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Abstract
Block copolymers are well-known to self-assemble into a range of 3-dimensional morphologies.
However, due to their nanoscale dimensions, resolving their exact structure can be a challenge.
Transmission electron microscopy (TEM) is a powerful technique for achieving this, but for
polymeric assemblies chemical fixing/staining techniques are usually required to increase image
contrast and protect specimens from electron beam damage. Graphene oxide (GO) is a robust,
water-dispersable, and nearly electron transparent membrane: an ideal support for TEM. We show
that when using GO supports no stains are required to acquire high contrast TEM images and that
the specimens remain stable under the electron beam for long periods, allowing sample analysis by
a range of electron microscopy techniques. GO supports are also used for further characterization
of assemblies by atomic force microscopy. The simplicity of sample preparation and analysis, as
well as the potential for significantly increased contrast background, make GO supports an
attractive alternative for the analysis of block copolymer assemblies.

Introduction
The self-assembly of amphiphilic macromolecules in solution is widely studied for the
advancement of drug and gene delivery systems,1 nanoreactors,2 in separation science and in
nano-electronics.3 With the increasing popularity and commercial availability of controlled
radical polymerization initiators/chain transfer agents, the synthesis of amphiphilic
macromolecules has become synthetically simple and hence widely accessible.4,5

Furthermore, a wide range of pre-made amphiphilic polymers are commercially available
requiring simple dissolution in a suitable solvent for self-assembly to occur. Such
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amphiphiles have been proposed for a range of nanoscale applications, however to achieve
this, the characterization of their size and morphology must be accurately and readily
determined.

Although many analysis techniques can be used to infer information about solution-
assembled structures, the most accurate methods used to study morphology and size are
based on scattering (light, neutron, and X-ray) and microscopy (electron and atomic force)
techniques. Scattering techniques are solution based enabling information to be obtained in
the ‘natural state’ of the particle; however, limited information is available using standard
light scattering (especially for non-spherical particles) and all scattering techniques are
indirect, requiring the fitting of data to a model. Neutron and X-ray scattering are
particularly powerful; however, they tend not to be readily available and often require
detailed and specialized interpretation of the scattering data.

Microscopy techniques complement scattering data; they directly observe individual
particles, typically when dried to a substrate or a support. Scanning electron microscopy
(SEM) has been used to identify structures,6–8 but its low spatial resolution (～5 nm) means
that it can offer limited information about typical polymer nanostructures prepared by self-
assembly. Atomic force microscopy (AFM) has proven useful in identifying the 3D nature
of structures when dried to a surface,9–11 but is limited by tip convolution effects and neither
SEM nor AFM can resolve internal structure. The highest spatial resolution can be achieved
using transmission electron microscopy (TEM), but often the relatively low mass elements
which make up the polymers lead to low contrast and hence difficulties in imaging. In TEM,
the image contrast is due to scattering of the electrons as they pass through the sample and
regions with high atomic number scatter more electrons than low atomic number areas of the
same thickness.12,13 Therefore, scattering arises from differences in density and thickness of
the specimen. As the sample must be supported under the electron beam, typically a thin
amorphous carbon film is utilized. Because the carbon support film is similar in thickness
and composition to typical block copolymer assemblies, resolving copolymer structure
against the background of a carbon film can be challenging. To overcome this lack of
contrast, chemical fixing/staining techniques are often employed. It is well known that these
staining techniques can cause artifacts, leading to difficulties in analysis and unreliable
results.14 It has also become common practice to screen a series of stains to find the most
appropriate for a given system; this, however is a time-consuming and often subjective
process.

The development of cryo-TEM15–17 has enabled the imaging of polymeric nanostructures
within a vitrified thin film of water, in their ‘natural state’. The low background of the thin
vitrified support means that no staining is required and good contrast for polymeric
nanostructures can be obtained. As a result the combination of cryo-TEM and neutron
scattering experiments has become the gold standard for analysis of self-assembled
amphiphiles in solution.18 However, given the limited accessibility and increased time and
costs associated with cryo-TEM, dry-state staining TEM is still very prevalent in the
literature.9,19–21 One perceived disadvantage of this dry-state method is that drying of the
sample on the substrate can cause deformation or complete destruction of the sample,
however it has been observed that many polymer based assemblies tend to be quite rigid and
therefore retain their shape.

Recent advances in low background TEM specimen supports give the opportunity to
develop a simple alternative to staining, with some complementary advantages to cryo-
TEM. The thinnest conceivable support is graphene, a hexagonal crystal of carbon atoms
which is only one atom thick. Graphene is strong and almost electron transparent; using
graphene supports for high contrast imaging of individual atoms has been demonstrated

Patterson et al. Page 2

Soft Matter. Author manuscript; available in PMC 2013 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



using TEM analysis.22,23 However, monolayer graphene supports are relatively expensive
and very few species adsorb to the homogeneous graphene surface. In comparison, heavily
oxidised graphene (or graphene oxide) is readily available in large quantities,24 it is water
dispersable and is also robust and nearly electron transparent. Graphene oxide (GO) supports
are cheap and easy to make;25 a drop of GO solution is placed on a perforated-carbon TEM
grid and allowed to dry. The surface functionalities on GO promote the adhesion of many
species, and the low background facilitates high-resolution imaging. GO supports have
recently been used for imaging of atomically resolved molecules in motion,26 and vitrified
biological molecules.27 The strength of the GO, despite being only one atom thick, allows
monolayer GO supports to be imaged by AFM,28 and they are equally robust to exposure in
the SEM.25

In this report the exploration of GO as a support for analysis of block copolymer assemblies
by multiple microscopy techniques is demonstrated through analysis of the three most
common types of micellar assemblies (polymersomes, spherical micelles, and cylindrical
micelles). The reader is encouraged to think of this report, not as an in-depth study/
comparison of the different microscopy techniques herein, but rather as a demonstration of
how a wide variety of complementary data can be collected by the non-microscopy experts
who regularly rely on these techniques. The data obtained using GO-grids without staining
is compared to data obtained using conventional staining techniques and cryo-TEM. A
quantitative analysis of the contrast mechanisms is work ongoing by the authors, to be
published as a more specialised microscopy paper. Complementary data from AFM and
SEM is also presented, including analysis of the same individual polymersomes on a GO
substrate using all three techniques. This is not possible using stained samples or cryo-TEM
and presents a significant advance in the detailed characterization of polymeric
nanostructures. We also highlight how the low background of GO also readily enables other
electron microscopy techniques such as tomography and scanning transmission electron
microscopy (STEM).

Experimental
All chemicals were used as received from Aldrich, Fluka, or Acros unless otherwise stated.
Tert-butyl acrylate and styrene monomers were distilled over CaH2 prior to use and stored at
5 °C. AIBN [azobisisobutyronitrile] was recrystallized twice from methanol and stored in
the dark at 5 °C. DDMAT [S-dodecyl-S′-(α′,α′-dimethyl-α″-acetic acid)],29 poly(lactide)40-
b-poly(acrylic acid)286 cylindrical micelles (5)30 and solutions of graphene oxide25 were
synthesized as previously reported. Copper TEM grids were purchased from Agar, dry-
stained images were obtained on 300 mesh formvar/carbon grids, GO imaging was
performed on 400 mesh lacy carbon films, with deposited GO films and cryo-TEM images
were taken on Quantifoil holey carbon grids with 200 mesh.

GO solutions (0.10–0.15 mg mL−1) were sonicated for 30 s prior to use. Lacey carbon grids
(400 Mesh, Cu) (Agar Scientific) were cleaned using air plasma from a glow-discharge
system (2 min, 20 mA): this step is not essential but increases the hydrophilicity of the lacy
carbon improving the coverage of GO to typically >70%.27 One drop (～0.08 mL) of the
sonicated GO solution was deposited onto each grid and left to air-dry for ～30 min. Once
dry, the grids could be stored for several weeks before sample deposition. A video abstract is
also available on how to prepare the GO grids.28 To deposit aqueous micellar assemblies, a
small drop (～2–10 μL) of sample was pipetted onto a pre-prepared GO grid and left to air
dry, or blotted away after several minutes depending on sample type and concentration
(typically from 0.2–2.0 mg mL−1). Once dry, the grids could be stored for several months
and imaged on numerous occasions without significant damage to the GO.
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Results and discussion
The formation of polymersomes has attracted particular interest for nanoreactor31–33 and
biomedical34,35 applications as the hydrophobic membrane and hydrophilic interior allow
for the incorporation and segregation of various reactive/active groups.36,37 Analysis of
these structures requires that the membrane be resolved, and often the thickness of this
membrane is integral to their application. Light scattering techniques can be used to obtain a
radius of gyration/hydrodynamic radius ratio (Rg/Rh), which can indicate whether a structure
is hollow or solid. However, this does not prove a membrane structure and can be difficult to
obtain if the sample is not stable across changes in concentration.

Since the seminal work of Eisenberg and co-workers38,39–42 polyacrylic acid-b-polystyrene
has become an archetypal amphiphilic block copolymer for self-assembly into higher
ordered structures. Using a range of block ratios and assembly conditions it has been shown
that these block copolymers can form spherical micelles, cylindrical micelles,
polymersomes, multilamellar structures, and compound micelles.43 In this work, PAA11-b-
PS250 was synthesized by the reversible addition fragmentation chain transfer (RAFT)
polymerization and assembled using the solvent switch method (see Supporting Information
for details). It should be noted that in addition to polymersomes this sample also contained
some multilamellar structures, in agreement with previous reports,40 which were not used
for analysis (images are included in the supporting information). Fig. 1a–c shows TEM
images of the self-assembled structures obtained from the amphiphile PAA11-b-PS250 using
a formvar carbon grid stained with uranyl acetate (UA), a GO TEM grid (with no staining),
and cryo-TEM analysis (a–c respectively). With the GO grid sample preparation used (see
experimental section) typically >50% of the TEM grid is covered by GO, much of the
coverage is monolayer with other areas being a few layers thick (diffraction patterns from
single and a few layered GO are shown in the ESI†). The GO and GO TEM grids can be
stored in air for many months with no sign of deterioration and are extremely stable under
the electron beam. Fig. 1a–c show the membrane structure which is indicative of
polymersome formation. The contrast in the stained image (Fig. 1a) is due to increased
electron scattering where the stain is present, and in this case the stain used here has not
been absorbed by the polymersomes, thus the polymersomes appear bright. However, the
stained image also shows artifacts such as rod-like features, which are not found when
analyzing the same sample by cryo-TEM or on a GO support (a common feature of using a
negative staining technique). Furthermore, it is known that different stains can give different
contrasts and different artifacts, for example with phosphotungstic acid (PTA) staining there
is a complete absence of a membrane structure (see ESI,† Fig. S1). In addition the fine
structure of the polymersomes is obscured by the stain: looking at the particles in the blue
circle of Fig. 1a (UA stained), in some cases the bilayer is difficult to distinguish. By
comparison the polymersome structure is clearly and unambiguously resolved in Fig. 1b
without the application of a stain through the utilization of GO as a low background support
for imaging. The contrast in this GO image is mainly due to electrons scattered by the
polymersomes, and hence reflects their actual structure. This distinction between image
contrast in stained and unstained samples is reinforced, in Fig. 1 (d–f) by analysis of a self-
assembled PAA100-b-PS46 amphiphile which is known to form spherical micelles.44 When a
UA stain is applied (Fig. 1d) it selectively binds to the acrylic acid corona so that a ring-like
feature is noted, perhaps suggesting a membrane like-structure. Imaging the same sample
unstained on a GO support (Fig. 1e) shows spherical micelles; the true nature of the self-
assembled structures. Fig. 1f shows that applying the UA stain to the GO grid gives a similar
artificial ring-like contrast indicating that if stains are required, e.g. to identify the location

†Electronic Supplementary Information (ESI) available: Further images, and analysis are included. See DOI: 10.1039/c2sm07040e/
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of a particular polymer block within a particle, they can be used on GO grids.45 A
comparison of the polymersome images taken by cryo-TEM (Fig. 1c) and on GO supports
(Fig. 1b) indicates that the background is significantly lower on the GO than on the vitrified
water support (cryo-TEM), permitting clearer resolution of the particle structure and
simplifying software detection of particle statistics. Combined with the inherent difficulties
in performing cryo-TEM, this makes statistical analysis of a large number of particles
considerably easier using GO as a substrate. Average membrane thicknesses for the
polymersomes were measured using each imaging technique. The data obtained for GO (21
± 2 nm) and UA staining (21 ± 2 nm) were comparable, however, slightly lower membrane
thickness (17 ± 3 nm) were obtained by cryo-TEM analysis. This could indicate a small
distortion of the membrane in the dry state TEM compared to the cryo-TEM analysis, and
highlights that although the GO is an excellent low background support for analysis, drying
effects cannot be ignored.

Imaging by cryo-TEM, using positive staining or using the GO-grids are complementary
techniques, however, a significant advantage of the GO-grids is that it allows for the direct
comparison by TEM and AFM on the same support. This is important as conventional TEM
(dry-state or cryo) gives images that are 2D projections of 3D objects from which it is
impossible to infer the overall 3D morphology; however AFM analysis can provide
information on the 3D structure of the materials. Fig. 2 shows an AFM image of a large
polymersome (～125 nm in diameter); in this particle the centre appears collapsed, as
expected when drying a large hollow structure to a substrate. Typically, when TEM/AFM
are used in combination to study polymer assemblies, individual samples are prepared for
each technique on different substrates and therefore drying effects are likely to be different
in each case. Performing both analysis techniques on the same sample on the same substrate
allows more accurate correlation of the results and hence more robust analysis of polymeric
nanostructures. 3D imaging can also be performed using electron tomography (discussed
below); however, the collection of data for many particles will be much more time
consuming and require more complex treatment of the collected images.

Non-spherical morphologies are also of great interest10,46,47 and as researchers begin to
exploit phenomena beyond simple solvophobic effects, their synthesis is becoming more
accessible. Microscopy analysis is even more important for these structures as most light
scattering models break down for non-spherical aggregates, making these anisotropic
structures more difficult to analyze using readily available techniques. As previously
reported,30 the crystallization behaviour of poly-(L-lactic acid) (PLLA) can be exploited in
order to drive the assembly of block copolymers into cylindrical morphologies. Previous
studies focused on measuring the growth of the cylinders by TEM using conventional
staining techniques with confirmation of the natural state morphology by cryo-TEM. Fig. 3
shows a comparison of representative TEM images of the same sample (PLLA40-b-PAA286,
4) obtained using (a) a formvar carbon grid and PTA staining, (b) a GO TEM-grid,(c) and
cryo-TEM. All three images show similar cylindrical structures; however, the lower
background of the GO support (in b) reveals a core-shell contrast that is not visible using the
other techniques. This increase in contrast is proposed to allow for more detailed analysis of
the exact core-shell nature of the nanostructures and may potentially shed light on the
growth mechanism of their formation.

Statistical analysis of the size of the cylinders, extracted from the TEM images, is given in
Table 1. The diameters calculated from the images taken using different stains are
inconsistent, and do not agree with cryo-TEM analysis. Images taken on GO supports give
diameters consistent with cryo-TEM, and AFM analysis of the same sample suggests that
there is little if any distortion after drying, as might be expected for cylinders with
crystalline PLLA cores. The length distributions follow a similar trend.
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The hydrophilic nature of GO makes it readily applicable to aqueous based assemblies;
however, the analysis of an organic solvent based sample has also been achieved by our
group.48 In addition, should it be required, hydrophobicity can be dialed into the GO
substrate by either sonication in water/acetone mixtures49 or simply by heating the GO TEM
grid on a hot plate prior to use. The latter can be seen in the gradual increase of contact
angle (from about ～12° to ～90°) with increasing heating times for a series of GO thin films
(see ESI†).

Resolving the full 3D morphology of polymeric assemblies, including the inner structure,
can be achieved through electron tomography (ET) analysis. Significant advances have been
made in cryo-electron tomography (cryo-ET), but despite the excellent work by Sommerdijk
and co-workers50,51 cryo-ET is not yet widely used to study solution-assembled polymeric
nanostructures. This is due in part to the relatively high background of the vitreous support,
and as a result of support beam damage during the prolonged exposure required for cryo-ET.
However, the extremely low background and stability of the GO support make electron
tomography and higher resolution images more accessible. Fig. 4a shows the bright tilt TEM
image of the PAA11-b-PS250 polymersomes, acquired at 0° tilt and Fig. 4b shows the
surface-rendered tomographic reconstruction of the polymersome. We propose that imaging
and tomography analysis on GO for more advanced structures, e.g. multi-compartmental or
Janus micelles, could prove invaluable and in the authors' view, the availability of high
contrast dry-state tomography should encourage the wider use of this technique. While
specimen beam damage is obviously sample specific, it should be noted that the ET was
performed at 200 kv and, data were collected over a period of >1 h, during which time no
deterioration of the sample was found.

Imaging polymeric particles without staining and in the dry state allows a wider range of
analytical TEM techniques, such as those regularly used in hard material analysis, to be
applied. For example, features observed in the images recorded from nanoscale polymer
assemblies taken using conventional bright-field TEM imaging result from elastic scattering
in the sample and interference effects due to the coherence of the electron beam. These
phase contrast effects are highly sensitive to focus, even to the extent that the contrast can be
reversed with focus, hence imaging is mostly done at a slight under focus. An alternative is
to take images in the high angle annular dark field (HAADF) mode of STEM, which collects
high-angle elastically scattered electrons. HAADF-STEM is an incoherent imaging
technique where the image contrast depends on the atomic number of the scattering atoms,
density of the sample, and its thickness (so called “mass-thickness” contrast). Because
polymers consist mainly of carbon, contrast of polymeric assemblies in this mode is
dominated by changes in density and thickness, making interpretation of HAADF-STEM
images more straightforward than conventional TEM images, as no phase contrast is
involved. Fig. 5a shows a HAADF image of the PAA11-b-PS250 polymersomes, on the GO
substrate which was previously used for bright field imaging. Using this method the
membrane structure can be clearly resolved; however what is more significant is that the
signal-to-noise ratio is significantly greater for the polymersome on the GO support than for
the polymersome on lacy carbon. The line profiles in Fig. 5b demonstrate this increase in
contrast by at least a factor of 3, and the corresponding improvement in the signal-to noise
ratio. Quantitative analysis of these images could be used to test models for the
polymersome structure; thus, the increased contrast on GO would be a significant advantage.
This demonstration of HAADF-STEM imaging of block copolymer assemblies on GO
indicates several exciting future avenues of research. Combining HAADF-STEM and
tomography, as is conventionally done for electron tomography of inorganic structures,
should allow less ambiguous and higher resolution analysis of polymeric nanostructures.
Furthermore, the inelastic electron/soft material interactions are relatively strong;52 thus
chemical analysis can be performed in STEM through measurement of the inelastic
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scattering. Therefore STEM of polymeric materials on GO gives the opportunity not only
for readily interpretable images but also simultaneous collection of electron energy loss and
elemental dispersive X-ray spectra at high spatial resolutions.

The TEM and AFM results for both the polymersomes and the cylinders (Fig. 1, 2 and 3)
were obtained using the same GO grids but from different, random areas of the grid. Using
the GO grids, it is not only possible to compare the average results from these techniques but
by using a ‘finder’ TEM grid exactly the same area can be examined by multiple techniques
(TEM, AFM and SEM in this case) on this single substrate. Fig. 6 shows TEM, AFM, and
SEM images of the polymersomes, discussed previously, prepared on a GO support. To the
authors' knowledge this is the first time the same individual self-assembled polymeric
structures have been imaged using multiple techniques. Imaging the exact same area of the
grid further backs up the minimal damage caused when analyzing these samples. The GO
causes no charging in the SEM and while some contamination was observed in the SEM, the
particles could easily be imaged without the need for coatings which are often used on soft
materials. The corresponding plot profiles from AFM and TEM (Fig. 7) show the roughly
spherical nature of the particle on the surface (AFM) and its hollow internal structure
(TEM). The measured height (45 nm by AFM) and width (61 nm by TEM) show that it is
not perfectly spherical, suggesting that drying may have distorted its structure. It should be
noted that the apparent width of the polymersome as measured by AFM is increased due to
tip convolution effects. Interestingly the reverse side of the GO support can also be imaged
using AFM analysis (see Supporting Information) which shows small local distortions in the
GO membrane caused by adhesion of the polymersomes. The complementary information
on the 3D structure of the polymersome on GO has potential ramifications as it is routine in
high-resolution TEM to compare image simulations with experimental observations to attain
the maximum structural information. We propose that the enhanced 3D information
extracted from the AFM images on GO would help in the construction of an accurate model
against which to test the observed TEM images.

Previous reports25–28 have demonstrated the advantages of using GO as a substrate for
TEM, such as the cheap, simple and robust preparation of both the GO and subsequent GO
TEM grids which give largely monolayer thickness over the majority of the grid. The good
coverage of an almost electron transparent substrate gives ideal imaging conditions for low
contrast specimens making analysis far simpler than using staining methods or cryo-TEM.
While GO is undoubtedly an excellent substrate for the analysis of soft materials by TEM,
its compatibility with other techniques (AFM, SEM and STEM) allows and encourages the
collection of data from multiple sources, both minimising misinterpretation and greatly
improving image analysis.

Conclusions
The use of GO as a TEM substrate potentially negates the need to use stains for soft
materials, reducing image artifacts and subjective interpretations, and simplifying TEM
sample preparation. Although distortions due to drying will still be present, by combining
TEM data with height information from AFM these drying effects can be measured and
better understood. With only one GO TEM-grid needed for analysis by TEM, SEM, and
AFM, it is possible to analyze a sample quickly and consistently. This method of analysis is
much more accessible than cryo-TEM, provides better contrast, and allows a wider range of
advanced microscopy techniques to be used. GO supports do not replace the need for
complementary techniques that allow the native structures in solution to be assessed, such as
cryo-TEM and scattering techniques (e.g. X-ray and neutron diffraction) but they do offer a
readily accessible alternative for routine analysis. In conclusion, the simple use of graphene
oxide as a support material for the characterisation of block copolymer assemblies allows
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high contrast images to be acquired without the use of stains and opens the way for
increased resolution, structural determination and chemical analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative TEM images of the PAA11-b-PS250 polymersomes using a carbon formvar
grid and (a) UA staining, (b) imaged on a GO grid and (c) imaged using cryo-TEM analysis
and PAA100-b-PS46 spherical micelles imaged using a carbon formvar grid and (d) UA
staining, (e) imaged a GO grid and (f) imaged on a GO grid with UA staining.
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Fig. 2.
AFM image and corresponding line profile of a PAA11-b-PS250 polymersome on the same
GO grid that was used for TEM analysis.
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Fig. 3.
Representative TEM images of the PLLA40-b-PAA298 cylinders using (a) a carbon formvar
grid with PTA staining, (b) a GO grid and (c) cryo-TEM.
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Fig. 4.
(a) 2D Bright field TEM image of a polymersome 3, (b) cross section of the 3D
reconstruction of the polymersome.
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Fig. 5.
(a) HAADF image containing polymersomes on GO (blue) and on the lacy carbon support
(red) and (b) the plot profile along two polymersomes on different supports.
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Fig. 6.
(a) Bright field TEM, (b) SEM, and (c) AFM images of exactly the same area of a GO grid.
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Fig. 7.
The plot profiles corresponding to the polymersome in Fig. 6 (circled in blue and red from
the TEM and AFM images respectively). The TEM plot profile has been inverted for clarity.
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