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Novel microchip for in situ TEM imaging of living organisms and
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A novel and disposable microchip (K-kit) with SiO, nano-membranes was developed and used as
a specimen kit for in situ imaging of living organisms in an aqueous condition using transmission
electron microscopy (TEM) without equipment modification. This K-kit enabled the successful
TEM observation of living Escherichia coli cells and the tellurite reduction process in Klebsiella
pneumoniae. The K. pneumoniae and Saccharomyces cerevisiae can stay alive in K-kit after
continuous TEM imaging for up to 14 s and 42 s, respectively. Besides, different tellurite reduction

profiles in cells grown in aerobic and anaerobic environments can be clearly revealed. These results
demonstrate that the K-kit developed in this paper can be useful for observing living organisms

and monitoring biological processes in situ.

Introduction

Cellular ultrastructures’™ are most commonly examined using
transmission electron microscopy (TEM). Although TEM can
achieve atomic scale resolution, specimens for TEM observation
must be either dry*® or frozen® due to TEM’s high-vacuum
operation requirements. Dehydration often causes structural
distortion of the sample, and many biological processes cannot
be monitored in real time in TEM studies.

Previous studies have attempted to develop environmental
TEM for observing wet samples."™* Heide first introduced
a specimen chamber (Elmiskop I) to replace conventional
TEM sample holders for biological applications.” Parsons
further modified the specimen chamber by controlling the
pressure of various gas and water vapors around the specimen
to successfully produce a TEM image of a living human
leukocyte.”® Similar approaches were also applied to observe
liquid-solid polymerization reactions™ and electrochemical
metal deposition.’>*” The similar concept has been successfully
developed for imaging liquids, cells, and other wet samples in the
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scanning electron microscopy by Thiberge et al.'®'* However, it
is desirable to develop a disposable specimen kit that can fit in
standard TEM sample holders without modification, making
high resolution in situ imaging of living cells or samples in
aqueous solution a powerful tool for many researchers.

To provide an alternative way for living cell imaging in
TEM other than environmental TEM that has advantages of
controlling various gas and water vapors of specimens, we
developed a novel and disposable microchip that functions as
a specimen kit, with the advantages of being able to fit into
commercially-available TEM and avoiding the contamination
of samples of the TEM holder or between samples. This mi-
crochip is equipped with SiO, nano-membranes that seal living
organisms in aqueous condition and shield the subject from
the TEM vacuum environment using microelectromechanical
system (MEMS) techniques. Using prokaryotic cells such as Es-
cherichia coli (E. coli) IM109 [pmrk ABCD,; F]**?' and Klebsiella
pneumoniae (K. pneumoniae) CG43S3,2* and eukaryotic cells
like yeast Saccharomyces cerevisiae (S. cerevisiaec) AH109%* as
examples, we demonstrated in this study the feasibility of this
microchip for living organism observation and biological process
in situ monitoring.

The reasons that we use K. pneumoniae, E. coli, and S.
cerevisiae as examples in this study are as follows. K. preumoniae
is a ubiquitous bacterium causing many infection in immuno-
compromised individuals who are hospitalized.?**” Heavy metals
at specific concentrations form complex compounds to cause a
toxic effect in the bacteria, although many genes of bacteria
will be involved in maintaining homeostasis of the heavy-metal
ion. For example, tellurium compounds have been used as
antimicrobial and therapeutic agents.® However, an E. coli
terZABCDE homolog was observed in the large virulence
plasmid pLVPK of K. prneumoniae CG43S3 and was responsible
for tellurite resistance.”»*»* S. cerevisiae®® or baker’s yeast is the
simplest eukaryote and an important model organism.
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Experimental
Microchip fabrication

The microchip consists of two substrates with two aligned
SiO, nano-membranes as an observation window that can be
penetrated by an electron beam. We used SiO, membranes as
thin as possible in order to decrease electron scattering by SiO,
membranes. However, the thickness of SiO, membrane is limited
by the Sito SiO, etching selectivity (about 520 + 78), SiO, etching
rate (about 0.9 £ 0.1 nm min™ at 65 °C) tetracthylammonium
hydroxide (TMAH; 20% in H,0)**? etchant, and especially
SizNy to SiO, selectivity (30 £ 4.5) phosphoric acid (H,POs;
65% in H,0) etchant at 90 °C.

Based on above design and process optimization, the fabri-
cation of 9 nm of SiO, membrane is feasible via wet-etching
process. First, each substrate is composed of a double-side-
polished silicon with 9 nm-thick SiO, membranes formed by
thermal oxidation from O, at 900 °C. Following that, 1500 nm-
thick Si;N, films were deposited as mask layers on the SiO,
membranes (Fig. 1a) by low pressure chemical vapor deposition
from SiH,Cl,/NH; at 850 °C. On one side of the substrate,
Si;N, layer and SiO, membranes were coated with photoresist
(PR) and patterned to form a 850 um 850 pum square by

1.3 mm

beam

150 pm
| [

photolithography (Fig. 1b) and reactive ion etching (RIE)
processes to expose a portion of silicon (Fig. 1c), followed by
PR stripping (Fig. 1d). Subsequently, the exposed silicon was
etched with a TMAH solution at 65 °C. Residual Si;N, film was
then removed by hot H,PO; solution at 90 °C for about 3 min
to form a (150 £ 10) um X (150 = 10) pm observation window
composed of 9 nm-thick SiO, (Fig. 1e). Two substrates were then
stacked face-to-face by aligning their observation windows and
bonded together by epoxy resins with high viscosity (10000 cps/
25 °C), which was applied carefully onto the corners of the
substrate to prevent it from contaminating the viewing window
(Fig. 1f).

This special microchip is named as K-kit for its cross-section
view looks like two “K”s stacked together back-to-back, as
shown in Fig. 1f. The substrates were originally diced to form
pieces 2.8 mm x 2.8 mm before the wet etching by TMAH, while
the substrates shrank to about 1.3 mm x 1.3 mm (i.e., a diagonal
dimension of about 1.8 mm) after etching. The K-kit was then
applied with appropriate amount of epoxy resins on the corners
carefully and adhered onto copper grid which was previously cut
in the center to form a hole with a diameter of about 1.8 mm.
The K-kit adhered to copper grid then could be loaded onto the
commonly-used TEM sample holder.

windows

. Living
organisms

Fig.1 Cross-section schematics of the process flow for fabricating a K-kit, (a) SiO, membrane and Si; N, layer deposition on Si, (b) PR coating and
patterning, (c) SiO, and Si;N, etching by RIE, (d) PR stripping, (e) Si etching and Si; N, stripping, (f) two substrates stacked face-to-face, (g) living
organisms filling the specimen, (h) a final 3D schematic of the K-kit, with the cross-section view along s—s depicted in (g), and (i) the OM image of
the top view of a K-kit with Si-cave and SiO, nano-membrane (observation window). There are 115 K-kits fabricated in total (n = 115).
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The epoxy resins composed of epoxy and polyamine agents
applied with 1 um polystyrene beads (Polysciences Inc.). The
volume of epoxy resins normally expanded after polymerization,
which could result in the formation of a 2-5 um gap between
the two substrates. The 2-5 um gap was fabricated considering
the size of E. coli and K. pneumoniae cells, which were about
0.5-1 um in height. The increase of gap height may degrade the
TEM resolution because of increased electron scattering. The
curing time of epoxy resin is about 10 min for its polymerization
at room temperature. Epoxy resin was also applied to the edge
of both substrates after the gap was filled with the bacterial
suspension (Fig. 1g).

Compared to the attempts made by Thiberge et al.'®** using
an apparatus for imaging liquids, cells, and other wet samples
in SEM, the similarities between Thiberge’s work and this work
are that both used thin membrane to enclose and protect the
aqueous samples from the vacuum environment. Besides, the
polyimide membranes used by Thiberge et al. and the silicon
oxide (SiO,) membranes used in this work were all thin enough
for energetic electrons to pass through for imaging.

However, there are differences between the work reported by
Thiberge et al. and this work. Thiberge et al. used an organic
polyimide membrane of 145 nm in thickness on top as a viewing
window, o-rings as a sealing material to against external pressure,
and two stainless steel pieces as substrates in their apparatus
for SEM imaging, whereas we used two inorganic 9 nm-thick
SiO, membranes with one on top and the other at bottom as
the viewing window, epoxy resin as a sealing material, and Si
substrates in our K-kit for TEM imaging.

Preparation of bacteria stained with fluorescent dye
and negative dye

Both E. coli IM109 [pmrkABCD,;F]***! cells supplemented with
Ampicillin (100 ug ml™) and K. preumoniae CG43S3% cells
were grown in Luria-Bertani (LB) broth at 37 °C till mid-
exponential phase. S. cerevisiae AH109* were grown in YPD
medium (1% yeast extract, 2% peptone, 2% glucose) at 30 °C
for 48 h. The cells’ viability was determined by staining with the
LIVE/DEAD® Baclight™ Bacterial Viability Kit (Invitrogen
Carlsbad)*** for 15 min. The living bacteria fluoresce green,
whereas dead bacteria fluoresce red. Besides, the bacteria may
fluoresce yellow or orange when green and red fluorescent dyes
both exist in bacteria. The yellow or orange bacteria were
considered as dead cells as the red-fluorescent propidium iodide
only enters dead bacteria with damaged cell membranes.

Negative staining for TEM imaging was achieved by incubat-
ing with sodium phosphotungstate (PTA; 2% w/v in DI water)
for 5s. Based on our own measurement, the minimum inhibitory
concentration of PTA to E. coli was approximately 12 mg ml™".
No detectable toxicity to E. coli cells was noted at 2% w/v PTA
(~0.02 mg ml™).

Transmission electron microscopy (TEM) and fluorescence
microscopy

The TEM imaging in this work was conducted using a JEOL
JEM-2010 (200 KeV, Labg). Each image was captured with a
minimum exposure operation®® (current density = 30 pA cm™
or 1.8 x 10 electrons nm™ s, exposure time = 2.8 s).

Tellurium was characterized by field emission TEM (JEM-2100
F, 200 KeV) equipped with an ISIS 300 energy dispersive X-ray
spectrometer (EDS). The examination of living or dead cells
was carried out using an epi-fluorescence microscope (BXSI,
Olympus).

Results and discussion
TEM specimen kit (K-kit) design and fabrication

Fig. la—g show the fabrication process using MEMS techniques
for the 1.3 mm x 1.3 mm K-kit with a (150 £ 10) um X
(150 £ 10) um electron-transparent SiO, nano-membrane as
an observation window. This K-kit was designed and developed
to fit commonly-used TEM without equipment modification.
Bacterial suspension was allowed to fill the space between
the two SiO, nano-membranes and sealed with epoxy resins
(Fig. 1h). The space height is about 2-5 pum, controlled by
using 1 um polystyrene beads (mixed in the epoxy resins) as
a spacer. The image in Fig. 1i was taken by optical microscope,
and showed a top view of the K-kit with a Si-cave and SiO,
nano-membrane (observation window).

Viability of bacterial cells sealed in the K-kit

The first step in this study was to examine the survival ratio of
bacterial cells sealed in the K-kit. K. pneumoniae CG43S3 cells in
mid-log phase were stained with the LIVE/DEAD® Baclight™
Bacterial Viability Kit, immersed in LB, and sealed in the K-kit
(Fig. 2a—) for different time periods. The results for sealed
cells were compared with those of unsealed cells (Fig. 2d-f).
The bacterial survival ratio in the sealed K-kit was about 95%

g 100

20} —&— un-sealed sample
—#— sealed sample

0 10 20 30 40 50
Time (h)

Fig.2 Viability of K. pneumoniae CG43S3 cells in K-kits. The bacteria
were stained with the LIVE/DEAD® Baclight™ bacterial viability kit
and then loaded into the K-kit. Fluorescence images of K. pneumoniae
in the sealed (a)-(c) and unsealed (d)—(f) K-kits, were taken sequentially
at 30 min, 24 h and 48 h, respectively. The bacterial survival versus time
ratios for both sealed and unsealed samples are plotted (g). The mean
numbers of cells in sealed and unsealed conditions are 127 and 112,
respectively. Experiments were repeated for five different samples for
each data point (n = 5).

Survival ratio (%)
& 8
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after 30 min and gradually decreased to 47% at 48 h, whereas
the values of unsealed samples were 99% and 51%, respectively
(Fig. 2g). Experiments were repeated for five different samples
at each data point (n = 5). Most of the subsequent studies
were performed within 12 h after sealing to ensure that bacteria
viability exceeded 80% before TEM imaging.

Viability of bacterial cells after TEM imaging

The viability of bacterial cells after TEM imaging was tested
to check the limitation of using K-kit for the living cell
observation in TEM. E. coli JM109 cells were pre-stained with
the LIVE/DEAD® Kit, then negatively stained with PTA and
sealed in K-kits. Prior to TEM exposure, most of the E. coli
cells showed green fluorescence, indicating that they were still
alive (Fig. 3a). After TEM imaging with minimum exposure
operation (current density = 30 pA cm™, exposure time = 2.8 s)
at 200 KeV electron beam (Fig. 3b), the E. coli cells remained
viable and continued to emit green fluorescence (Fig. 3c). Similar
results were obtained from ten different TEM samples (n = 10).

Fig. 3 Viability of E. coli IM 109 cells in K-kits. (a) Fluorescent images
before TEM exposure, (b) TEM image taken from the boxed area
indicated in (a) at 200 KeV for 2.8 s, and (c) fluorescent images after
TEM exposure. Experiments were repeated for ten different samples
(n = 10).

Similar experiments were applied to K. pneumoniae CG43S3,
which was also used for subsequent tellurite reduction ex-
periments, and yeast S. cerevisiae AH109. The fluorescence
image (Fig. 4a—4d) reveals that K. pneumoniae CG43S3 and
S. cerevisiae cells were all alive before electron beam exposure.
Several cells at different locations (= 10 um apart, much greater
than the 3 pm diameter of the electron beam) in the same kit were
then exposed to a 200 KeV electron beam for various durations
at a low current density (~30 pA cm™). Most of the treated
K. pneumoniae and S. cerevisiae cells could stay alive after the
continuous electron beam exposure for up to 14 s and 42 s,
respectively (Fig. 4e). The same K. pneumoniae results as above
were obtained for four different TEM samples (n = 4) (see the
ESI: Fig. S1).

Besides, the fluorescence images of K. pneumoniae cells under
accumulated electron beam exposure revealed that bacteria
could stay alive up to 19.6 s. The interval between each electron
beam exposure (2.8 s) was 10 min (see the ESI: Fig. S2).

In situ TEM observation of tellurite reduction by K. pneumoniae

Characterization of tellurite-nanopartical reduction in K. pneu-
moniae using TEM. The K-kit was then used to monitor tellu-
rite reduction by K. pnuemoniae in situ. K. pnuemoniae CG43S3
cells were immersed in LB containing K,TeO; (40 pg ml™) in
deionized water for 4 h, and then loaded into the specimen
kit. This sample was dried for TEM imaging (Fig. 5a). Energy
dispersive X-ray spectrometer (EDS) mapping in boxed area
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Fig. 4 Fluorescence images of the K. pneumoniae CG43S3 (a) pre-
and (b) post-continuous TEM (200 KeV) electron beam exposure for
different durations, and those of S. cerevisiae in (c) and (d), respectively.
(e) The plot shows the viability of K. pneumoniae CG43S3 (square) and
S. cerevisiae cells (triangle) versus electron beam exposure time.

A in Fig. 5a indicates the presence of tellurium (Te) in K
pneumoniae cells (Fig. 5b). A dark-field TEM image (Fig. 5c)

Fig. 5 Verification of the presence of Te in K. pneumoniae CG43S3.
(a) TEM images of a K. pnuemoniae cell incubated in a K,TeO; solution
for 4 h, (b) EDS mapping of tellurium in boxed area A as indicated in (a),
(c) dark-field image diffracted from Te {301} planes (4{301} = 1.25 A),
(d) lattice-image of microcrystalline Te nanoparticles, taken from the
boxed area B as indicated in (a). Each analysis was repeated with three
different samples (n = 3).
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also shows that Te grains of 18 nm in diameter formed on the
{301} plane based on the 0.125 nm lattice-spacing according
to Joint Committee on Powder Diffraction Standards (JCPDS)
card number 36-1452 and the calculation from diffraction ring
(inset, Fig. 5¢) by the Bragg equation, d = AL/R. Here, d, A,
L and R represent lattice-spacing, electron beam wavelength,
TEM camera length and ring radius on the photographic film,
respectively. The microcrystalline Te nanoparticles appearing in
the boxed area-B in Fig. 5a were further identified by the high-
resolution TEM lattice-image (Fig. 5d).*” This two-dimensional
lattice image represents the array of Te atoms in tellurium crystal
formed by the K. pneumoniae cells.

In situ imaging of tellurite reduction in K. pneumoniae by
TEM. This study also conducted in situ monitoring of the
tellurite reduction using the same living K. preumoniae CG43S3
cells. TEM images were taken sequentially on the same cell at
minimum exposure operation® (current density = 30 pA cm™,
exposure time = 2.8 s) after the cell was sealed in the kit for
45 min (Fig. 6a), 50 min (Fig. 6b), 2.5 h (Fig. 6¢), and 12.5 h
(Fig. 6d), with the accumulated time of electron beam exposure
less than 19.6 s to ensure the K. pneumoniae CG43S3 cells
remained alive. Bubble-like vesicles occasionally appeared in
sealed samples during TEM imaging, and were hard to remove
as the kits were sealed against vacuum. This phenomenon
was also observed previously in wet sample observation using
environmental TEM."® For comparison, K. pneumoniae cells
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Te particle density (pm

=]

grown aerobically in the glass tube containing Luria-Bertani
mixed K, TeO; (40 ug ml™) were used as controlled samples. They
were applied on Formvar/carbon copper grids for TEM imaging
after they had grown for 45 min, 50 min, 2.5 h, and 12.5 h,
respectively, with the results shown in Fig. 6e-h, respectively. The
quantifications of Te-particle density and Te-particle size versus
incubation time of K. pneumoniae in K, TeO; are given in Fig. 61
and j, respectively, according to the TEM images (Fig. 6a—h).

It can be observed that the density of Te nanoparticles
formed by K. pneumoniae within the K-kit (sealed samples)
was lower than that in the controlled samples (Fig. 6i), while
the particle size was larger for the same incubation duration
(Figs. 6j). The density of Te nanoparticles for both sealed and
controlled samples initially increased with time for 50 min then
decreased, possibly due to particle fusion. The Te-particle size
initially increased with mixing time and then saturated after
50 min for controlled samples, while kept increasing for sealed
samples. At 12.5 h the grain size grew to 160 nm for the sealed
samples.

The different morphologies of Te nanoparticles between
sealed and controlled samples might be due to the lower tellurite
reduction activity of K. pneumoniae in an anaerobic environ-
ment. This in turn led to the formation of more localized and
fewer Te nanoparticles than those of the K. pneumoniae grown
in aerobic environments. These similar results were obtained
for three different samples (z = 3). However, the mechanisms
causing this distinction are worthy of further investigation.
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Fig. 6 In situ monitoring of tellurite reduction in K. pneumoniae CG43S3. The bacterial cells were incubated in LB containing K,TeO;. TEM images
of the same K. pneumoniae cell after tellurite reduction for (a) 45 min, (b) 50 min, (c) 2.5 h, and (d) 12.5 h in the sealed K-kit. Vesicles (assumed to be
gas bubbles) appeared during TEM imaging. TEM images of K. pneumoniae cells grown aerobically in the glass tube containing Luria-Bertani mixed
K,TeO; (40 pg ml™) as controlled samples, which were applied on Formvar/carbon copper grids for TEM imaging after their tellurite reduction
for (e) 45 min, (f) 50 min, (g) 2.5 h, and (h) 12.5 h, respectively. Each image was exposed under a TEM electron beam for 2.8 s. Similar results
were obtained for from three different samples for (a—d), n = 3, and four different samples for (e-h), n = 4. The plots of (i) Te-particle density and
(j) Te-particle size versus incubation time of K. pneumoniae in K,TeO; solution according to TEM images (Fig. 6a-h).
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The comparisons between above TEM observation with
previous works are discussed as following. In 1962, Heide' first
imaged the water droplets of 0.5 um in diameter using 400 nm
SiO-film as a viewing window in TEM. Then Parsons' utilized
carbon-Formvar film as viewing window to obtain a TEM image
of 0.3 um x 1 um Coliform bacteria immersed in water in 1974. In
2003, Williamson' observed 5 nm Cu grains in electrolyte with
in situ TEM. However, we can observe the living 0.5 um x 1 pm
K. pnenumoniae cells and 1 um x 2 um E. coli cells immersed
in the solution (LB). Besides, the minimum 40 nm Te particles
in K. pnenumoniae cells were also observed in this work, where
the relatively lower resolution was mostly due to the fact that Te
was in the bacterial cells which increased the electron scattering

Conclusions

This paper describes the development of a disposable and simple
to use microchip that functions as a SiO, nano-membrane
specimen kit (K-kit) for TEM imaging of living cells in situ in
aqueous condition. The 1.3 mm x 1.3 mm K-kit fits perfectly on
most TEM models without equipment modification. The TEM
imaging of living cells was achieved with the use of the K-kit, and
the K. pneumoniae and yeast S. cerevisiae cells could stay alive
after being continuously exposed to a 200 KeV electron beam
for up to 14 s and 42 s, respectively, at a low current density
(~30 pA cm™ or 1.8 x 107 electrons nm= s™'). Most importantly,
the kit allows in situ monitoring of a biological process, namely
tellurite reduction in K. pneumoniae, by TEM. Different tellurite
reduction profiles in cells grown in aerobic and anaerobic
environments were observed. The minimum 40 nm Te particles
formed in K. pneumoniae can be observed using the K-kit. The
electron scattering by the micro-scale cells is more significant
than 9 nm-thick SiO, in this work, so that the resolution is limited
by the size of the cells. The thinnest feasible thickness of SiO,
membrane is determined by the Si to SiO, etching selectivity,
SiO, etching rate, and especially the Si;N, to SiO, selectivity of
the wet-etching process. Although the increase of SiO, thickness
may enhance the strength of the SiO, membrane to allow larger
viewing window, it may also degrade the resolution on TEM
imaging of E. coli due to more electron scattering by SiO,.

To improve the viability of cells, it is suggested to grow bacteria
directly on the SiO, membrane in suspension to reduce other
preparation process unfavorable to cells before TEM imaging.
If a more sensitive charge coupled device (CCD) is used to
capture TEM images under lower current and shorter exposure
time, or more space can be created inside the K-kit to maintain
abundant nutrition, the viability of cells can be improved. The
development of quantitatively controlling the liquid content in
the K-kit is required to reduce the electron scattering and then
improve the resolution. However, the K-kit exhibits potentially
useful application for the study of magnetic material not allowed
to be directly exposed to electron beam in TEM, and the in
situ monitoring and observation of biological, chemical, and
physical reaction in aqueous condition.
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