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ABSTRACT: Transmission electron microscopy (TEM) of
hygroscopic, permeable, and electron-absorbing biological
cells has been an important challenge due to the volumetric
shrinkage, electrostatic charging, and structural degradation
of cells under high vacuum and fixed electron beam.1-3 Here
we show that bacterial cells can be encased within a graphenic
chamber to preserve their dimensional and topological char-
acteristics under high vacuum (10-5 Torr) and beam current
(150 A/cm2). The strongly repelling π clouds in the interstitial sites of graphene’s lattice4 reduces the graphene-encased-cell’s
permeability5 from 7.6-20 nm/s to 0 nm/s. The C-C bond flexibility5,6 enables conformal encasement of cells. Additionally,
graphene’s high Young’s modulus6,7 retains cell’s structural integrity under TEM conditions, while its high electrical8 and thermal
conductivity9 significantly abates electrostatic charging.We envision that the graphenic encasement approach will facilitate real-time
TEM imaging of fluidic samples and potentially biochemical activity.
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For the last 80 years, TEM imaging has been a key component
in the evolution of science and technology.1,2 Currently,

there are two common routes to conduct room-temperature
TEM imaging of wet cells:1-3 (1) Environmental TEMs
(ETEMs), where cells are imaged at low vacuum (∼1 Torr),
thereby reducing the pressure drop between the intracellular and
extracellular regions of the cell;10-16 (2) microfluidic TEM
where thin, impermeable, and electron transparent chambers
are fabricated lithographically and the cells are trapped within
it.17-20 While, ETEM has shown tremendous promise in native
cell imaging, the low vacuum is high enough to shrink the cells.1,2

On the other hand, the microfluidic encasement achieves wet-
phase imaging even with a regular TEM. However, the technique
requires extensive lithography, and does not provide a conduc-
tive sink to reduce charging.1,20 Alternatively, cryogenic solid-
phase TEM imaging of biological cells has received great atten-
tion due to its ease of use;1,2 here, the sample is frozen/solidified
and therefore retains its volatile content. However, this technique
does not allow “liquid-phase” imaging.

A solution to the above-mentioned challenge is to confine the
cells within an easy-to-apply impermeable and electron-trans-
parent encasement, which retains the cellular water content while
enabling TEM imaging. This work shows that few-atoms-thick
graphenic sheets have a unique combination of properties
(mentioned above and more), making it an ideal candidate for
cellular encasement for TEM imaging. The following properties
of graphenic sheets are leveraged: (a) impermeability,5,21 the
close-packing of carbon atoms in graphene leaves ultrasmall
interstitial space with high π-electron density restricting the
passage of even the small atoms, such as helium; (b) high

electron transparency,22 high-momentum electrons can transmit
through monolayer or multilayer (1-10 nm) graphene, which
enables facile TEM imaging; (c) flexibility6,7 (which enables
graphene to be rolled into carbon nanotubes) allows the sheets to
conformally wrap the cells or other macroscale particles; (d)
mechanical strength,5,23 graphene’s high yield strength enables it
to sustain the high-pressure differences, similar to that between
the intracellular region and external vacuum of a TEM; (e) high
electrical conductivity,8,22 the mobile π electrons of graphene
significantly reduce the electrostatic charge buildup under elec-
tron microscopy (EM); (f) high thermal conductance,9,22 gra-
phene’s high phonon conductivity dissipates the heat generated
from electron bombardment. Clearly, this unique combination of
properties makes graphene an ideal nanomaterial for wet-phase
imaging under TEM, while preserving intracellular volatile con-
tent of the cell under high vacuum.

This paper demonstrates that protein-functionalized graphene
(PFG) can specifically wrap bacteria, thus completely encasing
them. The wrapping subsequently facilitates their effective wet-
phase TEM imaging. This technique is shown for Gram-positive
bacteria, Bacillus subtilis. These bacteria have about 70% water
content (volumetric) with a cell wall thickness of 16-30 nm24

and were kept unstained (see Supporting Information). Briefly,
an aqueous suspension of graphene oxide (GO) sheets with area
between 20 and 600 μm2 was prepared via the modified
Hummer’s method.25,26 To enhance wrapping, the GO was
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covalently bonded to the amine groups on membrane-binding
protein,25 Concanavalin-A (CA), which has specific-affinity to
the polyteichoic acid moieties on the bacterial cell wall.27 These
protein-covered sheets are referred to as PFGs in this paper. To
confirmCA functionalization, fluorescein isothiocyanate (FITC)
dye labeled CA was used. Substrate-deposited PFGs showed a
faint green fluorescence (owing to quenching by GO28), con-
firming the successful functionalization (see Figure S1, Support-
ing Information). Purified bacterial cell suspension (cultured
overnight in nutrient agar media, pelleted down, washed, and
diluted to ∼103 cells/mL in deionized (DI) water) was mixed
with a fresh PFG suspension (∼10 mg/mL). This led to a visible
clouding of the suspension, which we attribute to the bacterial
encasement by the PFGs. It is expected that the large area of PFG
sheets will strengthen its interfacing with bacteria. The PFG
encasement/wrapping mechanism is proposed to be a sequential
multipoint attachment process, as favored by minimization of
Gibbs energy

Xn

i ¼1

ðμG þ iNG þ i þ μB- iNB- iÞ >
Xn

i ¼1

ðμGB ( iNGB ( iÞ

where μ is the chemical potential, N is the number of sites, and
the subscripts Gþ and B- are the CA and teichoic acid sites on
PFG and bacteria, respectively).29 Further, the sizable reduction
of free energy originating from the reduction of chemical
potential via the highly specific ligand-receptor interaction is
expected to offset the ligand-receptor bond stretching during
wrapping.29 The anticipated wrapping process is depicted in
panels a-e of Figure 1. The negative control experiments with
GO in the absence of CA yielded no wrapping, attributed to the
increase in free energy with the proximity between negatively
charged GO and teichoic acid.

The cross section of the PFG-wrapped bacteria was character-
ized by cutting 90 nm thick sections (slices) of wrapped bacteria
using a microtome (EM UC7, Leica, Inc.). These sections were
analyzed under the TEM (CM100, 100 kV, FEI Inc.). 90( 10%
of the bacteria were fully wrapped (Figures S2 and S3, Support-
ing Information), while the others were partially wrapped. The
high wrapping efficiency of the process is attributed to (a) the
larger area (∼20-600 μm2) of the PFG sheets, compared to the
bacterial surface area (2-6 μm2) (see supporting videos SV1 and
SV2, Supporting Information) and (b) the higher concentration
of PFGs in comparison to bacteria. A majority of the cells were
wrapped with multilayered PFG sheets ∼2 to 5 nm thick
(corresponding to ∼1 to 7 GO layers (CA is ∼1 nm)30) as
shown in Figure 2a (see Figures S1, S2, and S3, Supporting
Information). The thicker sheets are expected to exhibit a higher
impermeability, while maintaining electron transparency.21,22

Further, the wrapped sheets conformed to the cell geometry
(Figure 2a and inset; see Figures S2, S3, and S4, Supporting
Information), as expected for thin graphenic sheets due to their
relatively flexible C-C bonds.5 Since the bacterial sections in
Figure 2a are open, they dehydrate in TEM vacuum, producing
wrinkles on PFGs and gaps between PFGs andbacterial cell walls.31

A live/dead test was conducted on the bacteria immediately
before the wrapping process to confirm that the bacteria were
alive (Figure 2b, inset) (see Supporting Information) with intact
cell wall.32 This was important to make sure that the bacteria
studied were completely hydrated. Owing to the impermeability
of the PFG wraps, a live/dead test could not be conducted
postwrapping.

For studying the effectiveness of graphenic wrapping under
TEM conditions, the cells were immobilized on 100 nm thick
silicon nitride (Si3N4) windows, followed by encasing the
exposed face with PFG sheets. In a typical experiment, 20

Figure 1. (a-e) Schematic diagram showing the steps involved in the bacterial wrapping by the PFG sheets. (f) A schematic showing the highly specific
interaction between the CA on the PFG sheets and the teichoic acid moieties on the bacterial cell wall. (g) An optical microscope image of a fully
wrapped bacterium (FWB) and a partially wrapped bacterium (PWB, top right inset).
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wrapped or unwrapped bacteria (from a fresh culture), immobi-
lized on the Si3N4 window, were analyzed. It is important to note
that even in the same culture, different bacterium are at different
stages of the cell cycle resulting in slight variations in their spatial
dimensions.32 The average dimensions of the native bacteria
were first recorded via an optical microscope at atmospheric
pressure. The TEM micrographs were subsequently obtained
after 5 (minimum time to start collecting images after stage
insertion and microscope focus/contrast optimization), 15, and
20 min with the following conditions: vacuum of 10-5 Torr,
incident current density of 150 A/cm2, 100 kV electron beam,
1 pA probe current, 13500� magnification, spot size ∼1.5 μm
illumination diameter (CM100 spot size # 6). For study of the
electron-beam-induced damage, the side of the window with the
bacteria was oriented toward the electron beam with the electron
beam on at all times, while for exclusive vacuum study, the
samples were oriented such that the electrons hit the Si3N4 layer
before the bacteria, with the only electron flux exposure during
image acquisition (30 s for the 1024� 1024 pixels). Under TEM,
the samples were examined for (a) ability to resolve the cell wall,
(b) retention of the bacterial dimensions, and (c) permeability
(under vacuum and vacuum plus electron bombardment).

The TEM micrographs of the PFG wrapped bacteria show
that the bacterial cell wall and intracellular structure are clearly

discernible. This is attributed to (a) the high density of con-
ductive π electrons in the PFG sheets, which reduces the
localized charge buildup,22,33 and (b) the high thermal conduc-
tion of the PFG sheet, which dissipates the heat generated from
electron bombardment.9,22,33 In contrast, the TEM micrographs
of the unwrapped bacteria under the same conditions exhibited
charging, as evident from the dark images of the bacteria. Further,
the cell wall and the other intracellular structure of the bacteria
are unrecognizable.

Next, we analyzed unwrapped and wrapped cells for their size
consistency under TEM. As mentioned above, the first TEM
micrograph for each sample was obtained after the sample had
resided in the TEM chamber for 5 min under a vacuum of 10-5

Torr; thus it depicts only the effect of vacuum on the bacteria.
For the unwrapped bacteria, the initial average areal size (20
cells) at atmospheric pressure was 2.73( 0.96 μm2 (3.23( 0.59
� 0.85( 0.15 μm2), which reduced to 1.32( 0.02 μm2 (2.87(
0.23� 0.46( 0.06 μm2) and 1.24( 0.003 μm2 (2.76( 0.19�
0.45 ( 0.06 μm2) after ∼5 and 20 min of exposure to vacuum
and continuous electron beam exposure (Figure 3 and Table S1
in the Supporting Information). The observed ∼76% reduction
in volume is attributed to the efflux of the internal hygroscopic
intracellular molecules due to exposure to the high vacuum in the
TEM column (∼10-5 Torr) and due to the electron beam

Figure 2. (a) TEM images of the 90 nm sections of wrapped bacteria showing the hermetic nature of the PFG wraps. Inset shows a lateral cross section
of a wrapped bacterium. 90% of the bacteria were found to be completely wrapped. (b) Live/dead tests on the bacteria just before wrapping via Syto-9
(green fluorescence, live, shown by panel b) and PI (red fluorescence, dead: shown by inset) staining showing most of the bacteria to be alive.

Figure 3. (a) PFGwrapping of bacteria prohibits shrinking under TEM. (b, c) Representative TEM images of wrapped bacterium (WB on 100 nm thick
Si3N4 windows) exhibits no shrinkage from the original size after 5 and 20 min exposure. (d, e) Representative unwrapped bacteria (UWB) exhibit
∼75% shrinkage after only 5 min under TEM vacuum (minimum time to obtain micrograph). Extensive bubbling is also observed during imaging,
attributed to boiling of the volatile component of the cell’s intracellular region (see videos in Supporting Information). Scale bar = 500 nm. Note that
under the same conditions, the cell wall of the wrapped bacteria is clearly discernible. This is attributed to significantly reduced charge accumulation due
to the conductive PFGs (π electrons are highly conductive).
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induced damage of the cell wall. Further, as shown in supple-
mentary videos SV3 and SV4 (Supporting Information), the
unwrapped bacteria also produced bubbles on the cell wall,
attributed to the “boiling” of the intracellular volatile compo-
nents under high vacuum.31,33 The high bubble formation in the
unwrapped bacteria along with the charge buildup mentioned
above indicate that the bacterial cell wall was being damaged
significantlymore than for the wrapped bacteria.2 In stark contrast,
no change in the area (2.897 ( 0.565 μm2 (3.438 ( 0.028 �
0.843( 0.159 μm2)) or structure was observed for fully wrapped
bacteria after ∼20 min of vacuum and electron beam exposure
(Figure 3; see supporting video SV1 and Tablex S1 and S2,
Supporting Information). The least count of our measurements
was 10 nm (for FEI-CM100 TEM). After ∼20 min of vacuum/
electron-beam exposure, the unwrapped bacteria were expected
to be dry. This was vindicated by the experimentally observed
volume percentage of volatile matter in bacteria of ∼76%
(assuming isotropic cross-sectional shrinkage), consistent with
literature.32,34 Further assuming that the majority of volatile
matter is water, the water retention achieved by PFG wrapping
was ∼350% volume (dry basis). This retention of intracellular
volatile matter by the ultrathin graphenic wrapping is attributed
to (a) the high impermeability of the graphenic lattice, where the
high π-electron density on the carbon rings repels molecules
and does not allow even helium to pass through5 and (b) high
yield strength of graphene, where the lattice atoms are coval-
ently linked in honeycomb structure, bestowing it with high
stiffness.5,6,23 Expectedly, for the partially wrapped bacteria we
observed 5-10% volume shrinkage (assuming the bacterial
shrinkage to be radially isotropic), which was attributed to the
out-diffusion through unwrapped regions between the overlap-
ping sheets and through the vacancy defects on GO from the
harsh acid treatment (see supporting video SV5 and Figure S5 in
the Supporting Information).

The mass-transfer (MT) resistance for release of volatile
intracellular components from the bacteria is inversely propor-
tional to the Darcian permeability, k, of the bacterial
membrane.35 Further, the electron-flux-induced damage of cell
wall is expected to open more MT channels, thus increasing the
effective permeability. A simple bacterial-shrinkage model was
constructed

MT�
k
R
Cw þ AI

λ
CwCT

where k is the Darcian permeability, A is the electron-beam
damage factor, Cw and CT are the water and total concentration
in a bacterium, R is the radius of the bacterium, I is the electron
beam current, and λ is the latent heat of vaporization. This gives

V ¼ VB0 þ R1 expð-βtÞ
1þ R2 expð-βtÞ ð1Þ

where VB0 is the volume fraction of completely dehydrated
bacteria, R1 and β are constants inversely proportional to
membrane permeability, and R2 is a constant proportional to
the additional permeability caused by electron-beam-induced
membrane damage. Additionally, the initial rate of volume
shrinkage

dV
dt

�����
t ¼0

¼ ðVB0 þ R1Þ R2β

ð1þ R2Þ2
-

R1β

ð1þ R2Þ ¼ PD

gives combined permeability (PD, Darcian and electron-beam
induced permeability).

For unwrapped bacteria, the values of VB0, R1, R2, and β were
found to be 0.29, 0.71, 0, and 0.40 min-1 for the effects of
vacuum. Further, the Darcian permeability (with R2 = 0) is
calculated to be 7.6� 10-9 m/s (consistent with literature,36 see
Supporting Information for details). For the combined effect of
the electron beam and vacuum, the values of VB0, R1, R2, and β
were found to be 0.25, 1.17, 0.42, and 0.89 min-1 (Figure 4, see
Supporting Information). The combined permeability, PD ∼
20.5� 10-9 m/s, was an order of magnitude higher than that for
the only vacuum exposure, reaffirming the adverse effects of the
electron beam. It is important to note that the curve fits shown in
Figure 4 are an extrapolation of the three data points, which were
used to measure the Darcian permeability. The wrapped bacteria
exhibited no discernible volume change; therefore the perme-
ability was practically zero. Theoretically, if a monolayer gra-
phene sheet wraps a bacterium under 10-5 Torr pressure, it
experiences ∼1 atm pressure difference. Under this pressure
difference, graphene (strain = 0.26%)5 will stretch by∼4.38 nm.
With an elastic modulus of ∼400 N/m, the average lateral force
on graphene will then be 1.752 μN (=E�Δx) and the net force
across the membrane of a bacterium would be 0.46 μN (=ΔP�
Abacteria). In the current study, the graphenic multilayers with or
without defects are expected to exhibit a higher resistance to
stretching than graphene monolayers.21 This extrapolation from

Figure 4. Efflux of intracellular matter in partially wrapped/unwrapped bacteria. (a, b) Curve fit of the model described in eq 1 with the normalized
volume fraction shrinkage for the unwrapped bacteria exposed to vacuum and to vacuum plus electron beam. The error bars are the standard deviation of
20 measurements.
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Bunch et al5 is consistent with the observed retention of the
original volume of the PFG-encased bacteria under TEM
(Figure 3). This further indicates that there was no slippage of
the sheets either from the substrate or between different layers in
the time scale of our measurements. It is pertinent to note that
the electron transparency of graphene can cause electron-bom-
bardment-induced hydrolysis of bacterial water to produce
hydrogen (see Supporting Information).33 However, further
studies are required to evaluate the effect of hydrolysis. Futur-
istically, the graphene-encased systems could benefit from cova-
lently sealing (bonding) the overlapped graphene sheets to
reduce intralayer diffusion (from between sheets).

In conclusion, we have demonstrated that bacteria can be
encased within graphenic chamber by wrapping them with PFG.
The unique structural, chemical, and electrical properties of
graphene can then be applied to significantly improve their
TEM imaging as compared to imaging native unwrapped cells:
for example, (a) “wet” state TEM imaging of cells can be
achieved; (b) bacteria can be imaged with original, uncontracted
dimensions; (c) the bacterial volatile content can be retained; (d)
internal bacterial structures, such as the cell wall, can be clearly
distinguished in comparison to unwrapped bacteria under similar
TEM conditions; (e) electrostatic charge buildup can be sig-
nificantly reduced. Under similar TEM imaging, the unwrapped
bacteria shrank by 76% and exhibited significant charge buildup.
Postwrapping, the Darcian permeability of bacteria reduced from
7.6-20 nm/s to practically zero. The specific graphenic proper-
ties which enable the above results include high impermeability,
electron transparency, high conductivity, structural strength, and
conforming flexibility. We envision that encasing wet samples
within graphenic chambers will potentially enable real-time
imaging of fluid dynamics, liquid suspensions of nanoparticles,
proteins, and live cell’s biochemical activity.
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