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Section S1. Physical Vapour Deposition: Ag sputter coating

Figure Sl.a-b show the coating of an ultra-thin metallic layer using a physical vapour deposition
(PVD) technigue on an atom probe tomography (APT) specimen. The APT specimen is prepared from
resin-embedded bacterial cells using a focused ion beam (FIB) lift-out technique as elaborated in
Section S12. The PVD Ag sputter coating was conducted using a Cressington sputter coater 208HR
(Cressington Scientific Instruments, USA) with nominal coating thicknesses of 0.5 nm. In the Figure
Sl.a-b, a discontinuous coating layer is observed which prevents the generation of a uniform voltage
distribution on the insulated specimens. In addition, Figure S1.c-d shows sputter coating of another
resin-embedded bacterial cells APT specimen with a thicker coating layer (nominal coating thickness
of 3 nm). From a comparison of specimens before and after coating it is evident that the apex radius of
APT specimen becomes blunt after PVD coating. A blunt APT specimen makes the APT process
infeasible, or results in specimen pre-failure due to higher field induced mechanical stresses.
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Figure S1. Resin-embedded bacterial cells APT specimens coated by Ag sputter coating. (a)
Transmission electron microscopy (TEM) image of an APT specimen prepared from resin-embedded
bacterial cells coated with an ultra-thin (nominal coating thickness of 0.5 nm) Ag layer using PVD
approach. (b) A zoomed-in TEM image of the specimen apex from the red box in a showing
discontinuous coating layer. (c) Scanning electron microscopy (SEM) image of an APT specimen
prepared from resin-embedded bacterial cells without coating. (d) The same specimen after Ag sputter
coating with a thicker coating layer (nominal coating thickness of 3 nm).



Section S2. Modes of failure during graphene coating

Figure S2 presents several representative failure modes during the graphene coating process of APT
specimens prepared from different materials including W, resin-embedded Au nanoparticles (NPs) and
bacterial cells. Artefacts have been observed such as incomplete graphene covering, extra coating on
the specimen apex, and broken specimen (broken from attachment section of lifted-out sample and
post-needle).
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Figure S2. Various modes of failure during graphene coating. VVarious representative examples of APT
specimen coating artefacts occurring during the graphene coating process.



Section S3. Alternative methods of coating the conductive layer

In this section, alternative graphene coating methods for APT specimens are explored: (1) in-situ FIB-
SEM graphene coating, and (2) atomic layer deposition (ALD). Results confirm that the proposed
water membrane-assisted graphene coating is the best approach for coating APT specimens.

(1) in-situ graphene coating approach

Figure S3 presents the schematic setup for graphene coating of APT specimen inside a FIB-SEM.
Similar to the FIB lift-out APT specimen preparation, a chamber-installed micromanipulator (MM3A-
EM, Kleindiek Nanotechnik GmbH) was utilised for the in-situ coating. After milling large holes on a
blunt W post needle (Figure S4.a), the same method utilised for transferring graphene to the wire rings
as discussed in Figure 2 was utilised to cover the holes with the graphene single/multiple layers
(Figure S4.c).
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Figure 3. Schematic setup of in-situ graphene coating to APT specimen. A FIB-SEM instrument
equipped with a micromanipulator was employed to mill and transfer a single graphene layer onto an
APT specimen.

In parallel, a sharp W APT specimen was prepared by annular milling with ion currents 0.5nA-10 pA
(Figure S4.b). The W APT specimen was then carefully aligned below the graphene (Figure S4.d-f)
and a large area of graphene (10-20 um?) was milled to cover the W APT specimen with graphene
(Figure S4.g-j). Finally, annular milling patterns with a very fine ion current (0.5 pA) was utilised to
further drape and shape the graphene over the APT specimen (Figure S4.k-I).

Figure S4.m shows another successful attempt for in-situ FIB-SEM graphene coating of an APT
specimen, with a zoomed-in image of the specimen apex shown in Figure S4.n. Although this
approach has good repeatability, substantial damage to the graphene layer is observed to adversely
affect the quality of the coating, and it is also likely to negatively impact the biological specimens due
to their sensitivity to a large amount of ion beam exposure. Furthermore, this approach is very time-
consuming and there is possibility for specimen damage during alignment (Figure S4.0).
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Figure 4. SEM images taken during in-situ graphene coating of APT specimens. (a) Typical holes with
diameters between 10-30 um milled by FIB on a blunt W post needle for capturing graphene. (b) A
typical APT specimen prepared from W for applying in-situ graphene coating. (c) The W post needle
in a examined by SEM after ex-situ transfer of graphene single/multi layers to the large hole in the W
post needle. Covering the large holes of the W post needle with single/multilayer graphene was
performed in the same fashion as the wire ring coating discussed in Figure 2a. (d-e) The APT
specimen of image (b) is aligned under the large hole covered by graphene, and (f), top-view of
alignment of the W APT specimen under the graphene. (g-h) Linear milling is implemented to cut a
large area of graphene, and (i-j) transfer of a large portion of graphene onto the W APT specimen. (k-1)

FIB annular milling with ultra-fine parameters (<0.5 pA) is used to draw the graphene over the
specimen tip. (m) Successful attempt for in-situ FIB-SEM graphene coating of an APT specimen with




(n), corresponding zoomed-in image of the tip apex shown in (m). (o) A typical W APT specimen
damaged during in-situ graphene coating.

(2) Coating cellular APT specimens using ALD

Although various approaches for graphene coating of high-aspect-ratio samples, such as atomic force
microscopy tips, have been reported by other research groups I, these approaches involve high
temperatures and/or chemicals adversely affecting APT specimens prepared from biological,
polymeric or heat-sensitive samples. In the following, preliminary results of coating APT specimens
prepared from resin-embedded bacterial cells using ALD are presented.

A thin TiN layer was coated on biological-polymeric APT specimens using ALD. Compared with
chemical vapour deposition (CVD), ALD has lower process temperatures and it has the best
performance in uniform coating on high aspect ratio 3D structures, such as particles, trenches,
nanowires, and others [ &, The plasma enhanced ALD (PE-ALD) of TiN films onto APT specimens
prepared from resin-embedded bacterial cells were undertaken using an ALD instrument (Fiji F200,
Cambridge Nanotech Inc., MA, USA), with Tetrakis(dimethylamido)titanium (TDMAT) and N>
plasma as the precursors. The process heaters, the precursor delivery heaters, and TDMAT precursor
cylinder were set to 100 °C, 150 °C and 75 °C, respectively. Once loaded inside the ALD instrument,
the specimens were allowed at least 10 min to reach 100 °C. The Ar carrier gas was set to 30 sccm for
precursor delivery and 100 sccm for plasma delivery with an additional 50 sccm of the N2 present in
the plasma delivery. The automatic pressure controller was adjusted to maintain a deposition pressure
of 200 mTorr. The TDMAT precursor pulse time was 0.2 seconds and the subsequent purge time was
80 seconds. During the N2 plasma step, the 100 sccm of Ar plasma carrier gas was increased to 400
sccm and the automatic pressure controller was fully opened to allow maximum ion flux to the
substrate. The RF plasma was struck at 13.56 mhz with 300 W and performed for 60 seconds. The
subsequent purge step was 12 sec and the Ar plasma carrier gas was returned to 100 sccm. The
deposition was performed for 257 cycles and at completion of coating process, the substrate heaters
were set to 0 °C. Finally, the coated APT specimens were allowed to cool overnight for collection at
room temperature [1.

Figure S5. shows SEM and TEM images of various APT specimens prepared from the resin-embedded
bacterial cells before and after coating. Although SEM images (Figure S5.a-b) show a continuous and
uniform TiN layer covers the APT specimen, the TEM images (Figure S5.c-d) reveal that the resin-
embedded bacterial cells were corrupted after coating, likely due to the chemicals and temperature in
ALD. Based on the ALD results, we can foresee that a CVVD approach with much higher temperature is
not applicable to coat graphene on bacterial or polymer specimens directly.



Figure S5. SEM and TEM images of typical ALD coated APT specimens made from resin-embedded
bacterial cells. (a,b) SEM images of an APT specimen prepared from resin-embedded cells, before
coating (a) and after coating (b) with TiN using ALD. (c) TEM images of a typical APT specimen
prepared from resin-embedded cells after coating with TiN using ALD with (d) zoomed-in image for
details.



Section S4. Au nanoparticle membrane device

The Au nanoparticle membrane is assembled by a DNA-assisted bottom-up method, and each Au
particle is surrounded by a non-conductive polystyrene layer . To fabricate such a device, the
electrodes are prepared by depositing 5/50 nm Ti/Au on the membrane using an electron beam
evaporator at 4 x10° Torr. The shape of the electrodes is defined by a silicon nitride stencil. The
stencil is aligned to the membrane using a micropositioner.
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Figure S6. Au nanoparticle membrane device. An optical image shows the Au nanoparticle membrane
and the deposited Au electrodes. The schematic shows the wiring of current-voltage measurement.



Section S5. APT mass spectrum of resin-embedded Au NPs specimen

Figure S7.a shows the acquired mass spectrum from a resin-embedded Au NPs specimen coated with a
monolayer of graphene film. The spectrum indicates Au?* ions together with Ga* ions due to focused
ion beam implantation. Figure S7.b shows a magnified section of the mass spectrum between 0 and 40
Da, with peak contributions from the resin and graphene which is in good agreement with the mass
spectra acquired from pure resin controls . Figure S7.c,d shows the reconstructed 3D maps of the
resin and graphene, and Ga, respectively. Figure S7.e compares the ion count versus specimen voltage
for resin-embedded Au NPs specimens coated with graphene (top) and sputtered Ag film (bottom) [,
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Figure S7. APT data acquired from resin-embedded Au NPs specimen. (a) Mass spectrum from a
resin-embedded Au NPs APT specimen coated with a monolayer of graphene film. (b) Details of the
mass spectrum section shown with red box in a pertaining to the resin and graphene. (c,d)
Reconstructed 3D maps of the resin and graphene, and Ga atoms, respectively. (e) Voltage versus ion
count during the APT experiments for the resin-embedded Au NPs samples coated with graphene (top)
and Ag film (bottom) [,



Section S6. Finite element simulations of electric potential and electric field distribution in the
apex of uncoated, graphene-coated, and sputtered Ag film coated, cellular APT specimens
Electrostatic module of COMSOL Multiphysics software (release 5.1, COMSOL Inc., USA) was
utilised for finite element analysis of electric potential and electric field distributions in the apex of
cellular specimens. Figure S8. shows finite element analysis of electric potential and electric field
distribution in the apex of cellular APT specimens in three conditions: (1) uncoated, (2) graphene-
coated with atomic thickness, and (3) PVD Ag sputter-coated with 10 nm thickness. The images show
an end-on view of the specimen needle, where the outside of the circle is the outer edge and the middle
represents the specimen tip apex. From these results, it is obvious that the uncoated cellular APT
specimen experiences a significant voltage drop from the outer edge to the tip apex in the centre, while
both graphene coating and PVVD Ag sputter coating provide a uniform electric potential distribution on
the specimen apex. The graphene-coated sample has a higher electric field distribution compared to the
PVD Ag sputter-coated sample, due to its sharper end tip radius (note the size difference and scale bar)
after coating.

Simulations were conducted for the cellular APT specimens with end tip radius of 25 nm, and applied
voltage of 4 kV. The considered specimen geometry is consistent with an actual cellular atom probe
specimen prepared using the FIB lift-out technique %, Figure S9.a demonstrates the schematic of the
considered cellular APT specimen geometry in the simulations, in which the lengths of the post needle,
Si substrate and cellular section were considered to be 6 pm, 3 pum and 1 um, respectively. For the
PVD Ag sputter coating, a 10 nm coating layer was considered. To model the single graphene layer in
the finite element simulation, the constant potential of 4 kV was set as the boundary condition of the
surrounding sections of the APT specimen, as it is assumed the graphene covers the specimen
uniformly and the potential of the entire graphene layer is equal to the driving potential. Further
discussion regarding modelling the local electrode and vacuum chamber, considering the physical
constants in the simulations, validating the model and other details can be found elsewhere 1. Finally,
Figure S9.b presents the convergence of the simulations when the number of meshing elements is
increased, proving independency of the simulation results from the number of the mesh elements.
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Figure S8. Finite element simulation. Finite element simulation of electric potential and electric field
distributions in the apex of an uncoated, graphene-coated, and PVD Ag sputter-coated cellular APT
specimen. Simulation results show the front-view of the specimen apex.
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Figure S9. Schematics of the considered cellular APT specimen and results of the convergence study.
(a) Schematic of the cellular APT specimen geometry considered in the simulations. (b) Results of the
convergence study to demonstrate the mesh-independency of simulation results.



Section S7. Mass spectra of graphene-coated cellular APT specimens

Figure S10. shows acquired mass spectra from graphene-coated cellular APT specimens. In the mass
spectrum acquired from the repeat sample, distinct peaks from Cu (63 Da and 65 Da) and CuH: (65 Da
and 67 Da) have been also detected (<2%), which are possibly related to graphene preparation. In a
study regarding elemental distributions of impurity atoms and their functional groups in CVD grown
graphene, Baik et al. [l have reported the presence of O, H, OH, CO and CO; within or on the
hexagonal carbon lattice without penetration of Cu atoms into graphene structure. In our work, results
from TEM energy dispersive spectroscopy (TEM/EDS) mapping acquired from pure graphene (Figure
S13. Section S10) showed that elements such as C, and Cu impurities are present in the graphene along
with presence of O, N, Pt and W impurities likely due to TEM specimen preparation. The presence of
Cu in the mass spectrum therefore may be due to the copper foil from graphene preparation (see
Materials and Methods section for further information). Moreover, a comparison of the mass spectra
retrieved from the cell envelope of drug resistant strain in the present data with a previous study 17
shows there are multiple peaks in common such as C, N, O, P and molecular species such as CO,
COH, OHjs, CO2 and others. The major difference between the collected data from the cell envelope in
[10] and the current study is the detection of 27 Da (C2Hs) in the present work. Mass spectra retrieved
from the mammalian cells using pulsed-laser APT 12 also reveals the presence of 27 Da in the cells. It
should be noted that 27 Da peak has not been detected in the other specimens; i.e. graphene-coated
resin-embedded Au NPs sample which was coated in the same fashion (Figure S7.b).
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Figure S10. Mass spectra acquired from graphene-coated cellular APT specimens. Acquired mass
spectra from APT specimens prepared from cell envelope of antibiotic-resistant Acinetobacter
Baumannii bacterial cells (ATCC 19606 R) and coated with single graphene layers, multiple times.



Section S8. 3D atom maps from the cell envelope region
Figure S11. shows other selected ionic species 3D maps from sample 1 presented in Figure 5.
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Figure S11. 3D reconstructions of cell envelope APT specimens. 3D maps of selected ionic species of
sample 1 presented in Figure 5.



Section S9. 3D atom maps from the cell envelope region of a repeat sample
Figure S12. presents the reconstructed 3D volume of another cell envelope APT sample, highlighting

selected ionic species. Similar to sample 1 (Figure 5b), clusters of CO (28 Da) with diameters <1 nm

are observed.
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Section S10. Elemental analysis of graphene coating

Figure 13.a,b show SEM and scanning TEM (STEM) images of the suspended graphene film prepared
by the graphene coating technique. Figure S13.c shows the elemental mapping of the graphene film
taken by energy dispersive spectroscopy (EDS). The graphene layer mainly contains C, with some Cu
impurities from the copper foil used for CVD growth. Other species such as N, O, Pt and W are likely
due to the TEM specimen preparation.

Figure S13. Chemical mapping of graphene coating. (a) SEM image of a suspended multilayer
graphene film prepared by graphene coating technique. (b) STEM image of the graphene coating. (c)
EDS elemental mapping of the graphene coating and the distributions of Cu, N, O, C, W and Pt are
given in the four images at bottom left, respectively.



Section S11. Sandwiched graphene-water nanomembrane APT specimen preparation

Figure S14. shows further applications of the developed APT graphene coating method for
sandwiching a water nanomembrane (WNM) onto the apex of an APT specimen. After coating a W
APT specimen with monolayer graphene films multiple times, a pure water membrane was trapped at
the specimen apex due to the excellent impermeability of graphene (Figure S14.). The features inside
the WNM are probably the nanobubbles 31,
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Figure S14. Preliminary experiments of graphene-nanomembrane sandwiching. (a) A HAADF image
of a typical APT specimen where the WNM is sandwiched by graphene layers on the specimen apex,
(b) zoomed-in image for details.



Section S12. Resin embedding of bacterial cells and APT specimen preparation by FIB lift-out
from resin-embedded bacterial cells

This section details resin embedding of bacterial cells as well as APT specimen preparation from resin-
embedded bacterial cells using FIB lift-out technique. Bacterial isolates of K. pneumonia [ were first
sub-cultured from frozen stock (—80°C ) onto nutrient agar plates, and incubation (37°C ) was
performed overnight. The cultured bacterial cells were washed three times, followed by centrifuging at
3,220 x g for 10 min. The cells were fixed with 1 mL of 2.5% glutaraldehyde in PBS for 20 min,
washed twice and resuspended using Milli-Q water. Following a routine protocol for SEM/TEM, post-
fixation in 1% osmium tetroxide was performed for 1 hr, followed by dehydration using increasing
concentrations of ethanol (13, 30, 50, 70, 90, 100%) with 15 min in each step. Resin embedding of the
cells was performed with LR white resin (Ted Pella Inc, USA) in ethanol composed of 25, 50, 75, and
100% resin, with 6 hr for each step of infiltration. Polymerising of resin was overnight (24 hr) in an
oven with temperature controlled at 60°C followed by APT specimen preparation based on well-
established protocols [*5 161,

APT specimens were prepared using a dual-beam FIB-SEM instrument (Quanta 3D FEG, FEI
Company) equipped with a chamber-installed micromanipulator (MM3A-EM, Kleindiek Nanotechnik
GmbH). The specimen preparation is associated with three main stages [*°l. Stage 1: since bacterial
cells have been embedded in resin, a high electron beam current-voltage (0.1 nA ~ 1 nA) was used to
enable detection of buried cells under the resin. After finding the target bacterial cell, as shown by red
arrow in the Figure S15.a, 1.5-2 um of protective Pt coating layer was deposited on the target cell
(Figure S15.b) using electron beam Pt deposition. Then, Ga* ion beam currents of 3nA ~ 0.1 nA were
used to mill trenches around three sides of the Pt protected resin site with bacterial cell embedded
(Figure 15.c), followed by cleaning milling cross section on top of the wedge to locate the region of
interest for probing (Figure 15.d). Finally, by tilting the stage to 20°, two sides of the wedge were
milled to create a VV-shaped wedge containing the target cell (Figure S15.e).

In the second stage of actual “lift-out”, a micro-manipulator needle was positioned toward the wedge
(Figure S15.1). The needle was then attached to the wedge using Pt deposition followed by milling the
fourth side in order to detach the wedge from the substrate (Figure S15.9). The lift-out wedge was
attached to the support post by Pt deposition, and then detached from the micromanipulator needle by
cleaning cross section milling (Figure S15.h). The third and final stage is composed of several annular
milling steps on top of the lift-out specimen to form a sharp needle tip. The inner and outer diameters
of these annular patterns were gradually reduced, while ion beam voltage and current also were
decreased to sharpen the tip and finally to achieve desired end tip diameter of less than 100 nm (Figure
S15.i-1). The annular milling process was halted as soon as all Pt protective layer was removed from
very top of the tip.

Notably, prior to lifting-out the wedge, a series of cleaning cross sections were milled on the bacterial
cell wedge at 52° degree, in order to locate the desired regions of interest. Regions of interest were
primarily focused on the interfaces of the embedded cells with the pure resin. Each cross section was
constantly monitored with SEM imaging (see Figure S16.a-f), and milling was continued until the
target region was located under the Pt deposition layer. After complete removal of the Pt protective
layer during annular milling, the targeted region was located on the very end of the tip.
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Figure S15. FIB lift-out APT specimen preparation. (a-1) SEM images of FIB lift-out steps to prepare
an APT specimen from resin-embedded bacterial cells.



]

Bacterialcells

protective layer

Figure S16. Locating region of interest before lift-out of the target wedge containing the region of
interest (bacterial cell-resin interface). (a-f) SEM images of the cross section by cleaning milling on

top of the wedge in order to locate the region of interest under the Pt deposition layer.
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