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This work describes the application of X-ray ptychography for the inspection of
complex assemblies of highly anisotropic nanocrystals embedded in a thick
polymer matrix. More specifically, this case deals with CdSe/CdS octapods, with
pod length L = 39 &£ 2 nm and pod diameter D = 12 &£ 2 nm, dispersed in free-
standing thick films (24 & 4 pm) of polymethyl methacrylate and polystyrene,
with different molecular weights. Ptychography is the only imaging method
available to date that can be used to study architectures made by these types of
nanocrystals in thick polymeric films, as any other alternative direct method,
such as scanning/transmission electron microscopy, can be definitively ruled out
as a result of the large thickness of the free-standing films. The electron density
maps of the investigated samples are reconstructed by combining iterative
difference map algorithms and a maximum likelihood optimization algorithm. In
addition, post image processing techniques are applied to both reduce noise and
provide a better visualization of the material morphological details. Through this
process, at a final resolution of 27 nm, the reconstructed maps allow us to
visualize the intricate network of octapods inside the polymeric matrices.

1. Introduction

Colloidal nanoparticles (NPs) and nanocrystals (NCs) are
typically composed of an inorganic core surrounded by an
organic shell of surfactants. They are typically processed by
wet chemistry (Alivisatos, 1997), which adopts simple fabri-
cation routes to produce nanomaterials even on a large scale.
Their size may be varied between 1 and 100 nm, which means
they can be synthesized in a range bridging clusters of atoms
to bulk-like materials. Thermodynamics rules the formation of
NCs with a variety of shapes, as illustrated in Fig. 1(a), from
solid and hollow spheres, rods, flat discs, dumbbells and cubes,
to tetrapods or even more complex morphologies. Their
properties strongly depend on their size and shape (Peng et al.,
2000; Scher et al., 2003). In terms of applications, colloidal
semiconducting chalcogenides (Rogach et al, 2008) and
perovskite quantum dots (Akkerman et al., 2018) have been
widely investigated for solar cells (Noel et al., 2014; Akkerman
et al.,2016), metal NCs (Au, Ag, Co) in nanoplasmonics (Geng
et al., 2017; Tao et al., 2008), and metal or magnetic NCs for
biosensing and cellular imaging (Parak et al., 2003). The high
surface-to-bulk ratio makes them also suitable for catalytic
applications: see for example the TiO, case (Gupta & Tripathi,
2011; Dahl et al., 2014; Petronella et al., 2017). The surfactants
that are passivating the NC surfaces, apart from limiting the
crystal growth, also mediate the surface interactions and offer
a means to tune the NC functionality.
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(a) Schematic description of a nanoparticle defined by a specific material (e.g. carbon nanotube, metal particle, hydrogel particle, solid-lipid hybrid
particle), a characteristic size (here from 1 to 100 nm) and shape (solid and hollow sphere, rod, disc, dumbbell), a surface charge (negative or positive),
and a surface functional group (here PEG, antibodies, peptides etc.); (b) SAXS profiles computed for the different shapes in (a), following the same color
code; (c) pair distribution functions computed for the shapes in (a) and corresponding to the SAXS profiles in (b).

To characterize NPs and NCs, X-ray-based techniques such
as X-ray diffraction (XRD) (Kumar, 2016: Giannini et al.,
2016; Mino et al., 2018; Giannini ef al., 2020), small/wide-angle
X-ray scattering (SAXS/WAXS) (Gordon et al., 2015; Craie-
vich, 2016; Glatter, 2018) — including the grazing incidence
(GI) versions GISAXS/GIWAXS (Muller-Buschbaum, 2003;
Renaud et al., 2009; Altamura, Sibillano et al., 2012) — and the
pair distribution function (PDF) (Juhas et al., 2006; Billinge &
Levin, 2007) are typically used. These techniques are needed
to answer basic questions such as what is (are) the crystal
structure(s) of the particles; what is the particle/domain size
(and size distribution); and what is the particle/domain shape?
The choice of the appropriate technique depends, in part, on
the state of the materials, as they can be produced in powders
(suitable for XRD and PDF), embedded in films and free-
standing membranes (convenient for SAXS/WAXS),
anchored on top of surfaces (ideal for GISAXS/GIWAXS), or
dispersed in liquids (to analyze via SAXS/WAXS). When PDF
analysis becomes mandatory, data must generally be collected
at dedicated beamlines [e.g. the P02.1 beamline at PETRA III
or the 28-ID-1 beamline of the National Synchrotron Light
Source (NSLS-II) at Brookhaven National Laboratory],
although high-brilliance laboratory equipment has recently
appeared on the market (Reiss et al., 2012; Sommariva, 2013).
For the microstructural analysis of the material (domain size
and shape), considering that single NPs can consist of multiple
crystalline domains, SAXS/GISAXS allow us to identify the
average particle size/shape whereas WAXS/GIWAXS/XRD
permit us to measure the average domain extension (size/
shape) of the nanocrystalline component only. For example,
for the colloidal NP of interest displayed in Fig. 1(a), which is
depicted here schematically as a core inorganic structure
(carbon nanotube, metal particle, hydrogel particle, solid-lipid
hybrid particle), with a characteristic size (here from 1 to

100 nm) and shape (solid and hollow sphere, rod, disc,
dumbbell), surface charge (negative or positive), and surface
functional group (here PEG, antibodies, peptides efc.), the
calculated SAXS profiles [Fig. 1(b)] and relative pair distri-
bution functions [Fig. 1(c)] change with the corresponding NP
shape [Fig. 1(a), same color code (Svergun & Koch, 2003)].
This comparison shows how SAXS can be efficient in assessing
the average particle shape, clearly distinguishing among all of
the possible shapes independently of the particle crystallinity.
We note that it is also possible to discern between hollow and
solid spheres via SAXS analysis, which is relevant for instance
when hollow nanospheres are used as drug carriers (Blanco et
al., 2001).

Once control over the shape and size of NPs and NCs was
achieved to produce monodispersed particles of specific
shapes, researchers started to assemble them in periodically
ordered nanostructures. These efforts led to a variety of
superlattices with a specific NP or NC as the repeat unit in
one-, two- or three-dimensional structures. In most cases, they
were self-assembled (Damasceno et al., 2012; Boles et al., 2016)
on the basis of their shape (Paik & Murray, 2013; Castelli et al.,
2016) or by using an external field [e.g. a magnetic field in the
work by Altamura, Holy et al. (2012)]. In these cases, GISAXS
and GIWAXS were adopted to study, often within the same
experiment, the structure, size and crystalline domain shape of
the building blocks (GIWAXS), as well as of the entire
assembled superlattice (GISAXS). Also, in situ experiments
were conducted with the aim of following the kinetics of the
assembly process (Corricelli et al., 2014; Yu et al., 2018). In
addition, monodispersed NPs or NCs of specific shapes were
merged together in aperiodic architectures, forming end-to-
end assemblies (Talapin et al., 2009; Boles et al., 2016). Non-
periodic networks are invisible to all the previously cited
X-ray techniques, if the relevant information to extract
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concerns the assembly itself and not the single building blocks
(although GISAXS can still be used to study the overall
morphology of the NPs and NCs). In these particuliar cases,
hard X-ray lens-less techniques to image extended objects are
extremely useful (Rodenburg et al., 2007; Nugent, 2010; Shi et
al., 2019). The use of electron microscopy or scanning trans-
mission microscopy with soft X-rays (Shapiro et al., 2014) is
not feasible here due to the thick 24 pm polymer matrix in
which the NPs are embedded. Therefore, hard X-ray micro-
scopy with phase contrast appears to be the only solution to
visualize the arrangements of these NPs. X-ray ptychography
in two dimensions has been successfully used to reveal the
arrangement of NCs made of a CdSe core with eight CdS pods,
so called octapods, and assembled in an irregular architecture
to create a non-periodic network embedded in polystyrene
(PS) free-standing polymer film with a thickness of 24 pm (De
Caro et al., 2016). In the present work, using the same phase
retrieval scheme and post-pashing data treatment approaches
(i.e. deblurring and denoising methods to improve the
retrieved phase images), we include further results of similar
NCs embedded in a polymethyl methacrylate (PMMA)
matrix. The very large thickness of the polymeric matrix
excludes any direct imaging technique such as transmission/
scanning electron microscopy (TEM/SEM) to inspect the real
status of the octapod assembly. The expected aperiodic
network of the octapods also rules out any traditional scat-
tering technique (SAXS/GISAXS). Indeed, GISAXS data
were collected and the diffraction patterns were interpreted as
the scattering of the octapod shape only, or were useful only in
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the case of periodic assembly of octapods without any poly-
meric matrix (De Caro et al., 2016).

2. Sample description

Octapod-shaped NCs were synthesized following a standard
procedure (Kim et al., 2012) and dispersed in toluene. The
solution was washed four times to remove the excess surfac-
tants by adding MeOH (1:0.5; toluene:MeOH volume ratio)
followed by heating at 343 K for 5 min and centrifugation at
3000 r min~" for 3 min. The final precipitate was dispersed in
toluene and sonicated for 10 min. Fig. 2(a) shows a 3D
reconstruction from STEM analysis of the CdSe/CdS octapods
studied here, which have a pod length L = 39 & 2 nm and a
pod diameter D =12 + 2 nm. A typical periodically assembled
region of octapods, shown in Fig. 2(b), was investigated in
previous work (De Caro et al., 2012). Conversely, interlocked
octapods, self-assembled in aperiodic linear architectures,
can be also formed, as imaged by SEM and shown in
Figs. 2(c)-2(h).

To prepare the octapod—polymer free-standing films, the
polymers were first dissolved in toluene with a concentration
of 5% in volume. Table 1 presents the two polymers used here;
the polymers were purchased from Sigma—Aldrich.

The polymer solutions were kept under strong shaking for
5h and then filtered through a 0.45 pm polytetrafluoro-
ethylene filter prior to use. The nanocomposite solutions were
prepared by adding 300 pl of the octapod solution to 200 pl of
polymer solution at 5% for a final polymer concentration of

9
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(d)
(h)

SEM images showing (a) a single CdSe/CdS octapod with pod length L = 39 & 2 nm and pod diameter D = 12 £ 2 nm [reprinted with permission from
Miszta et al. (2011)]; (b) a periodic 2D array of octapods [reprinted with permission of the International Union of Crystallography from De Caro et al.
(2012)]; and (c)-(h) aperiodic architectures of octapods. Scale bars: (a) 40 nm; (b) 100 nm; (c¢) 100 nm; (d) 200 nm; (e) 100 nm; (f) 200 nm; (g) 100 nm;

(h) 300 nm.
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Table 1

Polymers used to prepare octapod-nanocomposite films.

MW o T,
Polymer Polymer structure (kg mol™") (gml™) (K)
PMMA —-[CH,C(CH;)(CO,CH3)],, 120-350 1.188 378
PS -[CH2CH(C6HS5)], 190-350 1.04 367

2% volume. The solutions were magnetically stirred for 15 min
and poured into Al molds (30 x 10 x 3 mm) previously coated
with a release agent (Marbocote 227) — 350 ul of the nano-
composite solution prepared with higher molecular weight
(MW) polymers and 450 pl for polymers with low MWs. The
nanocomposite solutions were allowed to dry at room
temperature inside the glove box for 12 h. After drying the
films were peeled off the substrates and cut into prismatic
shapes of about 20 x 8 mm to obtain free-standing films. This
protocol resulted in films with a thickness of 24 £ 4 pm. As a
control, drops (15 pl) containing octapods without (labeled
OCT) and with polymer were placed on SizN, membranes
(window frame: 500 x 500 pm; thickness: 100 nm) on SiO,
substrates of 10 x 10 x 1 mm and allowed to dry under the
same conditions as the free-standing films.

3. Ptychographic coherent diffractive imaging
experiment

The set of X-ray ptychography data was collected at the
cSAXS beamline of the Swiss Light Source, at the Paul
Scherrer Institut in Villigen, Switzerland. The most relevant
technical details are as follows (De Caro et al., 2016): the
experiments were conducted with an X-ray beam of 6.2 keV
(wavelength A = 0.2 nm) using Fresnel zone plate primary
optics with a diameter of 200 pm, deposited on a 200 nm-thick
silicon nitride membrane, with an outermost zone width and a
thickness of 50 and 500 nm, respectively. A 50 mm focal
distance and a 50 um depth of focus were established, and a
piezoelectric stage was used for positioning the samples with
nanometre resolution for the ptychography scans. A Pilatus
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Figure 3

Ptychographic collection scheme illustrating the primary optics (here a
Fresnel zone plate), the sample movement for each scan and the 2D
diffraction pattern [reprinted with permission from Giannini et al
(2020)].

2M detector with Ageqpixer = 172 um pixel was placed at z =
2.236 m from the sample, and the flight tube in between was
filled with He to reduce air scattering and absorption. The
sample was placed about 270 pm downstream of the focus,
where the illumination was around 500 nm. According to the
ptychographic collection scheme depicted in Fig. 3, each
ptychography scan was realized along concentric circles with a
radial step size of 0.2 pm and 5 points in the first circle. The
exposure time per diffraction pattern was 0.2 s. A total area of
4 x 4 um was scanned with a total of 324 acquired points per
scan. However, as the samples are known to be sensitive to
radiation dose, a precise acquisition scheme was followed. For
each free-standing film, two different areas at 7 mm distance
were investigated. Across each area, we acquired data from
five 4 x 4 um-large regions, positioned at relative distances of
50 um from each other. The same region was scanned five
times consecutively, producing a matrix of images {Ai, Bi, Ci,
Di, Ei}, with i = 1-5 [further details are given by De Caro et al.
(2016)]. It was these abundant data which allowed us to
enhance the image contrast and improve the spatial resolution
by averaging, denoising and deblurring the phased data after
sub-pixel alignment.

4. The method

Phase information is lost in diffraction experiments. Only the
amplitudes of complex waves can be measured. In ptycho-
graphy the sample is scanned in coherent illumination mode,
and each sample region has to be illuminated several times,
and partially overlapped by neighboring regions, to have
enough measured amplitude values for each sample point to
compensate the lack of phase information. The coherent
illumination of the entire Fresnel zone plate lens aperture,
used to define the coherent illumination area on the sample,
was ensured using a horizontal aperture close to the source.
The focus size at the sample is d = 450 nm. As mentioned
before, we used a wavelength of A = 0.2 nm, so the obtained
oversampling ratio Az/(2d A geipixe1) = 2.9 is suitable for phase
retrieval. Indeed, the Nyquist criterion requires an over-
sampling ratio larger than or equal to 2 (Nyquist, 1928) to
compensate for scattering information related to the lost
phase.

A difference map algorithm (Thibault et al., 2009) with 200
iterations and a maximum likelihood optimization algorithm
(Thibault & Guizar-Sicairos, 2012) with 100 iterations have
been applied to each data set to firstly reconstruct the
ptychographic maps and then refine the results. The recon-
struction algorithm needs an initial probe, updated in each
iteration; so we used the probe previously retrieved on a test
specimen.

We evaluated the pixel size of a single-phase image. The
effective area of the detector used for phasing being Ny, X
Nger = 192 x 192 pixels, the pixel size of the phased image is
calculated as Ajmage-pixel = AZ/(Naet Adetrpixel) = 13.54 nm. So
the estimated spatial resolution of the phased maps would be
of the order of p = A/NA ~ 2A;, e pixel = 27 nm, NA being
the numerical aperture: NA = Nge; Agerpixet/(22) = 7.4 mrad.

744

De Caro et al. -

Inspecting self-assembled octapod nanocrystals in thick polymers

J. Appl. Cryst. (2020). 53, 741-747



research papers

The actual spatial resolution values would depend on the
analyzed sample, if it scatters enough photons at the highest
scattering angles; the noise level in the detector; eventual
incoherent background signals; mechanical instabilities of the
sample; radiation damage; and so on.

To estimate the actual spatial resolution of the phased
images, we adopted the Fourier ring correlation (FRC)
criterion (Heel & Schatz, 2005). FRC allows the evaluation of
the correlation in the frequency space of two independent
phase electron density maps to determine the resolution
threshold at which the two images are best correlated. To
evaluate the resolution, we used a broader accepted consis-
tency criterion: the crossing point in the frequency domain
between the FRC of two phased images I; and I, and the ‘half-
bit’ threshold gives the maximum spatial frequency of the
object details contained in images I, and I, which corresponds
to a spatial resolution p. The intersection of the half-bit
threshold curve with the FRC defines the point where there is
a half-bit of information per pixel, per image, i.e. averaging the
two independent images from which the FRC has been
calculated, one bit of information per pixel is reached,
summing the half-bit information obtained by each image.
Here, 0 = Aimage-pixet/(f/fmax), Where fi.c is the Nyquist
frequency corresponding to the inverse of the area recon-
structed with phasing. Our investigation indicates that f/f,,., at
the half-bit threshold curve ranges between 0.33 and 0.4 [see
red curves in Figure S6 of the supporting information of De
Caro et al. (2016)]. Therefore, the resolution of the phased
maps ranges between 34 and 41 nm, ie. between 2.5 and 3
times the Ajnage-pixel Of the phased image, close to the esti-
mated value of p = 27 nm (De Caro et al., 2016). In fact, the
spatial resolution of any microscopy image is actually limited
by an effective point spread function (PSF) that very often can
be well approximated by a Gaussian function and, usually, the
spatial resolution is interrelated with the PSF full width at
half-maximum (FWHM) (Koho et al., 2019). In our phased
maps one can put the standard deviations of the Gaussian
SF equal to Ajpage-pixe- Thus, the PSF FWHM would be
2.355 Aimage-pixes -6. about 32 nm, very close to the value
determined by the FRC half-bit criterion.

In order to increase the quality of the retrieved maps, post
image processing techniques have been applied to reduce the
noise effect and better visualize the morphological informa-
tion of the samples. Image contrast enhancement has been
obtained by applying a routine based on the combination of
deblurring and denoising stages. We used this approach to
restore averaged ptychographical phased maps obtained for
the same sample region. Very recently, with a similar approach
of combining deblurring and denoising stages, spatial resolu-
tion improvements on single fluorescence microscopy images
have also been shown (Koho et al., 2019). Our approach is
based on the classical total variation approach but with the
addition of a bilateral filter regularization (Laghrib et al.,
2015). This combination leads to the preservation of the
essential features of the image (De Caro et al., 2016), such as
boundaries and corners, which could be degraded using other
approaches. In fact, both algorithms are devoted to denoising
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Figure 4

(a) OCT sample phase map; (b) PS-190 sample phase map; (c) PS-350
sample phase map; (d) enlargement of (a); (¢) PMMA-120 sample phase
map; (f) PMMA-350 sample phase map. Scale bars represent 200 nm.
Phase errors have been estimated by considering the maximum and
minimum A, values from five independent phased maps obtained in the
same sample region. [Data on OCT and PS samples have been reprinted
with permission from De Caro et al. (2016)].

the original image. The first is an iterative filter commonly
used to reduce different types of additive or multiplicative
noise while preserving sharp transitions. Essentially, it
deconvolves a Gaussian point spread function, in our case one
pixel large, from the original image in order to remove
unwanted details (noise or spikes) whilst keeping important
details such as edges. The second is an iterative filter that
reduces noise, performing a nonlinear edge-preserving
smoothing. The filtering procedure has been applied to the
retrieved images. The results are shown in Fig. 4. After having
partially deconvolved the PSF, the FRC half-bit resolution of
the so-restored phased maps ranges between 27 and 20 nm, i.e.
between 2 and 1.5 times the Ajy,ecpixel Of the phased image
[see blue curves in Fig. S6 of the supporting information of De
Caro et al. (2016)].

5. Results and discussion

The experiment was conducted on free-standing 24 + 4 pm-
thick films of PMMA (with 120 and 350 mg mol ' molecular
weights) and PS (with 190 and 350 mg mol™' molecular
weights) (see Table 1) containing networks of CdSe/CdS
octapods [see Fig. 2(a)], as well as on the OCT control sample
without polymer.

Fig. 4 shows the results of the phasing and post image
processing for all analyzed samples. In the absence of thick
polymer (OCT sample), the data reveal that the octapods
aggregate with four pods in contact with the Siz;N, membrane,
as revealed from the GISAXS data collected for this sample
[Figure S3 of De Caro et al. (2016)] which presented intensity
maxima clearly associated with the octapod symmetrical
shape. In the case of thick polymers [Figs. 4(a)—-4(d) taken
from a previous study (De Caro et al., 2016) and PMMA data
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originally analyzed in the present work], octapods clearly form
more intricate and irregular networks. The maximum phase
shift (A¢y,) displayed for each image is a consequence of (i)
the actual arrangement of the octapods inside the polymer,
around the same thickness of 24 + 4 pm, and (ii) the polymer
molecular weight which somehow affects this arrangement.
Here we found A¢, (PMMA-120) < A¢, (PMMA-350) <
A¢n (PS-350) < A¢,, (PS-190). The higher density of the
material seems to affect the 3D assembly of the octapods.
Indeed, at the same molecular weight of 350 kg mol ', the PS-
350 [Fig. 4(c)] and PMMA-350 samples [Fig. 4(f)] show more
3D assemblies of octapods, which are at the origin of the
darker regions in the maps with variable morphology. In
contrast, the polymer with the lowest molecular weight
[PMMA-120, Fig. 4(e)] shows predominantly a 2D arrange-
ment of the octapods. In the PS-190 sample [Fig. 4(b)] we can
see both 3D and 2D arrangements of the octapods. The values
of the maximum phase shift (A¢,,) registered for this sample
could be also caused by an abundant arrangement of octapods,
which extends along the depth. The trend of the maximum
phase shifts as a function of the sample composition,
summarized in Fig. 4, has also been confirmed from the
analysis of phased maps obtained from other regions of the
investigated samples within the restrictions of the present
experiment, i.e. that our phase reconstructions integrate the
volume information in two dimensions.

6. Conclusions and perspectives

This work demonstrates the application of ptychography to
the field of colloidal nanomaterials. Specifically, we proved
ptychography to be effective for the study of the aggregation
of nanocrystals in non-periodic architectures when buried in
thick polymers. Such an unfavorable combination of non-
periodic assembly and thick matrix (several tenths of a
micrometre thick) rules out any direct imaging methods, such
as SEM or TEM, which have severe limitations for investi-
gating thick samples.

With the advent of fourth-generation radiation sources, or
the upgrade of third-generation sources, X-ray coherent
beams will gain in coherence and flux. This improvement will
be extremely beneficial in similar experiments. Colloidal
nanomaterials have recently found very interesting applica-
tions in nanomedicine, as they can be prepared and delivered
in solution, and therefore easily administered to cells which
are typically several-micrometre-thick matrices (Pelaz et al
2017). The current and promising applications of nanomedi-
cine include, but are not limited to, drug delivery, cell sorting
and cell detection. In nanomedicine, a variety of organic/
inorganic nanomaterials and devices are used. So far, there are
over two dozen nanotechnology-based therapeutic products
approved by the Food and Drug Administration for clinical
use, and more are in clinical trials (Wagner et al., 2006; Zhang
et al., 2008; Davis et al., 2008). In cancer studies, much interest
has been focused on understanding the internalization of
nanoparticles in cells as a function of their size/shape and
surface chemistry, as well as of the cell type. One of the most

widely used methods to localize nanoparticles in cells and
distinguish between internalized and externally adhered
particles is confocal laser scanning microscopy (CLSM).
CLSM allows visualization of nanoparticles in cells at 200 nm
resolution, provided that the nanoparticles are marked with a
fluorescent molecule, such as rhodamine. However, X-ray
ptychography has the great advantage of being a label-free
bio-imaging method, applied with success to investigate
weakly scattering objects (Giewekemeyer et al., 2010; Dierolf
et al., 2010) and biological cells (Jones et al., 2013; Marrison et
al., 2013; Lima et al., 2013) at 50 nm resolution (or better). In
the present work, we imaged inorganic nanoparticles in
~24 pm-thick polymers; but for future experiments, instead of
thick polymers we could set up a project to image the fate of
nanoparticles administrated to several-micrometre-thick cells,
for example, at different time points, especially considering
recent instrumentation and image processing developments
for high-resolution ptychographic tomography (Holler et al.,
2018). Finally, in a number of recent studies, X-ray fluores-
cence was combined with ptychography to image frozen
hydrated cells and, at the same time, map trace elements (S, P,
K, Ca) in the unlabeled subcellular structures (Deng et al.,
2017). This combination of chemical and structural/topological
information can be extremely useful in cancer studies, where
the metabolism of trace elements is a key point.
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