoemission.?? Further
details of sample preparation can be found in
the Supporting Information.

The UTBS on the Au/n-SiO,/Si substrate is
illuminated using a broadband Hg arc lamp
that generates ultra-violet (UV) continuous-
wave (CW) light, shown schematically in Fig-
ure 1(a). The lamp is mounted with a high-
pass optical filter allowing photons with en-
ergies greater than 4.43 eV (280 nm) to im-
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pinge on the sample, and the highest photon
energy is about 5.0 eV (247nm) (see full spec-
trum in Figure S3). The resulting photoelec-
trons are imaged with a photoemission electron
microscope manufactured by Focus GmbH. The
PEEM operates at ultra-high vacuum (UHV,
10~ mbar). Photoexcited electrons are accel-
erated by a 12 kV potential applied normal to
the sample plane, focused via a series of elec-
tron lenses in the PEEM onto a single micro-
channel plate (MCP), converted to visible light
by a phosphor screen, and eventually imaged by
a CCD camera. The typical exposure time for
one image is 10 seconds. High-resolution images
are obtained by averaging the same regions of
interest (ROI) to improve signal-to-noise (S/N).
The PEEM is equipped with a high-pass energy
filter where only photoelectrons with kinetic en-
ergies higher than a given energy threshold can
pass and be detected. The energy resolution of
the instrument is approximately 50 meV and
scans were collected using 100 meV steps.
Additional characterization was done us-
ing scanning transmission electron microscopy
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(STEM, JEOL ARM200-CF). The chemical
composition of the Os-stained region was an-
alyzed with energy dispersive spectroscopy
(EDS, Oxford XMAXI00TLE) to determine
the Os:0 ratio. A total exposure time of up
to 15 minutes was used during EDS measure-
ments due to the thin nature of the specimen.
Electron energy-loss spectroscopy (EELS, post-
columns Gatan Continuum GIF ER spectrome-
ter) measurements were conducted on osmium-
rich regions as well, with an electron probe
semi-convergence angle of 17.8 mrad and a col-
lection angle of 53.4 mrad.

Results and Discussion

Figure 1(b) shows a PEEM image of a UTBS
on a Au/n-SiO,/Si substrate. Photoelectrons
are emitted from the UTBS via a one-photon
photoemission process with UV illumination.
Brighter regions of Figure 1(b) indicate more
photoemissive components whereas darker re-
gions are biomaterials that have low photoe-
mission yield. Based on comparison to SEM
images of similar samples, the bright outlines
depict the membranes of neurons or organelles
that selectively bind osmium. The darker back-
ground consists of unstained regions of biologi-
cal tissues, such as cytoplasm, that do not con-
tain lipid bilayers. More specifically, the inset
of Figure 1(b) is the zoom-in of the red box.
The shaded region is the cross-section of a neu-
ral dendrite, and the bright solid spot within
the cytoplasm is a mitochondrion. The differ-
ence in signal intensities allows us to visually
distinguish the ultrastructure of biological ma-
terial with subcellular resolution, and the fea-
tures are comparable to what has been previ-
ously collected using SEM. 30

The contrast observed in PEEM is due to
stained and non-stained regions generating dif-
ferent intensities of photoelectrons. To under-
stand why photoemission intensity varies spa-
tially in the brain tissue, we performed energy-
resolved PEEM to measure the local electronic
structure of the UTBS. We used a high-pass en-
ergy filter to incrementally cut out photoelec-
trons with kinetic energy lower than an energy
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threshold and obtained a series of PEEM im-
ages at the same sample position. The photoe-
mission intensity of an ROI is extracted as a
function of energy, and we compute the energy
distribution of the photoelectrons by perform-
ing a numerical differentiation of the energy-
resolved images (see Supporting Information for
the details). To a first approximation, this
energetic distribution represents the electronic
structure of the occupied electronic states be-
low the Fermi level. The low energy edge of
the distribution, termed the secondary edge in
the photoemission spectroscopy literature, is
a measure of the material work function,3!3?
which describes the lowest energy an electron
needs to overcome the vacuum barrier and be
ejected from the material. This value is de-
picted as the energy difference between the vac-
uum level and the Fermi level (0=E,.-Er) in
the energy diagram in Figure 1(c).

Figure 2(a, inset) shows three ROIs of vary-
ing signal intensities and their corresponding
photoemission spectra. All three curves have
been normalized to the peak intensities and
offset vertically for clarity. The energy axis
(A(Eyac-Er)) is calibrated to the secondary edge
of the spectrum from the brightest area (top
spectrum). Despite variation in the total pho-
toemission counts, the three spectra display al-
most identical photoemission spectra. We can
estimate the relative work function (A®) of
each region with respect to the brightest ROI
from half of the maximum magnitude of the
secondary edge in the photoemission spectrum.
The dashed line in Figure 2(a) marks the sec-
ondary edges of the three spectra, which are the
same within £ 0.05 eV (instrument resolution).
This result indicates that there is no work func-
tion variation across the sample even with the
existence of heavy metal stains. Therefore, the
image contrast that is observed with UTBS in
both PEEM and SEM cannot be due to sample
work function variation, but must be due to a
variation in the sample electronic structure.

Electronic structure differences, as the other
primary contrast mechanism in PEEM, are ei-
ther due to the spatial variation of the elec-
tronic structure of a sample or a spatial varia-
tion in a chemical species concentration. The
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Figure 2: (a) Photoemission spectra of bright, gray and dark ROIs showing in the inset. Dashed lines
indicate work function relative to the secondary edge of the spectrum corresponding to the brightest
region. Scale bar is 2 um. (b) Energy diagrams comparing electron densities of osmium(VI) near
the Fermi level with HOMO-LUMO gaps of Os(VIII) and biological tissues. Lipid membranes of
cells and organelles such as mitochondria efficiently bind to osmium, generating stronger signals in
EM images, whereas unstained regions such as cytoplasm generally have low EM intensity.

high energy sides of the photoemission spec-
tra in Figure 2(a) are virtually identical. The
similarity in spectra makes it unlikely that we
have a spatial variation in the material elec-
tronic structure. It is instead more likely that
there exists spatial variation in the concentra-
tion of chemical species that results in distinct
photoemission intensity. In this instance, the
contrast results from a spatial variation of os-
mium species. As shown schematically in Fig-
ure 2(b), biological tissues, such as unstained
cytoplasm, do not have well-defined electronic
structure due to their chemical complexity, and
typically are considered to be insulating ma-
terials. For example, proteins commonly have
an extremely large optical bandgap around 4.43
eV (280 nm).% Therefore, the photon source
used herein can not photoemit efficiently from
the occupied electronic states of pure biological
tissues, resulting in low photoemission intensi-
ties. Similarly OsO, and Os(VIII) compounds
are also insulators with large HOMO-LUMO
gaps, of 3.52 eV (= 352 nm),?* resulting in low
photoemission yield. However, OsO, is known
to have metallic characteristics,?”® providing
Os0O, with the requisite electronic structure to
induce high photoemission signals.
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Similar to its well-studied Group 8 analog
RuO,, OsO, tends to crystallize in a rutile
structure, resulting in metal oxide aggregate
formation. 27236 Figure 3(a) shows a high-angle
annular dark-field transmission electron mi-
croscopy (HAADF-STEM) image of UTBS on
a TEM grid, where the bright contrast corre-
sponds to atomic columns containing elements
with high atomic number. Bright contrast in
the HAADF image shows aggregates cluster-
ing along cell membranes. EDS mapping of the
same ROI (Figure 3(b)) shows that the bright
aggregates are osmium-rich, confirming that os-
mium has indeed been deposited specifically in
the lipid membranes. Figure 3(c) shows the
corresponding EDS spectrum. Characteristic
peaks of osmium M and L« at 1.91 keV and
8.91 keV, respectively, can be clearly observed,
and oxygen Ko signal is also confirmed at 0.525
keV. The average elemental ratio of Os:O from
the Os-rich areas is calculated to be between 1:2
to 1:3, corroborating OsO,, as the main osmium
species. It is important to note that O signal is
also detected in background areas where there
is limited contrast from the bright clusters, in-
dicating the likely overestimation of O compo-
sition in Os-O compounds. Furthermore, we
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Figure 3: (a) A high-angle annular dark-field transmission electron microscopy (HAADF-STEM)
image of an area with clear contrast of aggregates along cell membranes. (b) EDS map from the Os
Lo signal of the mapped area. (c) EDS of the elements detected, where the grey band highlights the
O K signal at 0.525 keV, and green bands highlights Os M and Lo peaks at 1.91 keV and 8.91 keV,
respectively. Note that other elements were also detected in the spectrum, but were disregarded

for the purpose of the analysis.

used electron energy loss spectroscopy (EELS)
to additionally verify the existence of both Os
and O(see more discussion in the Supporting In-
formation). The combination of the EDS and
EELS results indicates that Os most likely takes
the valence state of IV, despite that some mix-
ture of higher and lower states of osmium per-
sists. 1637

Hua et al. considered the formation of OsO,
in tissue stains based on color comparisons in
a test tube experiment and proposed a sim-
ple reaction scheme that invites future ex-
periments to prove the contributions of low-
oxidation state osmium in EM staining.® Here,
having confirmed OsO, and Os(IV) compounds
as primary chemical species that provide both
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PEEM and SEM contrast, we aim to provide a
more detailed and accessible description of the
staining mechanism.

Buffered OsO, is introduced to biologi-
cal tissue in its ionic water-soluble form,
[0sO,(OH),]*", see Step 1 in Figure 4. To
ensure homogeneous staining across 100s pwm-
thick tissue block, osmium compounds pas-
sively diffuse through various layers of mem-
branes to penetrate cells and organelles. This
process is facilitated by [OsO,(OH),]*" switch-
ing back and forth with its non-polar lipophilic
form OsO,, losing or gaining two hydroxyl
groups at the membrane-cytoplasm interface,
resulting in even distribution of Os(VIII) in the
cell lipid phase.
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In the next step (Step 2), OsO, selectively
couples to specific sites in the lipid membranes
to form bound osmium. It is widely accepted
that this process is realized via Sharpless de-
hydroxylation, where C=C bonds in unsatu-
rated fatty acids attack an electropositive os-
mium center of the Os=0, resulting in the
formation of an intermediate cyclic osmate es-
ter. 163738 This ultimately leads to the reduc-
tion of Os(VIII)to Os(VI), as verified previously
by XPS measurements. 16

The transiently generated Os(VI) in Step 2
can be accessed through two different pathways,
either via the migration of the osmate ester to
the hydrophilic head of the lipids for sponta-
neous hydroxylation (Pathway I in Figure 4), or
via reduction, initiated by additive K,Fe(CN)g,
producing water-soluble [OsO,(OH),]*  in the
aqueous phase (Pathway II). In Pathway I,
nearby water molecules or hydroxyl groups are
necessary to promote hydroxylation (Step 3),
but their origin in the lipid phase has been
vaguely discussed in the literature. It is known
that water can passively diffuse across lipid
membranes to allow for osmotic equilibrium;
this small population of water may serve as a
potential —OH source in the membrane.3? Ad-
ditionally, it has been observed that osmium
can migrate towards the membrane-water inter-
face, resulting in a higher concentration of os-
mium complexes at the hydrophilic heads. 1640
This may be in part due to interfacial water
facilitating the ring-opening reaction. Finally,
hydroxyl groups in the phospholipids can be
also utilized to form [0sO,(OH),]*".

In the second pathway, Os (VIII) can also be
reduced via the addition of a reducing agent, in
this work potassium ferrocyanide (K, Fe(CN)j).
[0sO,(OH),]*" is directly reduced outside the
lipid bilayer to Os(VI) (Step 4) in parallel with
the spontaneous hydroxylation that occurs in
Pathway I. This reduction step circumvents the
osmate ester formation between the bilayer and
greatly accelerates the generation of Os(VI) in
the aqueous phase.

In the end, the formation of OsO, occurs via
a disproportionation reaction of Os(VI) under
biological pH conditions (buffer pH=7.4).16:41
Previous X-ray studies of model systems sug-
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gested the presence of a dimeric Os(VI) crystal
structure with a double oxo bridge. !64? Herein,
we assume that the same dioxo-bridged os-
mium species is being formed under biological
conditions (Step 5).%6 The hexavalent osmium
complex is known to be unstable and under-
goes asymmetric Os—O bond cleavage, leading
to the oxidation of one Os(VI), regenerating
Os(VIII), and the reduction of the other Os(VI)
center, forming [OsO,(OH),]*  in water (Step
6).%3 The dehydroxylation of [OsO,(OH),]*"
can readily deposit the lipid-soluble OsO, into
the bilayer membranes as aggregates (Step 7),
resulting in the primary contrast observed in
EM images.

Our determination of the end product of the
reduced osmium staining protocol goes beyond
PEEM. Other EM techniques that are com-
monly used for biological imaging, such as SEM
and TEM, adopt the same staining method and
will significantly benefit from the proposed re-
action mechanism. With the understanding of
the speciation of osmium stain, efforts can be
made towards the deposition of a higher con-
centration of OsO, into the lipid membranes.
For example, the possibilities to initiate Path-
way I in Figure 4 suggest that finding new ways
to introduce —OH in proximity to membrane
heads could potentially increase the production
of [0sO,(OH),]*" for the eventual generation of
the contrast relevant OsO,. Overall, the con-
trast mechanism of osmium staining promotes
intentional modifications for protocol develop-
ment rather than attempts based upon exhaus-
tive searches.

Conclusion

In summary, this paper provides a detailed
description of the contrast mechanism of Os-
stained ultra-thin brain slices in electron mi-
croscopy. Previously thought to be unachiev-
able, we demonstrate the successful high-
contrast imaging of insulating, biological ma-
terial with PEEM for the determination of the
staining mechanism. FEnergy-resolved PEEM
measurements show a negligible difference in
nanoscale work function across the sample sur-
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Figure 4: Schematic illustration of the formation and deposition of OsO, in the lipid membrane

during the staining process.

face, indicating, for the first time, that the con-
trast in Os-stained biological samples in PEEM
originates from differences in the electronic
density of states for Os compounds compared
to the surrounding biological tissues. We also
determine that OsO, is likely the main source
of EM contrast, due to its metallic electronic
structure. This finding was consistent with the
appearance of OsO, aggregates in STEM of
UTBS and elemental ratios from EDS mapping
of UTBS. Finally, we proposed a full and de-
tailed scheme of the reactions and pathways
necessary for the formation of OsO, in the lipid
membranes. The determination of the source
of contrast, as well as the relevant pathways for
OsO, generation suggested herein challenges
the long-adopted understanding of Os-staining.
Our proposed mechanism sets the chemical
foundation for improving staining protocols for
biological imaging using not only PEEM but
also other EM techniques including TEM and
SEM, ultimately enabling faster and higher
resolution electron microscopy imaging.
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