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Here we describe the production, using lithography and micro-engineering technologies, of patterned
arrays of nanofabricated gold dots on a thin Si3N,4 electron transparent layer, supported by silicon. We
illustrate that the support with a patterned structure of nanosized gold can be exploited for (cryo)
electron tomography application as a specimen support with predefined alignment markers. This
nanogold patterned support has several advantages. The SisN4 window provides a 50 nm thin, strong
and flat support with a ~0.7 mm? large electron-beam transparent window. The nanogold pattern has a
user-defined size and density, is highly regular and stable. This facilitates accurate tracking during tilt
series acquisition, provides sufficient contrast for accurate alignment during the image reconstruction
step and avoids an uneven lateral distribution and movement of individual fiducials. We showed that the
support is suitable for electron tomography on plastic sections.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electron tomography is a technique for three-dimensional
visualization of cellular structures and macromolecular arrange-
ments at nanometer resolution. With electron tomography, the
architecture of plastic embedded and stained sections of cells, as
well as the molecular structural arrangements within thin areas of
vitrified cells and cryo-sections of high-pressure frozen cells and
tissues, can be investigated in three dimensions. During the last
decade, for a wide variety of biological systems the ultrastructure
of cells, cellular organelles and their molecular components have
been successfully investigated and have given great insights into
cellular structure and function [1,2].

One of the parameters that define the quality of tomograms
acquired with transmission electron microscopy (TEM) is the accu-
racy by which the individual images of an acquired tilt series can be
aligned relative to each other. This alignment step can be performed
in several ways. One approach is to make use of cross-correlation
between pairs of individual images in the acquired tilt series. Here,
the relative shifts between the images are computed making use of
the inherent image contrast generated by the electron microscope
specimen. This approach is often referred to as fiducial-less align-
ment. Another, more often used, approach makes use of fiducial
markers that are deposited on the specimen support. In this
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approach the locations of the markers are used for alignment of
the tilt series. In most cases, these fiducial markers are nanometer
sized (ranging from 5 to 20 nm) spherical gold beads [3] that provide
high contrast. Suspensions of (protein-stabilized) gold beads are
added to and mixed with the sample or applied onto the specimen
support film prior to adding the sample. An advantage of this
fiducial-marker approach is that it allows retrieving not only image
shifts, but that it is also a suitable approach to determine image
rotations and local image distortions based on a geometrical model
of the specimen tilting. Disadvantage of the fiducial marker approach
is that the spatial distribution and amount of gold beads on the
specimen support is hard to control. The unpredictable amount of
markers and irregular distribution can result in areas on the speci-
men support that are suboptimal for tracking during data collection
and for alignment during image reconstruction. Additionally, it is
known that individual gold fiducials can move during data acquisi-
tion, both on cryo-sections which can suffer random distortions [4]
and on plastic sections due to shrinkage [5,6]. This leads to an
imperfect alignment of the acquired tilt series. Therefore, control
over the size, concentration and positioning of fiducials on the
support, as well as the firm attachment to the support would be
advantageous for accurate tracking and alignment in electron tomo-
graphy. Different nanofabrication techniques have been applied to
engineer nano-patterns [7] and even nanogold arrays [8] on silicon
surfaces, for applications in cell biology and electronics and optics [9].

We present an electron beam lithography technique to produce
patterned nanogold surfaces. This enabled full control to make
specific patterns of gold (30-50 nm) with a relatively wide spacing
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(0.2-5.0 um) on a 50 nm thin electron transparent silicon nitride
membrane of 417 x 817 pm that is supported by silicon, as
required for use as fiducials in electron tomography. These
silicon-based supports have the advantages that they are flat and
strong, that the electron beam transparent window is not
obstructed by grid bars and that the size and positioning of
fiducial markers is predefined. The advantages of the patterned
gold are that fiducials are evenly spread in a predefined pattern
and density, and that they are firmly attached to the highly
flat support, avoiding possible movement of individual fiducials.
We show that the patterned gold dots can be used as fiducials
to facilitate sample tracking during tomographic tilt series
acquisition and for accurate alignment during tomographic
reconstruction.

2. Materials and methods
2.1. The production of SisN4 windows in silicon wafers

The silicon nitride windows are fabricated on 200 pm thick
4 inch (100)-silicon wafers (Fig. 1, top row). LPCVD (low-pressure
chemical vapor deposition) silicon nitride with a thickness of
50 nm is deposited on the wafer. Since the deposition takes place
in a furnace (Tempress Systems) the wafer is coated from both
sides. In the next lithography step windows are opened in the
photoresist layer (ZEP 520), defining the different chips and the
transparent membrane locations. The pattern was written by using
electron beam lithography with 100 keV beam energy. In order to
reduce the writing time the pattern consisted of small squares and
diagonals. However, mask contact lithography could be used in
case of mass production (where a fixed design is used) to reduce
the cost. After development the nitride layer was patterned by dry
etching, using CHFs;/Ar chemistry. The nitride layer serves as a
mask during the consequent wet etching step with KOH solution
(30 wt%, 83 °C). The etch rate of silicon nitride in KOH is less than
1 nm/h and can be neglected. Etch rates for silicon, silicon nitride

and silicon dioxide are varying with concentration and tempera-
ture of KOH [10,11]. The silicon etches anisotropically along the
(111)-plane in KOH, with an angle of 54.7° from the (100)-plane.
Once the wafer is etched through down to the silicon nitride layer
on the opposite site, the etching is stopped. After cleaning and
drying the wafer, patterns of gold markers are produced on the
silicon nitride window. After that the different support samples
are separated from the wafer by breaking along the predefined
scribe lines.

2.2. The production of gold marker patterns on SisN, windows

The gold marker patterns are produced using a combination of
electron beam lithography (EBPG) and metal evaporation (Fig. 1A).
First, a 350 nm thick layer of polydi(m)ethyl glutarimide (PMGI, 7%
in anisol) and 60 nm polymethyl-methacrylate (PMMA, 950 K, 2%
in anisol) was deposited by spin-coating on a 50 nm thick SizNg4
membrane (Fig. 1B). To facilitate the removal of both layers by a
lift-off process the PMGI layer is etched away under the PMMA
layer. Both layers are subsequently prebaked — PMGI at 200 °C for
15 min and the PMMA layer had to harden by baking it at 175 °C
for at least 60 min to prevent it later from collapsing after
development of the PMGI layer. Then a pattern of dots of two
different sizes with diameters of ~30 nm for TEM imaging and
~250 nm for light microscopy and low magnification TEM imaging
are written by exposure of the SizN4/PMGI/PMMA to a 100 keV
electron beam. The electron beam exposure dose for the small dots
was in the range of 40,000 pC/cm?. The pattern consisted of 10 nm
diameter dots with a 500 nm pitch. After electron beam etching
and dry etching the exposure the irradiated PMMA is removed by
solubilization in 25% methylisobutylketone (MIBK) in isopropylal-
cohol (IPA). In order to get a good pattern resolution a developer
temperature of 5 °C and a development time of 150 s were used. In
the next step the PMGI was etched under the PMMA layer using
MF-321 developer (Sigma-Aldrich). The etching time was found to
be very critical. Too short times resulted in a not completely
developed PMGI layer and too long times resulted in the collapse

A Si3N4
Si | | [ —
A A N
LPCVD Lithography KOH
of Si3N4 and SizN4 etching
removal
B PMMA
PMGI E— = | & & & ]

Si3N4 A A
~_ v
Deposition of Electron beam PMGI Cr/Au
PMGI/PMMA patterning and removal deposition
dry etching
Cr/Au
;L e
Si3N4 *—
PMMA/PGMI

removal

Fig. 1. Schematic fabrication of the production of gold marker patterns on silicon nitride windows on silicon wafers. (A) On a (100)-silicon wafer a 50 nm thick layer of Si3N,4
is deposited on both sides of the wafer by low pressure chemical vapor deposition (LPCVD). A SisN4 window is created by electron beam lithography and dry etching. The
silicon is removed by KOH wet etching. (B) On the 50 nm silicon nitride window a 350 nm layer of PMGI and a 60 nm layer of PMMA are deposited by spin coating. A desired
pattern of 10 nm spots is written by an electron beam. The exposed areas of the top PMMA layer are removed. The PMGI underlying the open areas in the PMMA layer is
chemically washed away. A 5 nm layer of chrome and a 15 nm gold layer are evaporated (onto the SisN4 window). The PMGI/PMMA with the Cr/Au is removed and the

pattern of gold dots on the SisN, window remains.
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of the PMMA. The optimal etching time was found to be 18 s. In
the next step subsequently 5 nm of chromium and 15 nm of gold
are deposited by evaporation (Temescal electron beam evaporator)
on the sample. The chromium was needed for proper adhesion
between the Si3sN; window and the gold. The deposition rates
were kept as low as possible in order to minimize heating of the
PMMA. Finally, the PMMA and PMGI are removed in 1-methyl-2-
pyrrolidinone. The smallest dots that are produced in the above
described manner have a diameter of about 30 nm. The bigger gold
structures of ~250 nm in the pattern are written in PMMA at a
dose of 18,000 uC/cm?.

2.3. Design of the nanogold array on silicon nitride as support for
electron microscopy specimens

For electron tomography applications the design of the silicon
nitride support with nanofabricated arrays of gold dots had to
meet several criteria. The silicon nitride on which the nanogold
array is placed should be thin to be sufficiently electron transpar-
ent. Furthermore, the window should be large enough to allow tilt
angles up to 60° without obstructing the view by the supporting
silicon during electron tomography acquisition. Therefore, silicon
nitride electron transparent windows of 50 nm thickness were
made on (100) silicon wafers of 200 um thickness. A mask of
700 x 1100 pm was written in the silicon wafer, which after KOH
etching resulted in a 417 x 817 um transparent SisN4 window. The
electron beam passing through the center of the SizN4 windows

can pass unobstructed up to 68° tilts. Several viewing windows
were produced on one silicon wafer, which were separated by
etched scribe lines, delineating squares of 2.15 x 2.15 mm (result-
ing in a diagonal size of 3.05 mm). The scribe lines facilitated
separation of the silicon wafer into smaller pieces that fitted
standard TEM holders.

An area of 0.25x0.50 mm was covered with an array of
~30 nm gold dots with a spacing of 0.50 pm (Fig. 2 B, E and F).
The corners of this array were marked by large squares that were
visible in a light microscope (Fig. 2A and D). The positioning of the
nanogold in the array was performed with a precision of ~23 nm,
as can be seen from a Fourier transform of part of the array.
(Fig. 2C).

Alternatively, a support was produced with a matrix with
101 x 101 gold clusters in three different sizes: 50 nm dots with
a 200 nm distance between them, 200 nm dots every 1000 nm,
and 500 nm dots every 5000 nm (Fig. 2H and I).

2.4. Specimen preparation of the biological resin-embedded and
stained section

The preparation of the biological sections was described earlier
[12]. Briefly, Vero E6 cells were grown on Thermanox and infected
with SARS-CoV at a MOI (multiplicity of infection) of 10. Next,
because of safety regulations, samples were chemically pre-fixed
at 7 h post-infection with 3% paraformaldehyde in PHEM-buffer.
After chemical fixation, the sample was plunge-frozen in a plunge-

Fig. 2. Silicon nitride support with gold markers imaged in SEM: (A) at low magnification large markers are present that mark the position of the array, white dots are due to
contamination. (B) shows the array at larger magnification, (C) the Fourier transform of (B) and inset (magnified and contrast inverted part from C) show that the array is
ordered to the 22nd reflection at ~22 nm (arrowheads). (D) Plastic embedded and sectioned cells are positioned on the silicon nitride support (large black squares are
markers for LM). (E) At higher magnification a cell nucleus is positioned on the support and in (F) (magnified from white box in E) several mitochondria can be observed.
(G) Also cryo-sections can be positioned on a silicon nitride membrane. (H) A cryo-section is positioned over an array with different sizes of gold markers. (I) A cryo-
sectioned malaria infected red blood cell is imaged. Scale bars are 200 pm (A, D and G), 1 pm (B, E, F), 5 pm (H) and 500 nm (I).
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freezer device at 100% air humidity. Afterwards, the sample was
freeze-substituted overnight with 1% osmiumtetraoxide, 0.5%
uranylacetate and 10% water dissolved in acetone. Then, at room
temperature, samples were infiltrated with epoxy LX-12 resin and
polymerized at 60 °C. Thick sections of 200 nm were cut with a
Leica UC6 ultramicrotome and dried onto the silicon nitride
support.

2.5. Specimen preparation of the cryo-sectioned frozen-hydrated
material

High pressure frozen (Leica Empact 2) malaria infected red
blood cells were cryo-sectioned with a nominal thickness of 50 nm
in a Leica EM UC6 ultramicrotome (Leica Microsystems) at
—140°C, a cutting speed of 1.0 mm/s, using a diamond knife
(Diatome) in combination with a charging device (Simco). The
positioning of the frozen-hydrated sections on silicon grids was
facilitated by the visibility of the 250 nm sized dots on the support.

2.6. Electron tomographic data collection on the resin-embedded
section

Electron tomographic data collection on the plastic embedded
sections was performed on FEI Tecnai 12 BioTwin TEM with a LaBg
filament operated at 120 kV, equipped with a 4k x 4k FEI Eagle
camera, or on a Tecnai 20 TEM with a FEG operated at 200 kV
equipped with a Gatan GIF 2001 with a 2k x 2k camera. Tilt series
were recorded using Xplore3D software (FEI), at 1 pm under focus,
every 1° from —60° to +60° at 10,000 x to 30,000 x magnifica-
tion. The pixel size of the 4k x 4k images ranged from 0.42 to
1.31 nm. Cryo-electron microscopy was performed using a Gatan
914 high tilt cryo-holder.

2.7. Electron tomographic image reconstruction

The tomographic tilt series were processed using IMOD version
3.13 [13]. The individual images within the tilt series were
preprocessed by hot pixel removal. Next, the series was aligned
using the cross-correlation functionality. Final accurate alignment
was performed by tracking the deposited gold dots on the SisNy, as
fiducial markers. Finally, during the tomographic reconstruction
step, the intensity from to the fiducials was removed. The
tomograms were calculated using weighted back-projection.

3. Results and discussion

3.1. Attachment of the plastic and cryo-sections on the
nanopatterned support

To make use of the nanogold arrayed support for electron
tomography we evaluated its use for plastic sections of fixed, resin
embedded and stained cells and also for cryo-sectioned cells. High
pressure frozen freeze-substituted plastic embedded 200 nm thick
sectioned SARS-CoV infected Vero cell sections could be placed on
the silicon nitride window with the nanogold array without any
special precautions. To guide the positioning of the sections four
markers were used that are visible by eye (Fig. 2D). In the
transmission electron microscope the sections can be seen being
placed over the nanogold array (Fig. 2E and F). The advantage is
that the silicon nitride support is very flat and spans millimeter
long distances without obstruction of grid bars. Hereby the field of
view in the electron microscope is optimized and suitable for high
specimen tilts during tomography. Consequently, the specimen
area that can be used for data collection will be larger than the
case for conventional carbon carriers.

Cryo-sections of high pressure frozen malaria infected red
blood cells were also attached over the array. Cryo-sections were
positioned on a designed support of a matrix with 101 x 101 gold
clusters in three different sizes (Fig. 2G-I). Firm attachment of the
cryo-section to the support is important for electron tomography
data acquisition since the fiducials are present on the specimen
support and have to be in close proximity to the section in order to
use them for tilt series alignment. For this purpose, a charging
device was used to attach these to the support [14]. However,
using the charging device the cryo-sections attached readily to the
silicon support, but not to the silicon nitride window. Evaporation
of an additional layer of carbon on top of the silicon nitride
window had the effect that the sections not only attached firmly
to the silicon support, but also to the carbon coated silicon nitride
window.

In our hands, silicon-based supports are difficult to handle for
cryo-EM. They are relatively thick and cumbersome to mount in
the currently available standard cryo-electron microscopy holders.
Silicon is firm and brittle and consequently the supports break
easily upon clamping into the cryo-holder. In addition, the thin
silicon nitride viewing windows are still relatively thick (50 nm)
compared to standard carbon support films (~10 nm). This thick-
ness leads to increased noise levels in the cryo-electron micro-
scopy images, resulting in a decreased resolution. Furthermore we
noticed that cryo-sections attached irreproducibly to the SisNg4
window and charging and heating effects under the electron beam
were observed. Nevertheless, these disadvantages can be solved by
dedicated engineering. For example by nanopatterning on other
types of available support, like TiSi metal glass [15], holey carbon
or graphene.

3.2. Electron tomography using the nanogold array

The produced nanopatterned gold on SisN4 windows were used
as fiducials in electron tomography to enable tracking during tilt
series acquisition and alignment on stained sections of biological
material (Fig. 3). Image tracking during tilt series acquisition was
effective between 5000 x and 20,000 x magnification. At higher
magnification, the number of fiducials that are visible within the
field of view of the image detector became too low (less than 5),
especially for alignment during reconstruction. Even at very low
electron dose imaging conditions (0,10 s exposure time, spot 11
and a spread beam resulting in minimal camera counts (~8 counts
per pixel), the automated data acquisition tracking software
performed accurately and reliably. The regular distribution of
fiducials enables tomography with equal alignment quality inde-
pendent of the position on sample, which is not always the case
for unequally distributed gold fiducials when applied from a
suspension of nanogold.

During the tomographic reconstruction step, the fine alignment of
the tilt series using IMOD was performed using all fiducial markers
visible in the field of view during the whole tilt series (Fig. 3C). The
nanogold fiducials have the shape of flattened disks and appear as
ovals at high specimen tilts. In spite of this difference compared to
the spherical gold beads that are normally used as fiducial markers,
the alignment software was able to determine the center of mass of
the non-spherical markers and could use them for automatic tracing
and alignment. Removal of gold beads was performed to remove
projection artifacts during tomographic reconstruction. A virtual slice
through the tomogram shows the cellular membranes, vesicles and
rough endoplasmatic reticulum with ribosomes (Fig. 3D).

The localization accuracy of the fiducials (which was 22 nm) on
the flat SisN,4 surface provides a potential means for measurement
and correction of electron optical image distortions [16]. Since the
positioning of the array of fiducials is controlled with nanometer
precision, and the pattern is fixed to the support, it will remain
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Fig. 3. Tomograms were recorded using the gold array as fiducials. (A) Overview of the area where images were recorded (small white box: Fig. 2E and large white box: (B,
this figure)). (B) Area (white box) where tomogram was recorded. (C) Optimized positions (white circles) of fiducials (black dots) after fine alignment. (D) Tomographic slice
from tomogram showing ribosomes on endoplasmatic reticulum (inset). Scale bars are 20 um (A), 2 um (B) and 1 pm (C, D).

unchanged (no shrinkage or other beam-induced effects) at all
specimen tilt angles. This allows for precise rotation and magni-
fication correction during tilt series alignment. Additionally, it
enables tilt angle determination from individual images, which is
currently not possible when using gold fiducials from suspension
due to imaging dependent marker movement and non-flatness of
the support.

We believe that method that we applied for the fabrication of
the patterned nanogold can still be improved. With the specimens
we used, the individual dots were produced using electron beam
lithography in a Vistec EBPG, which sets a limits to the fabrication
speed of the specimen support. In addition, the production of the
gold patterns required some tuning of the exposure and develop-
ment times to obtain sets of reproducible adequately shaped gold
dots. Another current disadvantage is the relative large size of the
gold dots used. While gold fiducials in electron tomography are
generally between 5 and 15 nm, the minimal size of the currently
used dots are about 25 nm. Recently, it was show that new NEMS
techniques are available to produce smaller dots in the size range
of 5-10 nm [15]. For a large scale production of these type of
carriers, techniques have to be developed that enable to write
large areas of dots on the viewing windows. One approach could
be to use a multi-beam scanning electron microscope [17].

4. Conclusions
We explored the use of nanofabricated arrays of gold on a

silicon based support for their use as fiducials in electron tomo-
graphy. The main advantage of the nanofabricated patterned gold

clusters on silicon based support for tomography is that the
position, size and amount of fiducials can be controlled and they
are rigidly attached to the support. This array of gold dots on an
electron transparent silicon nitride support provided fiducial
markers that can be exploited for alignment procedures during
acquisition and reconstruction of the electron tomographic data of
stained plastic sections of fixed cells.
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