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Graphene-Enhanced 3D Chemical Mapping of Biological 
Specimens at Near-Atomic Resolution
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Yu Chen, Kae J. Si, Matthew Weyland, Tony Velkov, Wenlong Cheng, Jian Li, and Jing Fu*

The direct imaging of individual atoms within the cellular context holds great 
potential for understanding the fundamental physical and chemical processes 
in organisms. Here, a novel approach for imaging of electrically insulated 
biological cells by introducing a graphene encapsulation approach to “dis-
guise” the low-conductivity barrier is reported. Upon successful coating using 
a water-membrane-based protocol, the electrical properties of the graphene 
enable voltage pulsing field evaporation for atom probe tomography (APT). 
Low conductive specimens prepared from both Au nanoparticles and antibi-
otic-resistant bacterial cells have been tested. For the first time, a significant 
graphene-enhanced APT mass resolving power is also observed confirming 
the improved compositional accuracy of the 3D data. The introduction of 2D 
materials encapsulation lays the foundation for a breakthrough direction in 
specimen preparation from nanomembrane and nanoscale biological archi-
tectures for subsequent 3D near-atomic characterization.
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physical and chemical properties.[1–8] 
Atom probe tomography (APT), the only 
technique offering 3D chemical measure-
ments with near atomic resolution, has 
recently demonstrated its unique capa-
bility as a biological imaging tool to mam-
malian[9] and bacterial cells.[10]

However, the broader application of 
APT to the field is largely limited by the 
challenges in the sample preparation and 
the nonconductivity of biological speci-
mens. A requirement of APT experiments 
is that the specimen material must be 
shaped into a sharp needle, typically with 
a tip radius less than 75 nm. By applying 
a positive voltage to the specimen under 
ultrahigh vacuum and cryogenic con-
ditions, this tip geometry allows the 
generation of the sufficient electric field 

intensity to cause field ionization and evaporation of surface 
atoms. Controlled voltage pulsing allows the evaporation of 
individual and molecular ions that eventually reach a posi-
tion sensitive detector. The impact positions and sequence of 
hits are employed to reconstruct their original position within 
the specimen and the time of flight is utilized to determine 
the atomic species.[11,12] In order to maintain a field density 

Cellular Imaging

1. Introduction

Knowledge acquired by various high-resolution imaging tech-
niques including (cryo-)electron microscopy, confocal imaging, 
and secondary ion mass spectrometry (SIMS) has contributed 
to a fundamental understanding of cell biology as well as the 
engineered development of biomimetic materials with new 
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sufficient for field evaporation, specimens need to be conduc-
tive to avoid charging effect. However, for organic and insulated 
materials such as biological cells, this imposes a major obstacle. 
Application of APT to imaging insulating materials has been 
enabled by achieving evaporation not by direct high-voltage 
pulsing, but by thermally driven evaporation using high-power, 
high-frequency laser pulsing.[13–15] Organic materials, however, 
are more sensitive to the application of a laser due to the pos-
sibility of thermally induced phase transition of the constituent 
molecules during the field evaporation process.[16] In previous 
studies, it has been demonstrated that a thin layer of conductive 
metal coated on an APT specimen can help fulfil the required 
voltage distribution for field evaporation of nonconductive 
materials.[10,17] This physical vapor deposition (PVD) based 
approach, however, also demonstrated limitations to achieve 
ultrathin coating of high-aspect ratio geometries, i.e., tip speci-
mens for APT.[10,17] Figure S1a,b (Section S1, Supporting Infor-
mation) presents an example of APT specimen prepared from 
resin-embedded bacterial cells with the previously devised PVD 
protocol. Improved mass resolving power (MRP) and specimen 
yield by tuning the conductive coatings have also been reported 
in the literature.[18–21] Tippey et al.[21] show that the MRP after 
coating exhibits a direct relationship with the thickness of the 
coating layer, suggesting an improved MRP if coating thickness 
is reduced. To this end, finding an ultrathin, highly conductive 
and strong coating layer may provide an optimal solution for 
imaging nonconductive materials.

In this study, we proposed and developed a technique of 
coating graphene films on delicate biological/organic APT speci-
mens with high controllability, leading to sensitive and accu-
rate chemical composition measurements. Recently, graphene 
has demonstrated an exceptional potential for coating applica-
tions,[22–24] including for nondestructive electron microscopy 
imaging and analysis of biological samples.[25] Uniform single-
atom thickness, high density and other extraordinary physical 
properties (electrical and thermal conductivity, and mechanical 
properties)[26] should make graphene an ideal candidate for 
ultrathin coating high-aspect-ratio APT specimens. In our exper-
iments, needle-shaped specimens suitable for APT are prepared 
from insulated and biological samples with site-specific, in situ 
focused ion beam (FIB) lift-out approach. Specific protocols are 
developed for coating with single-layer graphene and applied to 
low-conductivity specimens of resin-embedded Au nanoparticles 
(NPs) and individual bacterial cells, followed by 3D near-atomic 
resolution compositional mapping using pulsed-voltage APT.

2. Results and Discussion

2.1. Proposed Graphene Coating to Nonconductive Atom 
Probe Specimens

Figure 1 is a schematic of the proposed graphene encapsula-
tion approach to achieve 3D near-atomic imaging of insulating 
materials with pulsed-voltage APT. The nonconductive speci-
mens containing the regions of interest such as the cell enve-
lope (Figure 1a) are prepared using a site-specific, in situ FIB 
lift-out technique.[10] In brief, subsamples (dissects) of a bacte-
rial cell are further sectioned by FIB (keV, Ga+), and sharpened 

into specimen needles (≈100  nm end-tip radius) having been 
mounted on W support posts after lift-out facilitated with an 
in situ micromanipulator. Figure  1b shows a scanning elec-
tron microscopy (SEM) image of an atom probe specimen con-
taining the cellular dissect region of interest in the needle tip. 
The next critical step of the proposed approach is to position 
the monolayer or multilayer graphene film on the tip with min-
imal damage (Figure  1c). A tip specimen successfully coated 
multiple times with single graphene layers (Figure 1d) is then 
transferred to an APT instrument working in pulsed-voltage 
mode to generate a mass-to-charge-state ratio spectrum as 
shown in Figure 1e. Finally, using a back-projection reconstruc-
tion algorithm, a 3D map of the spatial distribution of atomic 
and molecular species can be constructed at near-atomic resolu-
tion (Figure 1e).

To achieve an optimal reconstruction of biological speci-
mens, several coating characteristics need to be assessed: 1) 
minimal thickness of the coating layer is preferred to maintain 
the original specimen tip geometry and improve MRP.[21] 2) 
A continuous and uniform coating with negligible artefacts is 
required to avoid specimen failure during the APT experiment 
due to field-induced mechanical stresses.[10,17] 3) The coating 
needs to be chemically stable/inert and should not significantly 
weaken the mechanical strength of the specimen, especially 
considering that biological samples are typically fragile and 
temperature sensitive.

2.2. Electron Microscopy Characterization

Figure 2a illustrates the procedure proposed in the current 
study for coating APT tip specimens with a monolayer of gra-
phene and further details are provided in the Experimental 
Section. Graphene is light-weight and hydrophobic due to its 
Van der Waals surface,[27] and as a result, graphene film has 
a tendency to maintain its 2D shape and float on the surface 
of liquids. This allows coating of APT specimens by control 
of the floating graphene film in direct contact with the target 
nanoscale specimen. With the support of a water membrane, 
the 2D graphene film starts to deform after contact with the 
nanoscale tip specimen, and continues to drape over the tip as 
the wire ring is lowered (Figure 2a). In the final stage, the move-
ment of the wire ring is reversed lifting the water membrane 
until it is detached from the graphene-coated tip specimen.

An SEM image of a graphene-coated W tip specimen 
resulted from the water membrane based approach is presented 
in Figure 2b. Since the nominal thickness of graphene makes 
it relatively transparent to electrons, contrast of the graphene 
at the apex is low except for the regions where the graphene 
is folded (wrinkled).[28,29] An enlarged view of a folded region 
was acquired by scanning TEM (STEM) imaging in high-angle 
annular dark-field (HAADF) mode (Figure  2c) confirming the 
presence of graphene even 10 µm below specimen apex. Upon 
further HAADF STEM investigation of the region between the 
specimen apex and the folded regions, the formation of a con-
tinuous graphene film without detectable geometry change par-
ticularly at the apex is confirmed (Figure  2d,e). These results 
suggest that the proposed encapsulation approach based on a 
water membrane can provide a sufficiently gentle way to form 
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a smooth, conductive layer on nanoscale APT specimens. It 
should be noted that encapsulation of van der Waals layered 
materials in air may trap contaminants such as hydrocarbon at 
the interface to increase the detectable thickness.[30] Similarly, 
variations of graphene thickness based on the TEM images in 
this study are also likely due to trapping of hydrocarbon.

Alternative approaches for coating of high-aspect-ratio 
nanoscale samples as previously reported remain incompatible 
for APT specimens prepared from biological and temperature 
sensitive materials due to the high temperatures or chemicals 
involved in those processes.[31–34] Comparison is provided with 
in situ FIB-SEM graphene coating approach and atomic layer 
deposition (ALD) method (Section S3, Supporting Information). 
Due to the exceptional mechanical strength and flexibility of gra-
phene,[35,36] sharp atom probe specimens can be coated using 
graphene which adheres almost completely to the tip geometry 
to form a conductive layer. Although possible damage and arte-
facts due to the graphene encapsulation cannot be precluded 
(Section S2, Supporting Information), overall coating success 
rate is reasonably high (above 60%) for the organic specimens in 
this study. Shown in Figure 3a–f are further applications of gra-
phene encapsulation to insulated APT specimens prepared from 
both bacterial cells and resin-embedded Au NPs. Figure  3b,e 

shows typical specimens after single layer graphene coating. 
Multilayer graphene coatings can also be formed by repeating 
the single layer coating process, as shown in Figure 3c,f.

To investigate the coupling conductivity of graphene with 
nanostructures, a device consisting of a chemically assembled 
Au nanoparticle membrane has been fabricated for conductivity 
measurements. Shown in Figure 3g is a schematic of the device 
with a layer of graphene on top of the Au particle membrane, 
and for comparison Figure 3h shows a TEM image of a typical 
resin-embedded Au NPs APT specimen without coating. Fur-
ther details about the device including the wiring for conduc-
tivity measurement are included in Section S4 (Supporting 
Information). The target Au particles are assembled with a 
polymer-assisted bottom-up method, and each particle is sur-
rounded by a layer of nonconductive polystyrene[37] (Figure 3g), 
representing Au NPs in the resin-embedded APT specimen 
(Figure  3h). When the voltage is at 0.5  V, the current in the 
membrane is below a nanoampere (blue curve in Figure  3i). 
With the graphene layer on top, the current increases beyond 
a micro-ampere, as demonstrated by the red curve in Figure 3i. 
This result confirms that for graphene in contact with indi-
vidual nanostructures, charge can flow freely on the surface 
which is desirable for efficient field evaporation.

Adv. Funct. Mater. 2018, 1801439

Figure 1.  An overview of the proposed experimental design. a) Schematic image of a bacterial cell with cell envelope as the region of interest. 
b) A typical bacterial cell APT specimen containing the region of interest at the specimen apex, imaged by SEM. c) Schematic image of single-layer 
graphene encapsulation of an insulated APT tip specimen. d) Setup of pulsed-voltage atom probing, with an SEM image showing a typical APT 
specimen coated with single layers of graphene multiple times. e) A typical mass-to-charge-state ratio spectrum and 3D near-atomic reconstruction 
of volumes for these ratios.
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2.3. Atom Probe Tomography of Resin-Embedded Au NPs with 
Graphene Encapsulation

To explore the feasibility of the proposed graphene coating 
approach to facilitate APT imaging of insulated materials, Au 
NPs were chosen as a test specimen due to the ease of verifi-
cation of geometry and composition. Figure 4a shows an SEM 
image of a typical resin-embedded Au NPs APT specimen after 
graphene coating, and the corresponding high-magnification 
bright-field (BF) STEM image of the specimen apex shown 
in Figure 4b confirms no visible damage on the specimen tip 
after coating. This specimen was then transferred into the 
atom probe instrument to acquire data in pulsed-voltage mode, 
where the 3D atom map reconstructed from the acquired mass 
spectrum are presented in Figure 4c,d, respectively.

As expected, the mass spectrum in Figure  4d contains Au 
(in this case, the 2nd charge state isotope at 98.5 Da) together 
with other peaks, collectively from the resin and graphene, as 
well as Ga peaks due to ion beam implantation. Details of the 
mass spectrum and 3D atom maps of resin and Ga species are 
provided in Section S5 (Supporting Information). A notable 
finding from the acquired mass spectrum is an improved 
MRP from graphene-coated specimens compared to the metal 
coated control specimens.[17] Figure 4e compares the shapes of 
the mass peaks of Au2+ acquired from both graphene coating 
and Ag sputter coating[17] in a limited mass spectrum range 
(97–100  Da). A remarkable improvement in the shape of the 
mass peak is observed for the graphene-coated specimen, and 
as a result a higher MRP of 955 (mass-to-charge value of a 
peak divided by the peak width at half the maximum (FWHM)) 
compared to that of the Ag sputter-coated specimen[17] 
(MRP = 492), which demonstrates significantly improved mass 
resolution using graphene (see the Experimental Section for 

further discussions on MRP definition and comparison). It 
should be noted that the experimental conditions remained the 
same for comparing graphene and metal coating approaches 
(see Figure  S7e in the Supporting Information). The observa-
tion of higher MRP, equating to higher compositional accuracy, 
is expected as a result from the increased uniformity of the 
local field distribution and evaporation potential across the gra-
phene-coated apex during probing (see computational studies 
in Section S6 of the Supporting Information).

2.4. Graphene-Enabled APT Imaging of Biological Cells

APT tip specimens containing the cell envelope region of a 
dehydrated bacterial cell were also coated by single graphene 
layers a multiple number of times, followed by pulsed-voltage 
APT. These specimens were prepared from resistant strains of 
Acinetobacter baumannii (ATCC 19606 R) and were prepared 
in a similar fashion to a conventional lift-out procedure[11,38,39] 
(see the Experimental Section for further information). After 
successful graphene coating based on the water-membrane-
assisted protocol, the coated bacterial APT specimens, as well 
as uncoated controls, were subsequently run in the atom probe 
in pulsed-voltage mode. Successful 3D atom maps of various 
ionic species acquired from graphene-coated specimen are 
shown in Figure 5a,b. All the uncoated control specimens failed 
during probing. Detailed mass spectra acquired from two gra-
phene-coated bacterial specimens and further discussion are 
presented in Section S7 (Supporting Information), along with 
3D atom maps (Sections S8 and S9 and Figures S11 and S12, 
Supporting Information).

In the mass spectra acquired by APT from bacterial speci-
mens, distinct peaks from H, C, N, O and associated molecular 

Adv. Funct. Mater. 2018, 1801439

Figure 2.  Detailed steps of graphene encapsulation and investigation with electron microscopy. a) The steps of graphene coating include: etching Cu 
foil to separate chemical vapor deposited graphene using ammonia persulphate solution (APS); replacement of APS with deionized water after Cu 
etching; retrieval of the graphene layer using a nichrome wire ring; and coating the APT specimen by lowering the graphene film on top of the specimen. 
b) SEM image of a typical graphene-coated W tip specimen, with the selected regions for STEM imaging. c) HAADF STEM image of the graphene 
wrinkles from the red box in b) showing wrinkles formed by the covering graphene. d) HAADF STEM image of the tip region a few micrometers below 
the apex (represented by yellow box in (b)). e) HAADF STEM image of the specimen apex (represented by green box in (b)).



www.afm-journal.dewww.advancedsciencenews.com

1801439  (5 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

forms such as C2H3 (27 Da), CO (28 Da), COH (29 Da), OH3 
(19 Da), and CO2 (44 Da) have been identified (see Figure S10 
of the Supporting Information for detailed spectra). For atomic 
and molecular C, as well as complex molecular ions, it should 
be noted that partial contribution from graphene cannot be 
excluded. Peaks from Ga+ and Ga2+ (69 and 34.5  Da) are also 
present, which are due to Ga implantation during FIB milling 

(<3.2 at% in the first specimen and <0.3 at% in the repeat). 
In one of the mass spectra acquired, small peaks (<0.5 at%) 
pertaining to Pt (97, 97.5, 98, and 99 Da) have been observed, 
which are likely due to remnants of Pt protective layer applied 
during FIB lift-out specimen preparation. The 3D atom maps 
of Pt and Ga suggest that penetration of Ga ions into the cel-
lular APT specimen is higher in the regions with less protective 

Adv. Funct. Mater. 2018, 1801439

Figure 3.  Controllable graphene encapsulation on various specimens to enhance the conductivity. SEM images of: a) A bacterial cell APT specimen 
without coating; b) a bacterial cell APT specimen coated with a single graphene layer; c) a bacterial cell APT specimen coated multiple times with single 
graphene layers; d) a typical resin-embedded Au NPs APT specimen without coating; e) a typical resin-embedded Au NPs APT specimen coated with 
a single graphene layer; and f) a typical resin-embedded Au NPs APT specimen coated multiple times with single graphene layers. g) Schematic of a 
graphene-coated Au nanoparticle membrane device. h) TEM image of a typical resin-embedded Au NPs APT specimen. i) The current versus voltage 
curves measured by the device before and after graphene coating, respectively.
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Pt layer (see Section S8 and Figure  S11 of the Supporting 
Information).

The reconstructed 3D nanostructural mapping of the cell 
envelope enabled by graphene encapsulation is shown in 
Figure  5a. Similar patterns of atomic distribution are also 
observed in a repeat (cell envelope) sample (see Section S9 in 
the Supporting Information), including small clusters from 
the 28 Da peak (CO) of ≈1 nm in size (Figure 5b). This is also 
similar to previously reported APT data,[10] where molecular 
fragments of phosphocholine are absent, suggesting loss or 
damage of the lipid layers of resistant bacterial strains.[40] 
On a final note, the physical mechanisms involved in field-
evaporation-based, APT imaging of cellular specimens using 
the current graphene coating approach was investigated by 
comparison of the average operating voltage range during 
APT experiments with that for Ag sputter-coated cellular APT 
specimens.[10] Figure 5c shows the former allows a lower oper-
ating voltage range than the latter, for a similar specimen tip 
radius prior to coating. Lower voltage for the graphene-coated 
specimens consequently led to lower field-induced mechanical 
stresses, and enabled a higher success rate of data acquisition 

(average success rate of 15%, i.e., 3 successful runs out of 
20 experiments) as compared to the samples sputter-coated 
with Ag by PVD (average success rate of 5%[10,17]).

Figure S14 (Supporting Information) shows further applica-
tion of the developed APT graphene coating method for sand-
wiching a water nanomembrane (WNM) onto the apex of an 
APT specimen. After multiple coatings to a W APT specimen 
with monolayer graphene films, a pure water membrane was 
trapped at the specimen apex due to the excellent imperme-
ability of graphene (see Section S11 of the Supporting Infor-
mation). The features inside the WNM are probably the 
nanobubbles which will be interesting to future explorations.

3. Conclusion

In this study, a novel approach to explore the structure and 
chemistry of biological specimens at near atomic resolu-
tion is explored. It has been demonstrated that imaging 
of low-conductivity specimens with pulsed-voltage APT 
can be achieved by applying graphene encapsulation. The 
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Figure 4.  APT of Au nanoparticles with graphene coating. a) SEM image of a typical resin-embedded Au NPs APT specimen after graphene coating. 
b) High magnification BF STEM image of the specimen apex from the red box in a) confirms no visible damage on the specimen apex after graphene 
coating. c) 3D near-atomic chemical mapping of a typical resin-embedded Au NPs APT specimen along with corresponding; d) mass-to-charge-state 
ratio spectrum. e) Comparison of peaks of the second charge state of Au acquired from graphene-coated and PVD Ag sputter-coated[17] specimens of 
resin-embedded Au NPs, together with the associated MRP values. The experimental conditions are the same in the both spectrums; voltage (V) of 
4 kV, and ion flight path length (L) of 382 mm.



www.afm-journal.dewww.advancedsciencenews.com

1801439  (7 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2018, 1801439

water-membrane-assisted graphene coating technique dem-
onstrates minimal damage when applied to APT specimens 
prepared from different types of materials such as metallic, 
polymeric and biological specimens. Due to its single-atom 
thickness and extraordinary conductivity, the addition of a gra-
phene layer enables formation of strong electrical field at the 
apex of the specimen during APT field evaporation. Improved 
compositional accuracy and specimen yield are demonstrated 
from the MRP of the acquired mass spectra, as well as a low-
ered operating voltage range. The proposed encapsulation 
approach with 2D graphene material for APT specimens pro-
vides a novel route toward imaging low-conductivity material at 
near atomic resolution, and lays a solid foundation for future 
research requiring interrogation of intracellular chemistry.

4. Experimental Section
Graphene Coating Technique: To coat the tip specimens with graphene, 

large-area single/monolayer graphene films were grown on copper foil 
by chemical vapor deposition. The copper foil was etched away by 0.1 m 
ammonium persulfate solution (APS). After etching, the APS solution 
was removed by a syringe until there was a thin layer of liquid to avoid 
graphene touching the bottom of container. Deionized (DI) water 
(Milli-Q water) was then injected into the container. The removal and 
injection procedures were repeated at least four times to replace the APS 

with DI water. The graphene layer was then floating 
on top of DI water and a nichrome wire ring was 
employed to retrieve the graphene film from the 
DI water in the petri dish. A water membrane is 
typically formed inside the wire ring due to surface 
tension, and its thickness is determined by the 
diameter of the wire. In this study a nichrome wire 
with diameter 0.25  mm was utilized to form an 
ultrathin water membrane. To carry out the coating, 
the wire ring was placed above an APT specimen 
and moved down slowly toward the specimen. Once 
the graphene was picked up by the APT specimen, 
the motion of the wire ring was reversed to retreat 
from the APT specimen. SEM examination of the 
APT specimen was subsequently carried out to 
ensure that the coating was successful and the 
specimen was not damaged. It is possible that 
defects contained in the graphene layer affected the 
coating quality. Therefore samples were routinely 
coated for two or three times to mitigate the effects 
of defect. Usually after two or three rounds, the 
graphene layers could be clearly observed to cover 
the tip with SEM, and excessive coating rounds 
have been avoided to lower the risk of damaging 
the delicate biological tips.

Au NPs Preparing and Resin Embedding: Gold 
chloride trihydrate (HAuCl4·3H2O, ≥99.9%), 
hexadecyltrimethylammonium bromide (CTAB), 
cetyltrimethylammonium chloride solution (CTAC, 
25 wt% in water), silver nitrate (AgNO3), sodium 
borohydride (NABH4), and l-ascorbic acid (AA) 
were purchased from Sigma Aldrich and without 
further purification were used to synthesize the 
Au NPs based on a repeated seeded growth 
approach,[41] as detailed elsewhere.[42] After 
preparing a high concentration Au NPs solution, 
it was spun down at 14  500  rpm for 10  min and 
rinsed with Milli-Q water three times in a 1.5  mL 
Eppendorf tube. Resin embedding of Au NPs was 

carried out based on a protocol reported at our previous work.[17] The 
NPs were dissolved in 100% acetone for 10  min, 2 times followed by 
infiltrating with 100% EPON 2 times and the infiltration process was 
accelerated in BioWave (Ted Pella Inc, USA). Polymerization of the resin 
was carried out overnight (24 h) in an oven set at 60 °C.[17]

Bacterial Cell Culture: The same polymyxin resistant Acinetobacter 
baumannii strains (ATCC 19606 R) as utilized in our previous study[10] 
were used in this work for APT cellular specimen preparation. The 
colony was first inoculated into cation-adjusted Mueller-Hinton Broth 
(CAMHB), and incubated overnight for 18 h in a shaking batch. The 
log-phase cultures were prepared by inoculating 1:100 of the overnight 
culture into CAMHB, and incubated for another 3.5 h. Moreover, using 
Milli-Q water and 0.22  µm syringe filter, sterile 1  mg mL−1 solution of 
polymyxin B sulfate was prepared. The cells were washed 3 times in 
phosphate buffered saline (PBS), and fixation was performed with 
4% paraformaldehyde (PFA) in PBS for 20  min. At the final step, the 
specimens were washed two times with PBS, and were added as a 
suspension (10  µL) onto the silicon nitride membrane window on a 
silicon wafer (Ted Pella Inc., CA, USA). The specimens were allowed 
to air dry overnight in a biosafety cabinet. Further details are provided 
elsewhere.[10]

Electron Microscopy Characterizations: TEM sample preparation from 
APT samples was performed using FIB lift-out method. A FIB-SEM 
instrument (Quanta 3D FEG, FEI Company) equipped with a chamber-
installed micromanipulator (MM3A-EM, Kleindiek Nanotechnik GmbH) 
was utilized to cut, transfer and mount the graphene-coated APT 
specimens on to TEM half-grids. Further details of TEM specimen 
preparation for imaging of the coated APT tips have been reported 
elsewhere.[17] Detailed studies of morphology and elemental analysis 

Figure 5.  APT of bacterial cell envelope with graphene coating. a) Reconstructed 3D volumes 
of cell envelope together with reconstructed 3D maps of selected ionic species. b) 3D map of 
CO species that contains 1 nm clusters. c) Operating voltage range of graphene-coated (this 
study) and Ag sputter-coated cellular APT specimens.[10,17]
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were carried by STEM and energy-dispersive X-ray spectroscopy, 
conducted on a transmission electron microscope (Tecnai G2 F20 
S-TWIN, FEI/Thermo Fisher Scientific, OR, USA) operating at 200 kV.

APT Specimen Preparation and Run Parameters: Specimens for APT 
analysis as well as PVD and chemical vapor deposition trial coating 
experiments were prepared based on the conventional FIB lift-out 
technique.[11,38,39] A FIB-SEM instrument (Quanta 3D FEG, FEI/
Thermo Fisher Scientific, OR, USA) equipped with a chamber-installed 
micromanipulator (MM3A-EM, Kleindiek Nanotechnik GmbH) was 
utilized for the FIB lift-out APT specimen preparation. For all of the bulk 
samples, the three stages of APT specimen preparation’ i.e., wedge 
preparation, wedge lift-out/attachment to the post needle, and annular 
milling for sharpening of the tips were utilized.[10] The difference between 
APT specimen preparation from the resin-embedded Au NPs and the 
dehydrated bacterial cells is that with the resin-embedded Au NPs, a 
long wedge was shared amongst various support post needles, while 
for the cellular specimens, a complete lift-out procedure was performed 
for each bacterial cell. Further details regarding APT sample preparation 
can be found in the previous studies.[10,17] Additional details of APT 
specimen preparation from resin-embedded bacterial cells are provided 
in Supporting Information (Section S12, Supporting Information).

APT experiments were conducted using a LEAP 4000 HR instrument 
(CAMECA Instruments, USA) operating in voltage mode under ultrahigh 
vacuum (<1 × 10−11  Torr). The operational parameters were set as 
following: set-point temperature of 60 K, pulse fraction of 20%, pulse 
repetition rate of 200 kHz and detection rate of 0.005 atoms per pulse.

Definition of MRP: MRP is a key characteristic of a time-of-flight (TOF) 
mass spectrometer, and it demonstrates the ability of the instrument 
to characterize two ions that are close in mass. The MRP at FWHM is 
(m/n)/∆(m/n), which is mass-to-charge (m/n) value of a peak divided by 
the peak width at half the maximum of the peak. This value is therefore 
dimensionless.[14] In an APT instrument, however, the MRP depends on 
m/n, and also the operating conditions such as voltage (V) and ion flight 
path length (L).[14] Thus, to compare the MRP from one APT experiment 
to next, the same m/n value at the same V and L should be utilized.[14] In 
this work, to compare the MRP values of PVD Ag sputter-coated resin-
embedded Au NPs specimens with the graphene-coated specimens, 
m/n = 98.5, V = 4 kV, and L = 382 mm were utilized in both cases.

APT Reconstruction and 3D Visualization: Tomographic reconstructions 
of the APT data were performed with the IVAS 3.6.12 software 
instrument (CAMECA Instruments, USA) followed by transfer of the 
coordinate data (x, y, and z) for 3D visualization using FEI Avizo 9.1 
software (FEI/Thermo Fisher Scientific, OR, USA), and Blender (The 
Blender Foundation, www.blender.org).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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