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Abstract

Using the excellent performances of a SACLA (RIKEN/HARIMA, Japan) X-ray free electron
laser (X-FEL), coherent diffraction imaging (CDI) was used to detect individual liposome
particles in water, with or without inserted doxorubicin nanorods. This was possible because
of the electron density differences between the carrier, the liposome, and the drug. The
result is important since liposome nanocarriers at present dominate drug delivery systems.
In spite of the low cross-section of the original ingredients, the diffracted intensity of drug-
free liposomes was sufficient for spatial reconstruction yielding quantitative structural
information. For particles containing doxorubicin, the structural parameters of the nanorods
could be extracted from CDI. Furthermore, the measurement of the electron density of the
solution enclosed in each liposome provides direct evidence of the incorporation of
ammonium sulphate into the nanorods. Overall, ours is an important test for extending the
X-FEL analysis of individual nanoparticles to low cross-sectional systems in solution, and
also for its potential use to optimize the manufacturing of drug nanocarriers.

Introduction

The first X-FELs'3 are revolutionizing structural investigations at the submicron level,*’
yielding detailed information on individual particles. This was notably demonstrated for metal
nanoparticles and viruses of a relatively large size.”-® Here we show that the rapid progress
of X-FELs and detectors now enables the imaging of individual liposome particles of ~100
nm size and in water,® even though they consist in principle of weakly scattering
biomolecules, and of their carried drugs.'®'? The diffracted intensity was specifically
sufficient for CDI reconstruction’'® vyielding quantitative information on individual
liposomes.



Liposomes are vesicles composed of lipids, used to deliver nutrients or drugs.'”-'® Their
excellent, size-dependent delivery properties are specifically employed for carrying
doxorubicin, a widely used anticancer drug.'”2%-24 Further improvements, specifically those
concerning their size and homogeneity,?52¢ would be highly desirable for medical and other
health-related applications, not to mention compliance with the drug-certification
requirements. However, these improvements necessitate a detailed knowledge of the
structural properties of liposomes that is hard to achieve. It is indeed difficult to identify the
shape, size and drug uptake of liposomes by standard imaging methods, particularly in a
natural liquid environment.

We solved these problems by using the CDI of individual nanoparticles in solution, based
on X-FEL pulses. The experiments were performed with a specially designed sample holder
to analyze liposomes in a liquid environment — an essential condition for a realistic impact
on the optimization of drug delivery.

Our quantitative X-FEL CDI results were generally consistent with cryo-electron microscopy
(cryo-EM) data?’-3° and with the small-angle X-ray scattering (SAXS) analysis of the
diffraction patterns. However, our approach offers marked advantages.

Indeed, cryo-EM cannot be implemented in the natural liquid environment. Conventional
SAXS on liquid solutions cannot be applied to anisotropic nanorods with non-uniform size
distribution, as in the present case. These are limitations of general significance, since the
typical structure of drug-carrying nanoparticles is indeed anisotropic and not uniform. Similar
limitations also affect other imaging techniques: for example, dynamic light scattering®’
provides useful information, but performs averages over many particles and cannot detect
the drug rods inside them.

Results and discussion

Fig. 1 shows the cryo-EM images of blank and doxorubicin-containing liposomes. Note that
the therapeutical use is only effective and officially approved for rod-shaped drug particles
inside liposomes within a narrow size range. Fig. 1b and c reveal significant deviations from
this standard: the liposome size ranges from ~80 nm to >250 nm (and requires size filtering
in the industrial drug production process). Furthermore, whereas some liposomes contain
doxorubicin with the correct shape (i.e., rods — see for example the arrow-marked particle
in Fig. 1b), others contain doxorubicin with unacceptable shapes. Furthermore, some
liposomes contain no doxorubicin at all, and others are enclosed in larger liposomes. These
characteristics cannot be detected by particle-averaging techniques such as SAXS -
whereas they are crucial for therapy, its optimization and the mandatory controls of industrial
manufacturing for human use.

Fig. 2 shows representative CDI results of two individual liposomes with no doxorubicin; Fig.
2(a) is a diffraction pattern, Fig. 2b the pattern after processing with the Guided Hybrid Input-
Output (GHIO)' method and Fig. 2(c) is the resulting reconstruction. In this widely used
image-processing technique, a circular constraint improves the appearance of the images
but it does not in any way alter the essential geometric features. Fig. 2(d) and (e) show the
diffraction pattern and the reconstruction of another individual liposome. From the
reconstructions, we directly extracted the size of each liposome, ~100 £ 20 nm in both
cases.



Fig. 1 Cryo-electron microscopy images of liposome particles. (a) Blank and (b) doxorubicin-containing
liposomes (the black dots in (a) are Au nanoparticles decorating one of the liposomes). (c) Processed doxo-
rubicin-containing liposome compliant with the human therapy require- ments, with a more uniform size and
shape. Scale bars = 200 nm.

Fig. 2 Representative CDI patterns for individual liposomes with no doxorubicin. (a)-(c) show typical results of
one liposome: (a) diffraction pattern; (b) the same pattern after GHIO processing (initial reconstruc- tion); (c)
the corresponding reconstructed image in real space (the error factor is 0.1741). Scale bars = 100 nm. (d) and
(e) Diffraction pattern and reconstructed image of another drug-free liposome. The color scales are in arbitrary
units.

Concerning spatial resolution, for CDI it is limited by the largest detectable scattering vector,
i.e., by the largest angle at which diffraction can be measured. Our present experimental
setup can potentially achieve 10 nm resolution under optimized conditions. However, from
small-angle-X-ray-scattering (SAXS-like) we estimate that the real resolution is ~20 nm.
This, of course, is not the ultimate performance: with improved signal-to-noise levels better
resolutions are feasible.



Note that our time resolution (see below) was 10 fs, making factors like rotational or diffusion
motions irrelevant. Other factors like the aggregation of nanoparticles are ruled out by the
reconstructed images, in agreement with the results from cryo-EM.

To corroborate the CDI-derived particle sizes, we calculated SAXS-like curves from the
diffraction patterns, by integrating over all directions the intensity for each g-value (q =
momentum transfer magnitude). Fig. S1 shows the curves so obtained for five different
particles. The connection with real SAXS curves is only approximate, since our CDI patterns
do not average over different particles. However, fits of our SAXS-like curves with a standard
procedure®? reasonably corroborated the sizes extracted from CDI by giving results in the
100-200 nm range.

The results of Fig. 2 raise an intriguing question: how can CDI patterns be detected at all if
the nominal scattering power of the constituents is weak? The answer can be provided by
the practical composition of our liposomes. Indeed, they were produced by the same
industrial process used for drug-containing liposomes. As a result, they are likely to include
significant amounts of residual ammonium sulphate, (NH4)2SO4, from the precursor solution.
We estimated that the diffracted intensity of this compound in 2 M solution, much lower than
the saturation concentration (~6 M) which has an electron density 30-50% higher than
water, can produce the contrast levels detected in our liposome patterns.

Fig. 3 shows the CDI results of four doxorubicin-containing liposomes in a liquid
environment. The reconstructions clearly reveal rod-shaped doxorubicin particles. The
lengths and widths seen in the reconstructions correspond, of course, to the two-
dimensional projections of the rods. The projection values are in the ranges of 40—-80 nm
(width) and 120-200 nm (length), and the aspect ratio is 0.25-0.6. Such results are quite
reasonable in the light of the cryo-EM data.

Fig. 3 CDI patterns of four individual doxorubicin-containing lipo- somes. (a)—(d) Diffraction patterns; (e)—(h)
their corresponding recon- structed images. Bars = 200 nm.

Note that the diffraction patterns of Fig. 3 show only rodrelated features but no circular ones,
as expected for the liposomes. To explain this point, we must again consider the role of
(NH4)2S04, from the precursor solution. Fig. 4 shows the results of simulation. Specifically,
Fig. 4(c) shows a simulated diffraction pattern of a drug-containing liposome, modified from



Fig. 4a by including a simulated circular diffraction pattern caused by the (NH4).SO4 (2 M
concentration) in the liposome. Fig. 4(d) shows the corresponding reconstruction, revealing
the spherical liposome, which is not visible in the real reconstructions of Fig. 4(b). Fig. 4(e)
and (f) show the simulated pattern and the reconstruction for a system similar to that of Fig.
4(c) and (d), but in a water solution with a sulphate concentration reduced to 500 mM. We
no longer see features related to the liposomes.
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Fig. 4 Simulated CDI patterns of individual doxorubicin-containing liposomes and their corresponding
reconstructed images. (a) and (b) are the diffraction pattern and the CDI reconstructed result experimentally
obtained for a drug-containing liposome, respectively. (c) and (d) the results for a solution containing 2 M of
(NH4)2S04, as used in the pro- duction process. These simulations show that the liposome-related fea- tures
should be visible, whereas in Fig. 4 they are not. (e) and (f) are the results for a (NH4)2SO4 solution
concentration reduced to 500 mM: the liposome-related features disappeared. Scale bars = 200 nm.

For example, our data show that the concentration of (NH4)2SO4 in blank liposomes is ~2
M, whereas with drug rods the concentration reduced to <1 M. Our measurements, including
those for blank liposomes, therefore provide important chemical information of the solution,
specifically on the ammonium sulphate concentration in the liquid within individual drug-
containing liposomes, difficult to obtain by other means. The measured reduction of
ammonium sulphate concentration substantiates the incorporation of the sulphate into the



rods during their formation and the subsequent depletion from the solution as previously
hypothesized.

Experimental

We performed cryo-EM with a JEOL 2100fx instrument equipped with a direct detection
device (DDD) 5 K x 4 K pixel camera and a cryogenic sample holder. The specimens were
prepared with a Leica EM GP instrument that rapidly froze the liposome particles in vitreous
ice.

CDI tests were performed at the SACLA X-FEL using 3.9613 keV photon pulses with 425.4
pJ per pulse on the average, 10 fs duration and a 10 Hz repetition rate. The pulses were
focused on the sample, down to 1.3 x 1 um?, using a Kirkpatrick-Baez (KB) mirror system.

The particle solution was placed in a micro-liquid enclosure array (MLEA) sample chip* with
24 x 24 enclosures, sealed by 100 nm thick SiN membranes on the two sides. Each
enclosure had a volume of 20 x 20 x 2 ym3. The MLEA was placed in the vacuum system
of the SACLA Multiple Application X-ray Imaging Chamber (MAXIC) instrument.33

The chip position was scanned with respect to the X-ray beam so that each enclosure was
hit by only one X-FEL pulse per scan. If the enclosure contained a particle, this created a
diffraction pattern before being destroyed.

The solution had a concentration corresponding to ~1 liposome per 1 ym?3. This minimized
the probability of probing more than one liposome per pulse, which would otherwise
adversely affect the CDI reconstruction. 3435 Note, however, that the concentration could not
be too low, to avoid a large percentage of null diffraction results. We found that the above
concentration was optimal, producing >50% useable diffraction patterns corresponding to
>100 successful reconstructions from each MLEA chip.

The diffraction patterns were recorded with a MPCCD (multiport charge-coupled device)
octal sensor with a total area of 2399 x 2399 pixels (pixel size = 50 x 50 uym?).26 The sample—
detector distance was 1.51 m.

The CDI data analysis and reconstruction procedure were as follows. Firstly, since the
diffraction pattern must be center-symmetric, we rotated the acquired pattern by 180
degrees and shifted the image pixel-by-pixel to find the origin by minimizing the L1 norm.
After identifying the origin, we averaged the original pattern and the rotated one. Secondly,
we cropped 471 x 471 and 601 x 601 pixels for the analyzed patterns. The corresponding
estimated pixel resolutions of the reconstructed images were 20.0 nm and 15.7 nm.

Thirdly, for each pattern the GHIO method'® was applied to obtain a preliminary
reconstruction. We then Fourier-transformed these reconstructions excluding the missing
central speckle, and used the reverse transform to fill up the missing pixels. Finally, we
repeated the first step but limited the image shifting to 0.1 pixels, obtaining a refined pattern.
For each refined pattern, we performed a final reconstruction by combining GHIO and the
Shrinkwrap algorithm (SW). A loose support was used to guarantee that no relevant signal
was removed when applying the support constraint. For each iteration of the reconstruction,
16 initial random phases were generated to obtain 16 different reconstructed images. To
generate a new support for the next iteration, the average of the 16 images was Gaussian-



smoothed and a background was subtracted. Instead of finding a convergent support as in
the conventional SW method, we forced the new support to be smaller (by <10 pixels) than
the previous one.

We monitored the evolution of the 16 reconstructed images over 20 iterations. The support
changed from loose to overcropped; the distribution of the 16 reconstructed images was
accordingly modified from divergent to convergent, and then back to divergent. The final
support was obtained when most reconstructed images were consistent. The GHIO
reconstruction was then reiterated based on the final pattern and the final support. The
reconstruction was terminated when the error metric stagnated.

Conclusions

The performances of the SACLA X-FEL were sufficient to extend the technique of individual
nanoparticle imaging by CDI reconstruction from highly X-ray absorbing systems to weak
absorbers. The results on blank liposomes were quantitatively consistent with those of cryo-
EM. Furthermore, X-FEL CDI detected doxorubicin nanorods enclosed in liposomes and
measured their structural properties.

Our results are important in view of the optimization of the industrial drug loading in liposome
nanoparticles as required for official certification for human use. In more general terms, they
demonstrate that X-FEL CDI can now image individual nanoparticles with nominally low
diffraction cross-sections, in a liquid environment and with <100 nm size — and therefore it
has a significantly broader scope than suggested by previous tests.

The present results are thus important in themselves, in particular since liposome
nanocarriers are the most widely used ones at present and we can envision the future to
other systems such as Au nanocarriers, even more so since the case of liposomes is
particularly difficult with respect to other cases.
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