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ABSTRACT: Cryomicroscopy is commonly hampered by frost accumulation,
reducing the visual clarity of the specimen. Pulling a vacuum or purging with
nitrogen gas can greatly reduce the sample chamber’s humidity, but at cryogenic
temperatures, even minute concentrations of water vapor can still result in frost
deposition. Here, a hygroscopic ice frame was created around the specimen to
suppress frost growth during cryomicroscopy. Specifically, fluorescently tagged rat
brain vessels were frozen on a silicon nitride window with an ice frame, and the
luminescence of the fluorescent tag was improved by a factor of 6 compared to a
similar specimen in only a nitrogen purge environment. These findings suggest that
the simple implementation of a hygroscopic ice frame surrounding the specimen can
substantially improve the visual clarity for cryomicroscopy, beyond that of a vacuum
or nitrogen purge system.

■ INTRODUCTION
Cryomicroscopy is an increasingly common technique for
characterizing the nano/microstructures of hydrated, biological
specimens using techniques such as X-ray and electron
microscopies. Cryogenically freezing the specimen is important
for preserving the hydrated specimen’s metabolic/native state.1

In contrast, other preparation methods have known limitations;
for example, dehydration can induce sample shrinkage,2 and
chemical fixation is known to disrupt the organization of cellular
structures and may not establish complete immobilization.3

Cryoimaging of hydrated samples also limits beam damage and
phototoxicity.4,5 The advantages of cryogenic freezing have led
to its implementation within the sample preparation and
imaging workflows for both X-ray and electron imaging
techniques.6−8 In most cases, imaging a frozen, hydrated
specimen requires the support of a cryostage to maintain its
cryogenic environment.9 The specimen is best held in a very
specific temperature region (T ≤ 135 K) to maintain a vitreous
ice environment; increasing above this glass-transition temper-
ature results in the formation of crystalline ice and damage to the
cellular structure of the specimen.10−12

A cryostage maintains an environment devoid of water vapor
and condensable gases by either pulling a vacuum or using a dry
gas purge.13,14 However, despite the dry environment, trace
levels of condensable water vapor can still accumulate on the
sample as frost. Frost accumulation reduces the visual clarity of
the frozen sample, making it difficult to locate and identify
notable subcellular structures, especially when imaging the
sample at submicron resolution.15 The accumulation of frost is
even more problematic when frozen specimens are examined
with multiple imaging modes, i.e., correlative imaging, where the
sample is often shifted between multiple viewing media and
environments.16,17 The transfer mechanisms are often inefficient

and add humidity to the environment, which then deposits as
frost on the sample surface as it acts as a de facto cold trap.
Recently, it has been shown that ice can, ironically, enable a

passive antifrosting surface.18 Analogous to salts,19 frozen water
is hygroscopic,20 meaning that its saturated vapor pressure is
depressed with respect to liquid water at the same temperature.
For example, when growing condensation on a substrate that
contains a frozen droplet, an intermediate dry zone is sustained
about the perimeter of the ice.21 When patterning an array of
microscopic ice features across a surface, these dry zones can
overlap, resulting in the antifrosting functionality.18,22 To date,
the use of ice to prevent frost has only been employed for
moderately chilled surfaces in a warm ambient environment and
has not been tested under cryogenic conditions.
In this article, we show that adding ice to the outer frame of a

silicon nitride window can greatly suppress the growth of frost
on the surface of the specimen, thereby enhancing the sample
clarity during cryogenic imaging (Figure 1). The ice frame will
depress the saturation pressure to preferentially attract nearby
water vapor away from the frozen sample while maintaining a
uniform-temperature stage. This is in contrast to a conventional
cold trap (anticontamination device), whose mechanisms rely
on low-temperature differentials.23−25 A black dot array on
white paper was used to contrast the clarity of the sample
window under various conditions. We found that, after 3 h even
without a nitrogen purge, the clarity of the dot array with the ice
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frame was twice as good as the dot array without the ice frame.
This enhanced clarity enabled continued fluorescence imaging
of a biological sample (rat brain blood vessels) on the cryostage,
whereas the fluorescence signal almost completely disappeared
in the absence of the ice frame. These results clearly showed that
using a hygroscopic ice frame to promote antifrosting can be
extended to specimens at cryogenic conditions, resulting in a
simple and effective technique to improve cryoimaging.

■ RESULTS
Two different sets of cryomicroscopy experiments were
performed, each under four different experimental conditions.
Both sets of experiments quantify how frost degrades the optical
quality of the cryomicroscopy over time, first using a black dot
array on white paper and the second, a biological tissue
specimen. In either case, the substrate was a silicon nitride
window surrounded by a silicon frame. The four different
conditions were as follows: (1) no nitrogen purge and no ice
frame, (2) nitrogen purge and no ice frame, (3) nitrogen purge
with an ice frame, and (4) no nitrogen purge with an ice frame.
Dot Arrays. The technique of using an underlying black dot

array on a white film paper to quantify the clarity of the silicon
nitride window was adapted from Walker et al., which used a
similar approach for quantifying fogging on transparent
surfaces.15,26 Figure 2 compares the optical microscopy of the
cryostage under four different experimental conditions over a
span of 3 h. In the absence of an ice frame, frost grows
appreciably across the silicon nitride window (Supporting
Figure S1), which makes it difficult to resolve the underlying dot

array. In contrast, using a hygroscopic ice frame dramatically
reduces the amount of frost growing on the window, such that
the dots are still relatively clear. Interestingly, the ice frame
strongly outperformed the nitrogen purge in terms of frost
prevention. This implies that simply prewetting the frame of the

Figure 1.Conceptual overview of using an ice frame to suppress frost during cryomicroscopy. (A) Top-down photograph of the silicon nitride window
at cryogenic temperatures within the sample chamber of a nitrogen-purged cryogenic stage. The inset photograph shows the development of frost from
residual water vapor on the window after 3 h. The high density of frost obscures the sample visibility on the window. The adjacent drawings are
isometric and side-view schematics of diffusive frost growth (blue arrows) on an untreated silicon nitride window. (B) Top-down photograph of the
silicon nitride window at cryogenic temperatures within the sample chamber of a nitrogen-purged cryogenic stage. An ice frame is developed on this
window frame, along the periphery of the sample substrate edge. The large frozen droplets of the ice frame preferentially attract the surrounding water
vapor, resulting in annular dry zones (red circles) of width δF. While some water vapor still nucleates as frost on the window, its nucleation density is
sparse and the frost dendrites create additional overlapping dry zones. The inset photograph shows the development of frost on the windowmembrane
after 3 h. The adjacent drawings are isometric and side-view schematics of diffusive frost growth (blue arrows) on a silicon nitride window with a
hygroscopic ice frame.

Figure 2. Evolving clarity of dot arrays beneath silicon nitride windows
at cryogenic temperatures. Bright-field microscopy was taken in 15 min
intervals over the course of 3 h. The dots quickly became obscured in
the absence of an ice frame (top row), even with a nitrogen purge
(second row). In contrast, dot clarity was largely maintained for
windows primed with ice frames (third row), even in the absence of a
nitrogen purge (fourth row).
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sample windowmay be an inexpensive approach to combat frost
accumulation.
Figure 3 shows a zoomed-out image of the entire silicon

nitride window and surrounding ice frame for each of the four
conditions after 3 h on the cryostage. For conditions 3 and 4, it
can be seen that annular dry zones extend about the perimeter of
each ice droplet on the ice frame, which confirms that the
hygroscopic ice droplets attract water vapor from the environ-
ment. These dry zones were approximately δF = 90 ± 30 μm in
width for condition 3 (purge) and δF = 105 ± 14 μm for
condition 4 (no purge). It can also be seen that dry zones extend
about each of the frost crystals that nucleate on the viewing
window, for the equivalent reason that the frost is also
hygroscopic. It should be noted that the temperature of the
silicon nitride window is not uniform on the cryostage. For the
conditions without a nitrogen purge, this is evident by the higher
density of frost on the side of the window nearest the cold finger,
especially when using an ice frame. The frost formation is more
uniform in the presence of a nitrogen purge, as the convective
flow can simultaneously make the window temperature more
uniform and modify the transport of water vapor to the surface
(i.e., no longer purely diffusive).
Quantitatively, the clarity of the underlying dot array is given
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where Id (t) and Ib (t) are the average grayscale intensities of the
dots and intermediate background, respectively, at any given
time during cryoimaging, whereas Idd0

and Ibd0
are the intensities of

the dots and background at room temperature in the absence of
frost, respectively (Supporting Figure S2). An example of
measuring the grayscale intensity of the dots and background
over time is shown in Figure 4A (for condition 1), which enables
the calculation of the clarity using eq (1). As frost accumulates
above the dots over time, it lightens their hue, causing their
grayscale intensity to increase. As the difference between the
grayscale intensity for the features and the background gets
smaller, they begin to appear indistinguishable from each other.
The clarity as a function of time is plotted in Figure 4B for all

four conditions. As expected, the clarity of experimental
condition 1 (no purge and no ice frame) was overall the worst
of any trial, dropping almost instantaneously from 100 to 60%.
After decreasing further to a clarity of about 40% after about 30
min, the subsequent decrease in clarity over the next 3 hours was
much more gradual, slowly progressing down to 35% by 3 h.
Condition 2 (purge and no ice frame) exhibited a more

gradual decrease in clarity, requiring about 100 min to drop to a

Figure 3.Bright-fieldmicroscopy of a silicon nitride window and frame under different conditions. Nine images taken with a 5× objective were stitched
together to visualize the entire window and frame after 3 h of cryomicroscopy for each of the four conditions (A−D). The addition of an ice frame
drastically improved the vibrancy and visual quality of the samplemembrane surface at the center of the frame. Imaging of the ice frame also enabled the
measurement of the annular dry zones of the frozen droplets.

Figure 4. Quantifying the clarity of the dot arrays. (A) Grayscale intensity measurements for the black dot array on the white paper vs time.
Measurements were taken every 15 min over 3 h of cryomicroscopy. The example plotted here was a trial under condition 1 (no purge and no ice
frame); three trials were performed for each of the four conditions. (B) Extrapolation of the percentage clarity of the features versus time through a
logarithmic expression. The figure shows that the conditions with the ice frame present had the greatest retention of clarity after a 3 h period.
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clarity of 40%. However, upon reaching a 40% clarity, the same
trend was observed of a very slow decrease from that time on.
This abrupt slowing in the rate of change of the clarity around
40% is likely because the frost crystals that had accumulated on
the window were sufficiently dense to promote dry zones
between them. In other words, after a critical amount of frost
formation, only the pre-existing ice crystals grow, as opposed to
nucleating fresh ice crystals in the remaining dry regions. As this
coarsening is primarily out-of-plane as opposed to in-plane, it
does not have as strong an effect on the clarity of the window.
For condition 3 (no purge and ice frame), the plateau

occurred at around 60% clarity rather than 40%, such that the
clarity was still over 50% after 3 h. This increase in the clarity’s
plateau value is because the ice frame itself is attracting the
majority of the water vapor in the environment, such that the
humidity directly over the window itself is smaller to enable dry
zones at a smaller density of frost crystals.
For condition 4, the purge and ice frame work together to

enable a maximal clarity of 80% after 30 min. The clarity does
not drop down to 60% until after the full 3 h of time had elapsed,
such that this condition was only beginning to reach the plateau
value of clarity by the end of the experiment.
Dry Zone Measurement and Humidity Calculation.

The frame’s frozen droplets exhibited annular dry zones where
frost growth was inhibited, as shown in Figure 3C,D. For a
nitrogen-purged stage (condition 3), the annular width of each
dry zone within 1 h of frost growth was δF = 90± 30 μm,whereas
δF = 105 ± 14 μm in the absence of a purge (condition 4).
Theoretically, the extent of a dry zone can be estimated by
balancing the diffusive flux of water vapor at the edge of the dry
zone. Specifically, at the periphery of the dry zone, the into-the-
plane influx of water vapor from the ambient is equivalent to the
lateral outflux of water vapor due to the nearby hygroscopic ice
droplet.18,21 This results in a flux dry zone of extent

c c
c

( )i
F

w

(2)

where ς is the out-of-plane thickness of the diffusive boundary
layer, cw and ci are the saturation concentrations of (liquid) water
and ice, respectively, and c∞ is the concentration of water vapor
in the ambient.
Here, the ambient humidity was too low to be measurable

with our hygrometer. Considering that the δF values were
measurable, we therefore decided to use eq 2 to solve for c∞. The
concentration boundary layer thickness (ς) is solved using the
expression27
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whereD is the diffusivity of water vapor in air, α is the volumetric
thermal expansion coefficient of air,Tw is the wall temperature of
the silicon nitride window (and by extension, the frozen
droplets), and ςh is the hydrodynamic boundary layer
approximated by
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where Ls ≈ 2 mm is the characteristic length of the membrane
and υ is the kinematic viscosity of air.

The values of Tw and T∞ differed when using a nitrogen purge
(condition 3) vs no purge (condition 4). In the absence of a
purge, the temperature of the silicon nitride window was Tw ≈
95.15 K, as measured by inserting a thermocouple into a droplet,
frozen onto the window frame. The (relatively) warm nitrogen
gas convectively heated the silicon nitride surface, resulting in a
temperature of Tw ≈ 123.15 K. The temperature of the
chamber’s ambient environment was measured to be approx-
imately T∞ ≈ 284.2 K without the purge and T∞ ≈ 281.6 K with
the purge. The nitrogen-purged and nonpurged chambers
exhibited average gas pressures of 102.6 and 102.8 kPa,
respectively (i.e., slightly above atmospheric pressure). From
the ideal gas law, the concentrations can be found from
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where R = 461.5 J/(kg K) is the gas constant, Psat,w and Psat,i are
the saturation pressures of liquid water and ice, respectively, as
obtained from Murphy and Koop,20 and RH is the relative
humidity within the chamber. This resulted in cw = 2.92e-12 kg/
m3 and ci = 8.81e-13 kg/m3 for the purged stage; for the
nonpurged stage, cw = 3.31e-18 kg/m3 and ci = 6.65e-19 kg/m3.
When the chamber was purged with nitrogen gas, the

hydrodynamic boundary layer thickness was calculated to be ςh
∼ 7.8e-4 m (eq 4), resulting in a concentration boundary layer of
ς ∼ 2.5e-4 m (eq 3). Combining eqs 2 and 5 together and using
the averaged measurement of δF = 90 μm, this results in an
average chamber humidity of RH ∼ 1.5e-4%. In the absence of a
nitrogen purge, the calculated values of ςh ∼ 7.6e-4 m and ς ∼
2.6e-4 m, combined with the experimental average of δF = 105
μm, resulted in RH ∼ 1.8e-10%. In either case, the incredibly
small humidity values explain why it could not be measured
experimentally. It is also a testament to the perniciousness of the
frost problem in the context of cryomicroscopy, as even minute
concentrations of water vapor are able to nucleate on the surface
due to its vanishing saturation pressure.
Biological Sample. In the next set of experiments, the dot

array was removed, and a suspension of rat brain vessels was
deposited on the surface of the silicon nitride window for
cryomicroscopy. The vessels were isolated from the brains of a
transgenic rat model (rTg-DI) of cerebral amyloid angiopathy.28

The pathology of the cerebral blood vessels consisted of
misfolded amyloid protein deposits (width: 3−4 μm)
accumulated on the exterior of the blood vessels (width: 6−8
μm). The cerebral blood vessels were immunostained with
collagen IV (red fluorescence), and the amyloid deposits were
stained with thioflavin-S (green fluorescence).
Four different sets of images were produced for each vessel:

two dark-field (red fluorescent protein (DsRed) and green
fluorescent protein (GFP) filters; Figure 5A) and two bright-
field (epi-illumination and transmission; see Supporting Figures
S3 and S4). These images were taken using the same
experimental conditions as the dot test and for an identical 3
h period. Aside from being consistent with the dot testing,
maintaining these samples at low temperatures for prolonged
(∼h) test periods is important because biological tissues and
microvessels are used in synchrotron-based X-ray fluorescence
imaging29−31 and cryopreservation is optimal to mitigate X-ray
damage.32,33 Depending on the resolution of the X-ray beam,
sensitivity, and dwell time of the detector, extended intervals are
required to perform an elemental analysis by raster scanning the
specified area that comprise the mapped image of selected
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vessels. For example, if the image of vessel 3 in Figure 5A was
mapped using parameters (step size, 1 μm; dwell time, 0.15 s;
and scan size, 100 μm × 100 μm), it would take 25 mins for that
one vessel. Therefore, a 3 h test period is sufficient to not only
map one vessel but also collect data from several.

For the dark-field images of the vessels, the presence of frost
accumulation on the sample led to the fluorescent tags growing
dimmer over time (Figure 5B). In the absence of an ice frame
(conditions 1 and 2), the fluorescent tags were almost
completely invisible after 3 h of cryomicroscopy. In contrast,
when using an ice frame (conditions 3 and 4), fluorescence

Figure 5.Using an ice frame improved cryomicroscopy of a biological specimen. Using dark-field illumination with red and green filters, fluorescently
stained blood vessels containing amyloid deposits were placed on a silicon nitride window and imaged under a 50×/0.60 NA magnification. (A)
Mosaic of the fluorescently stained biological sample, where microscopic images were stitched together and made into a composite by merging the red
and green filtered images. This mosaic was captured at room temperature in the absence of any frost growth. Magnified insets depict the three
microvessels chosen to evaluate the effectiveness of the ice frame in improving the clarity of fluorescence cryoimaging. (B) Time-lapse fluorescence
microscopy of vessel 3 for each of the four conditions during cryomicroscopy. In conditions (2, 3) where the nitrogen purge was present, the substrate
temperature was 123.15 K, while its absence in other conditions (1, 4) yielded a temperature of approximately 95.15 K. The fluorescence signal was
almost completely lost after 3 h on the cryostage in the absence of an ice frame (top two rows), whereas the signal remained strong with an ice frame
(bottom two rows). Images are composites of the microscope’s DsRed and GFP filtered views.
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microscopy of the vessels was still robust after 3 h. Similarly, it
was difficult to resolve the vessels in the bright-field images in the
absence of the ice frame but were still visible when using the ice
frame. These findings confirmed that the enhanced clarity in the
presence of an ice frame can be extended to superior
cryoimaging of a biological specimen.
Luminance of the pixels that comprised the selected vessels

was initially measured on a scale of 0−100, every 30 min over a 3
h period of cryomicroscopy. After combining and averaging the
pixel luminance values for all of the vessels, they were
normalized against the luminance of the collective vessels at
room temperature, readjusting the scale to 0−1.00. Changes in
luminance were assessed to evaluate the loss of visibility due to
frost. The normalized luminance at each 30 min timestamp is
plotted in Figure 6 for all four test conditions.

To ensure quality control of the vessels while testing each of
the conditions, at the beginning of every test, an image was taken
of the vessels while they were being held at room temperature.
Doing this at room temperature allowed for observations to be
made, without gaseous product condensing on the sample
surface. It was found that the average luminance of the vessels
did not undergo any significant change, with a standard
deviation of not more than 2 for every vessel. This finding
suggested that the fluorescent tags on the vessels remained
relatively undamaged in between testing the different conditions
for 3 h periods, despite the frost accumulating on the vessel
surface. This finding was to be expected, as cryogenic
temperatures protect fluorescent tags from being washed out
from photobleaching.4,34

With the DsRed filter, the observed luminescence of the
vessels actually exceeded 1.00 for the first 30 min for condition 1

Figure 6.Average luminance of microvessel and amyloid deposits during fluorescence cryomicroscopy. The normalized luminescence of the collective
vessels was measured every 30 min over 3 h of cryomicroscopy, for each of the four conditions, using (A) the DsRed filter for the red fluorescence
(collagen IV) stained blood vessels (Supporting Figure S5) and (B) the GFP filter for the green fluorescence (thioflavin-S) stained amyloid deposits
(Supporting Figure S6).
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(no purge and no ice frame). The measured luminance then
showed a drop at every 30 min interval, eventually reaching as
low as 0.31 after 3 h. Condition 2 (purge and no ice frame) fared
similarly, with the normalized luminance increasing marginally
above 1.00 in early times and dropping down to only 0.48 after 3
h. We attribute lower initial luminance measure for condition 2
to the increased window temperature in the presence of a
nitrogen flow, which seemed to remove the boost in
luminescence achieved in condition 1. In contrast, the windows
with ice frames performed substantially better, with a
normalized luminance of 0.72 (condition 3, purge and ice
frame) or 0.96 (condition 4, no purge and ice frame) after 3 h.
However, the measured luminance for condition 3 experienced a
steep decline at the starting (0 h) and 2 h timestamps before
increasing in the succeeding intervals. Condition 3 was the last
condition tested; it is possible that the fluctuations in
luminescence are due to sample degradation after several days
of repeated testing. The results were qualitatively similar for the
GFP filter, except that in this case the luminescence for
conditions 1 and 4 saw a significantly larger increase in their
initial luminance measure at cryogenic temperatures, reaching
1.33 and 1.47, respectively. Cumulatively, these results indicated
that a nitrogen purge diminished the fidelity of fluorescence
cryomicroscopy, whereas the ice frame largely preserved the
image quality even after 3 h of time.
Our results showed that immediately upon cooling down the

biological sample to cryogenic temperatures, the measured
luminance of the fluorescent tags attached to microvessels
increased. This is consistent with what has been previously
reported in fluorescent dyes and immunohistochemistry
staining when held at cold temperatures.4,5,35−37 In addition,
mammalian cells have been noted to experience autofluor-
escence when held at cryogenic temperatures,38,39 which may
also contribute to heightened luminance. It is also worth noting
that the luminescence yielded from the different immunohis-
tochemistry staining was different at cryogenic temperatures, as
thioflavin-S (green fluorescence) had higher luminance values
than collagen IV (red fluorescence).
The initial increase in the luminance is believed to have

contributed to their fluorescence images retaining their visibility
longer than the bright-field images. After 3 h, the measured
luminance was consistently highest for cases without the purge
and with the ice frame for all microvessels. Without the presence
of a convective flux from nitrogen purge, the sample is notably
colder. This suggests an inverse relationship between temper-
ature and luminance of the thioflavin-S and collagen IV. As time
progressed, the calculated luminance decreased for every test
case; however, the cases without the hygroscopic ice frame saw
the greatest reduction in visibility of the stained microvessels.

■ DISCUSSION
In conclusion, we have shown that simply adding an ice frame to
a silicon nitride window can significantly suppress frost growth
for enhanced cryomicroscopy. While the dry zones encompass-
ing the ice frame did not extend across the entire window, they
depleted the concentration of water vapor such that the
nucleation density of frost crystals was very low. Taking the
fluorescence imaging of rat brain vessels as a prototypical
example, the ice frame enhanced the vessel’s luminescence by a
factor of 6 compared to the conventional measure of a nitrogen
purge. These results indicate that using a hygroscopic ice frame
can substantially improve the clarity of cryomicroscopy while
also being simpler than existing frost-fighting techniques.

Our results show that the ice frame performs well within an
environment, mostly at atmospheric pressure, where the
Brownian motion of the water vapor is expected to be primarily
diffusive.40 However, it is doubtful that these positive results
would completely translate to systems where the vapor transport
is ballistic, for example, within a vacuum environment.41 Within
a ballistic environment, the efficiency of the ice frame should
decline due to reduction in the lateral motion of the water vapor
molecules. It is suspected that the ice frame should still provide a
notable degree of protection, but to what extent will need to be
quantified through further testing.
Moving forward, it would be fruitful to develop a more

continuous ice frame, that is, where water is wicked uniformly as
opposed to deposited as discrete droplets. This would help
boost the overall cumulative effect of the frame. Our decision to
use droplets for this experiment was partially compelled due to
the wettability of the frame, as untreated silicon nitride is fairly
hydrophobic, making it difficult for the water to uniformly
spread. But more so than that, droplets allow for the volume and
height of the ice frame, relative to the sample on the window, to
be independently varied to optimize the dryness of the sample.
As evidenced by the work of Nath et al. 201821 and Ahmadi et al.
2018,18 the overall height and volume of the frame contribute to
its efficacy in collecting frost.
Before our ice frame concept can be practically applied, we

encourage future research to systematically vary the dimensions
of the ice frame, window frame, and interior window. As the
silicon nitride window gets larger, we suspect that the increased
area will make it increasingly more difficult for the ice frame to
keep the sample dry. However, for the cryostage, the ice frame
should still help deplete the water vapor in its sample chamber
environment, as that volume remains fixed.

■ MATERIALS AND METHODS
Fabrication of Hygroscopic Silicon Nitride Windows.

In this study, the sample substrate used for testing was a 5 mm ×
5 mm silicon nitride window (Norcada/NX5200F, Alberta,
Canada). Metal transmission electron microscopy (TEM) grids
are typically chosen for cryoelectron microscopy (Cryo-EM)
studies due to their robustness and thermal conductivity. Thin
films, such as Kapton and especially Ultralene, offer high signal
transmission, purity, and are frequently used as experimental
surfaces for X-ray studies. For cryo-X-ray fluorescence
microscopy, the frame of the silicon nitride window acts as a
thermal conducting surface that can support the low temper-
atures for a frozen specimen,42,43 with the additional benefit of
its nitride membrane being an X-ray transparent, nonmetal
support to avoid conflicting with the elemental detection of
metals within the sample,44,45 which would be an issue for TEM
grids. Prior to testing, the silicon nitride windows were cleaned
with oxygen plasma, with a mask placed over the central portion
of the window where the supporting silicon was etched away.
This created a nanoscale layer of hydrophilic silicon oxide
(SiO2) around the silicon-supported perimeter of the silicon
nitride window.46−48 This hydrophilic perimeter was then
rendered hygroscopic by depositing eight 1.25 μL droplets of
deionized water (four droplets on the corners and four between
the corners) and freezing them into ice on the cryostage.
Operating the Cryostage. The silicon frame of the silicon

nitride window was adhered, via epoxy, to one side of an
aluminum holder and positioned so the silicon nitride
membrane holding the sample (2 mm × 2 mm) fitted directly
over the aperture of the holder. The window holder assembly
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was then cantilevered, with the window-side facing up, over the
cooling block located within a custom cryogenic stage. The
aluminum sample holder offsets the silicon nitride window from
the cooling block, so that light avoids any background obstacles
along its path as it transmits through the transparent silicon
nitride membrane (Supporting Figures S7 and S8). The sample
holder also serves as a conduit for thermal conduction between
the block and the sample window.
The cryogenic stage was connected to a stage controller, a

liquid nitrogen (LN2) pump, a water pump, and a liquid
nitrogen dewar. For the experiments that utilized a hygroscopic
frame, the top cryostage window was then removed to deposit
the eight droplets of deionized (DI) water along the hydrophilic,
nontransparent perimeter of the silicon nitride window. The
cryostage windowwas then replaced, sealing the instrument, and
the temperature of the cooling block was lowered to a few
degrees below −273.15 K to freeze the droplets. Subsequently,
the cooling block was chilled down to liquid nitrogen levels
(77.15 K), the temperature level needed for cryomicroscopy.
For a subset of the experiments, as the cooling block
temperature dropped, nitrogen gas was circulated within the
sample environment of the stage at a rate of 1.5 SCFH to reduce
the humidity and purge most of the pre-existing condensable
gases located within the stage chamber. The cryogenic stage was
then placed under the optical microscope, and the silicon nitride
window was brought into focus and white-balanced. The initial
photos, once the cooling block of the cryogenic stage reached
liquid nitrogen temperatures, were recognized as time zero (t = 0
min) for the experiments. Bright-field and/or fluorescence
microscopy was then performed over a 3 h period for each
sample as frost gradually accumulated on the window. The
cryostage was then warmed back up to room temperature once
testing was complete to allow the sample to dry.
Illuminated Dot Feature Array. For the first set of

experiments, a small cutout of translucent film paper
(Displays2go/LEDPPR8514, Fall River, MA) was glued to the
reverse side of the silicon frame, opposite the silicon nitride
window. This particular film paper was used because the way it
diffused light on its reflecting surface appeared more Lambertian
rather than specular, meaning it demonstrated a uniform
luminance. The paper had an array of black dots (dia. ∼500
μm) printed on it, such that the features could be viewed
through the transparent silicon nitride membrane (Supporting
Figure S7). Before each test, while initially holding the stage at
room temperature, a photo of the dot feature array and silicon
nitride membrane was taken using the 5×/0.16 NA objective.
Once the sample holder reached cryogenic levels, subsequent
images of the dot array were taken over time as frost gradually
accumulated on the silicon nitride window. Four different
combinations of experimental conditions were tested: (1)
nitrogen purge and no ice frame, (2) no purge and no ice frame,
(3) no purge with an ice frame, and (4) purge with an ice frame.
Cryoimaging was performed using each of the four experimental
conditions.
The clarity of the dot array photos was obtained by taking

ratios of the grayscale intensity of the dots versus the
background at room temperature. A custom, intensity
measuring computer program converted all of the photos
taken from the black dot feature array test to grayscale over time
(Supporting Figure S2 and the Supporting Materials). The
grayscale conversion was used because any deposit of frost on
the dots would cause the feature to lighten in hue.

Ice FrameDry ZoneMeasurements.During the course of
testing the dot array conditions with a hygroscopic ice frame, a
mosaic image was created of the entire window under epi-
illumination bright-field imaging using the 20×/0.80 NA
objective. In those images, the ice frame is kept in focus so
that the frozen droplets that comprise it and their encircling dry
zones can be viewed. By employing the Jahn5s/measuretool
function within MATLAB, the thickness of the dry zones could
be estimated by measuring the distance from the frozen ice
perimeter to the dry zone’s boundary.49

Biological Specimen: Isolated Blood Vessels from rTg-
DI Rats. In the second set of experiments, a biological specimen
was imaged in place of the dot array. The biological specimen
consisted of isolated cerebral blood vessels isolated from a
transgenic rat model of cerebral amyloid angiopathy.28 The
blood vessels were tens of microns in length and a fewmicrons in
width and were isolated from the brains of 9 month old rTg-DI
rats, as previously described.50

The isolated microvessels were deposited and dried onto the
silicon nitride substrate and stained green with thioflavin-S
(0.0125% in ethanol and phosphate-buffered saline) to visualize
amyloid aggregates within the microvessels. A volume of 3 μL of
the thioflavin-S was added to the isolated microvessels and
incubated for 5 min. The stain was washed off using 70%
ethanol. Immunohistochemistry staining was implemented to
stain themicrovessels red using rabbit polyclonal anticollagen IV
primary antibodies (1:100) and incubated for 6 h. The samples
were washed using phosphate-buffered saline (PBS) 3 times.
Finally, the Alexa Fluor secondary antibody conjugates (1:1000)
were added and incubated at room temperature for 3 h and
washed 3 times using PBS to observe the microvessels.
After the biological specimen was prepared on the silicon

nitride window, it was placed into the cryostage and cryoimaging
was performed in the same manner as described above. The
same three microvessels were identified and evaluated over a 3 h
period for each of the four different sets of experimental
conditions. The images of the microvessels were taken in 30 min
intervals using four different optical microscopy illumination
techniques: epi-illumination bright-field, transmission bright-
field, and filtered dark-field illumination using settings for red
(DsRed) and green (GFP). The DsRed fluorescent filter
highlighted the immunostained (red) blood vessels, while the
GFP fluorescent filter was used to illuminate the (green)
amyloid deposits attached to them. All sets of images were taken
at 50×/0.60 NA objective, with an accompanying 20×/0.40 NA
mosaic of the entire membrane substrate taken at room
temperature and each hour of cryogenic testing until
completion.
To quantify the changes in clarity of the biological sample, a

light measuring code was developed to convert the dark-field
fluorescence images from their initial RGB color space to the
CIELAB color space (Supporting Figure S9 and the Supporting
Materials). The CIELAB color space is a three-dimensional
space that includes luminance as one of its metrics.51 The code
averaged the luminance of the color images of the vessels after
segmenting them out from the imported CIELAB image.
Knowing the fluorescent tags can only attach themselves to the
vessels, segmentation was accomplished using machine learning,
via K-means clustering, to create two data clusters, one that
represented the illuminated vessel and the other for background
pixels. The average luminance measured was tabulated and used
to monitor changes in the biological sample visibility.
Evaluations were made from the average intensities as to the
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performance of each experimental condition52 over time. Similar
approaches have been documented by other researchers.53
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