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A mm thick free-standing gel containing lipid vesicles made of 2-oleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine (POPC) was studied by scanning Small Angle X-ray Scattering (SAXS) and X-ray
Transmission (XT) microscopies. Raster scanning relatively large volumes, besides reducing the risk of
radiation damage, allows signal integration, improving the signal-to-noise ratio (SNR), as well as high
statistical significance of the dataset. The persistence of lipid vesicles in gel was demonstrated, while
mapping their spatial distribution and concentration gradients. Information about lipid aggregation and
packing, as well as about gel density gradients, was obtained. A posteriori confirmation of lipid presence
in well-defined sample areas was obtained by studying the dried sample, featuring clear Bragg peaks
from stacked bilayers. The comparison between wet and dry samples allowed it to be proved that lipids
do not significantly migrate within the gel even upon drying, whereas bilayer curvature is lost by
removing water, resulting in lipids packed in ordered lamellae. Suitable algorithms were successfully
employed for enhancing transmission microscopy sensitivity to low absorbing objects, and allowing full
SAXS intensity normalization as a general approach. In particular, data reduction includes normalization
of the SAXS intensity against the local sample thickness derived from absorption contrast maps. The
proposed study was demonstrated by a room-sized instrumentation, although equipped with a high
brilliance X-ray micro-source, and is expected to be applicable to a wide variety of organic, inorganic,
and multicomponent systems, including biomaterials. The employed routines for data reduction and
microscopy, including Gaussian filter for contrast enhancement of low absorbing objects and a region
growing segmentation algorithm to exclude no-sample regions, have been implemented and made
freely available through the updated in-house developed software SUNBIM.
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Transmission Electron Microscopy (Cryo-TEM),'*** Small Angle

Introduction ) )
X-ray Scattering (SAXS), and more specifically Small Angle

Hydrogels' are highly versatile formulations with widespread
applications in several fields ranging from drug delivery sys-
teims™® to tissue engineering,*® diagnostics®” and biotech-
nology.®* On the other hand, micro- and nano-artificial
compartments and emulsions, based on low density contrast
components, such as lipid structures in water solution, have
great potential in several applications, in particular drug
delivery,” and have been profitably studied by Cryogenic
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Neutron Scattering (SANS),'>** being the small-wavelength
scattering contrast particularly suited to study nanoscale
objects. Although less than neutrons,” hard X-rays feature
sufficiently high penetration depth to study relatively thick
samples with no need for specific sample preparation, non-
negligible scattering contrast for light elements, but have on
the other hand widespread availability both at synchrotron
facilities and in traditional laboratories. Still, SAXS provides
important information even in soft matter investigation, either
by itself or in combination with SANS,'*** although studies of
complex systems with low scattering contrast such as lipid
vesicles have been almost exclusively performed at synchrotron
facilities (*****' among others), except for a few examples,** and
to the best of our knowledge never as 2D microscopies on thick
gel systems. On the other hand, laboratory equipment has been
applied to Wide Angle X-ray Scattering studies of lipid vesicles,
combined with synchrotron-SAXS/SANS data," or for SAXS
studies mainly aimed at deriving the stacking periodicity of
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packed lipids from Bragg diffraction peaks'** (besides studies
of high contrast nanoparticles, e.g. ref. *>*). The scanning
microscopy approach, possibly combining diffraction with
other types of contrast, is specifically suited to investigate the
spatial distribution of structural features over different length
scales across extended samples,”>* nowadays also available
with advanced laboratory equipment,®=>** provided that
proper software is available for data processing (e.g. ref. **). In
this work, combined scanning SAXS/XT (X-ray Transmission)
microscopies were employed for the first time to the best of our
knowledge to investigate the persistence of lipid vesicles of 2-
oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine  (POPC) ob-
tained by extrusion techniques (=100 nm) within a gel prepa-
ration, as well as their spatial distribution with lateral
resolution of approximately 200 pm over a macroscopic sample
region of order 10 mm®. The presence of vesicles was assessed,
based on readapted traditional approaches involving the
subtraction of the buffer contribution, as for bioSAXS data
reduction.** Moreover, since lipid distribution in such a thick
gel can hardly be confirmed by alternative methods, the X-ray
scattering contrast was again exploited in a self-consistent
study to bypass the intrinsic ambiguity of SAXS profile fitting,
by monitoring the clear Bragg diffraction signal resulting from
stacked bilayers upon sample drying, providing the a posteriori
confirmation of lipid presence in well-defined sample areas.
Despite the low absorption of lipids, a XT microscopy with
improved sensitivity, as well as lipid thickness evaluation based
on absorption contrast, was achieved, encompassing in turn the
case of (low) absorbing objects dispersed in a matrix, which
gives further generality to this study. The scanning microscopy
approach is shown to provide useful hints about vesicle inter-
action and aggregation (thoroughly studied in solution by
Komorowski et al.** for DOPC and other lipids), in semi-static
configurations such as dispersions in gel, which can be in
perspective studied as a function of different microenviron-
ments, lipid composition and concentration. Despite the rela-
tively low spatial resolution of the microscopies, diffraction
contrast allowed to conclude that vesicles mainly concentrate
towards the borders of the gel volume, following the expected
gel density distribution, being with high probability in contact
with each other even in the more diluted regions. The distri-
bution of lipid concentration before and after sample drying
indicated negligible vesicle diffusion through the gel network.
Data reduction was carried out by specially developed routines
aimed at comparing the gel embedding lipids with the corre-
sponding bare gel used as a blank. Basically, from two datasets
representing the transmitted and scattered X-ray intensity
respectively, two more relevant microscopies were obtained,
displaying the distributions of the relative thickness and of the
vesicle concentration, respectively. The quantitative compar-
ison between semi-solid samples having different arbitrary
volumes was based on the normalization of the SAXS intensity
against the local sample thickness. Avoiding supporting capil-
laries prevented significant sample handling in filling proce-
dures possibly leading to vesicle alterations or damage. On the
other hand, raster scanning relatively large volumes reduced the
risk of radiation damage, which is to be considered in the
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perspective of using more and more brilliant laboratory X-ray
sources, being nowadays available and under continuous
development. The proposed platform is demonstrated for SAXS
microscopy, based on room-sized instrumentation® and is ex-
pected to be applicable to a wide variety of nanostructured
systems. Moreover, it can be straightforwardly extended to Wide
Angle X-ray Scattering (WAXS) data analysis and microscopy, to
allow for atomic scale structural investigation as well. The
routines have been implemented and made freely available
through the in-house developed software SUNBIM.*

Experimental
Vesicle preparation

Lipid vesicles were prepared following established procedure®
with some modifications. 100 pL of POPC 10 mM in chloroform
were put in an 1.5 mL Eppendorf tube then dried under
nitrogen flow and subsequently under vacuum for 3 hours to
completely remove chloroform traces. 1 mL of K-phosphate
buffer 20 mM pH 8 was added to hydrate the lipid film. Multi-
lamellar vesicles were prepared by sonicating with an ultrasonic
titan horn (3.5 mm diameter, Branson Sonifier 250, Danbury,
CT) operating at 20 kHz. The instrument was set to 30 W in
pulsed mode and duty cycle control 40% until the lipid film on
the bottom of the tube disappeared. During ultrasound treat-
ment, the Eppendorf tube containing the sample was kept in an
ice/water bath to prevent overheating phenomena. The result-
ing multilamellar vesicle dispersion was then transferred into
an extruder device (Avanti Mini Extruder produced by Avanti
Polar Lipids, Inc., Alabama, USA) which allowed the extrusion of
the multilamellar vesicles through standard 19 mm poly-
carbonate filters with track-etched uniform cylindrical 100 nm
pores. The vesicles were passed through two (stacked) filters ten
times, obtaining lipid compartments with a diameter =
100 nm.

Gel preparation

2 mL of K-phosphate buffer 20 mM pH 8 containing 40 mg of
agar powder (Sigma-Aldrich # A1296) were heated under
continuous stirring until complete dissolution of the solute
obtaining a solution with 2% (w/v) of agar. GEL sample was
prepared by diluting 1:1 previous solution (500 pL) with of
fresh K-phosphate buffer 20 mM pH 8 (500 uL) obtaining a gel
(after cooling) of agar 1%. POPC sample was prepared by
diluting 1 : 1 previous solution (500 puL) with 500 pL of vesicles
in K-phosphate buffer 20 mM pH 8 obtaining a vesicle-
containing gel (after cooling) of agar 1%.

Scanning SAXS experiment

The samples consist of free-standing gel containing or not
POPC vesicles, referred to as POPC and GEL sample, respec-
tively. Samples were placed in ultralene sachets perpendicular
to the primary X-ray beam. Scanning SAXS and XT microscopies
were collected from a relatively large portion of the sample
(about 10 mm?*) with a 0.2 mm step and a 0.2 mm (diameter)
beam footprint. A Rigaku three pinholes SAXS camera, coupled
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to a Fr-E+ superbright microsource through a focusing Confocal
Max Flux (CMF 15-105) optics,* was employed. The transmitted
X-ray intensity was measured at each point of the raster scan by
a pin diode in the beamstop. Due to beamstop, beam shape,
and sample-to-detector distance (SDD ~ 2.2 m) the actually
usable Q-range was 0.15 = 1.93 nm ™', where Q = (47t/A)sin 0 is
the scattering vector modulus, @ is half the scattering angle, A =
1.54 A is the X-ray wavelength. The SAXS frames collected from
each point on the sample were arranged in a 2D microscopy by
using the in-house developed software SUNBIM.*® After per-
forming angular calibration, dark current subtraction, and
absorption correction (point-by-point normalization of the
SAXS intensity to the transmission coefficient 7) for all frames,
the microscopy returned the spatial (2D) distribution of the
scatterers, integrated along the sample thickness. A further
normalization to the relative sample thickness (i.e. to the illu-
minated volume), allowed to map the relative abundance of the
scatterers. Further microscopies were obtained by remapping
SAXS intensity in specific Q-ranges corresponding to precise
length scales, across the investigated sample area. Both SAXS
and T maps were corrected for possible fluctuations of the
primary beam intensity. Microscopies were collected while
keeping the sample either at room pressure (wet samples), by
means of kapton windows, or at about 5 x 10”2 mbar vacuum
pressure (dried samples). In the case of the POPC sample, the
same sample was studied in both conditions consecutively,
without being removed. In the case of the bare gel, two different
replicas were used for measurements at room and vacuum
pressure, respectively.

X-ray diffraction (XRD)

XRD measurements were carried out on POPC bi-layers (control
sample) deposited as chloroform solution on Silicon wafers and
let dry at room pressure, by using a Bruker D8 Discover (CuKo. X-
ray source, A = 1.54 A) equipped with a sealed X-ray tube,
a Gobel mirror, a scintillation point detector and an Eulerian
cradle. The periodicity derived from the XRD experiment served
as a reference for the Bragg peak appearing in the SAXS
measurements.

Results and discussion
Scanning SAXS/XT microscopies

The scanning transmission (7) and SAXS microscopies collected
at room pressure and in vacuum from the bare gel and the gel
embedding vesicles (referred to as GEL and POPC samples,
respectively) are reported in Fig. 1 and 2, along with the derived
maps of the relative sample thickness (n) and the normalized
SAXS intensity (Isaxs/T/n), respectively. The normalization of the
SAXS microscopy to n, required a masking procedure based on
the Region Growing algorithm,*" to avoid singularities arising
from the normalization to arbitrary low n values in the no-
sample areas, as described in the ESI (Section Ef). SAXS inten-
sity is here integrated over the full accessible Q-range.
Normalization to T(Is.xs/T) would yield the spatial distribution
of the total amount of scatterers; the further normalization to

486 | RSC Adv, 2021, N, 484-492

View Article Online

Paper
wet GEL wet POPC
1
a 1
05 05
0
0
15
1.2
I i 0
0
%103
6.5 x103
% 35
-
15
2
x10¢

Fig. 1 Transmission (a and e), relative thickness (b and f), raw SAXS (c
and g) and normalized SAXS (d and h) intensity maps of the wet GEL
and POPC samples, respectively. SAXS intensity of each pixel is inte-
grated over the full accessible Q-range. In the case of raw SAXS maps
(c and g), the intensity values in the colour bar are normalized to the
mean value. In the case of the normalized SAXS maps (d and h), the
absolute intensity values are reported and directly indicate the relative
abundance of lipids. The dotted lines delimit the ROIs from which
integrated SAXS profiles (in Fig. S1 and S21) were extracted, whereas
the (x) symbols indicate the points from which single SAXS profiles
were extracted: the colour codes for GEL and POPC samples corre-
spond to those in Fig. S1 and S2.1 Scale bar: 1 mm.

n(Isaxs/T/M) thus yields the 2D spatial distribution of the relative
scatterer concentration, as explained in the following.
SAXS/XT microscopies on wet samples. Assuming that X-ray
absorption from lipids is negligible compared to the absorption
of water in the gel (which is the case, as no local contrast is
indeed visible in the T and n maps), the variation of both
absorption and scattering depending on thickness (¢) variations
is taken into account by normalizing the SAXS intensity to the
local transmission coefficient T, and to the local relative thick-
ness n at each point of the 2D raster scan. The last is calculated
(details in the ESI, Section AT) by using the Lambert-Beer law*®
as n; = ti/trer = In(T;)/In(Tr), where the subscript i identifies an
arbitrary point of any of the samples and the subscript ref

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Transmission (a and e), relative thickness (b and f), raw SAXS (c
and g) and normalized SAXS (d and h) intensity maps of the dried GEL
and POPC samples, respectively; t (e) and n (f) maps were obtained
after row by row compensation (see ESI: Section DY) of background
irregularities and Gaussian filtering application. SAXS intensity in each
pixel is integrated over the full accessible Q-range. In the case of raw
SAXS maps (c and g), the intensity values in the colour bar are
normalized to the mean value. In the case of the normalized SAXS
maps (d and h), the absolute intensity values are reported and directly
indicate the relative abundance of lipids. The dotted lines delimit the
ROls from which integrated SAXS profiles (in Fig. S71) were extracted.
The colour codes for gel and POPC samples correspond to those in
Fig. S7a.f In the case of gel samples, ROIs were drawn on the as-
collected SAXS microscopy, as features related to density inhomo-
geneities were levelled upon absorption/thickness correction. Scale
bar: 1 mm.

identifies the point selected as a reference in one of the two
samples (in this case the POPC sample). As expected, such
normalization (basically to T In T) increases the relative SAXS
contribution of the inner (thicker) regions of the samples
compared to the outer (thinner) ones (panels ¢ and d, g and h of
Fig. 1 and 2), eventually returning the relative scattered inten-
sity variation (per reference volume). From the point of view of
the absorption contrast, both GEL and POPC samples show
high homogeneity, with smooth gradients for T (Fig. 1a and e)
and n (Fig. 1b and f), moving from the inner to the outer regions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the sample due to progressive thickness decrease. Such
trends confirm in turn that the completely different SAXS
features observed in Fig. 1g and h are due to the nanoscale
structures of the additional POPC component rather than to
microscale thickness/density inhomogeneities. Indeed, from
the point of view of the scattering contrast, the GEL sample
features by far a more homogeneous scattering distribution
(Fig. 1c and d) than the POPC sample (Fig. 1g and h). There is
only one high intensity spot in Fig. 1c and d, ascribed to a high
density GEL region, probably containing agar aggregates, or an
impurity (see discussion about Fig. S1%). Finally, the effect of
thickness variations is highlighted in the comparison between
the as collected SAXS (Fig. 1c and g) and normalized SAXS
(Fig. 1d and h) intensity maps, the last featuring much
smoother gradients (i.e. higher homogeneity of the X-ray
intensity distribution per reference volume). Moreover, such
intensity gradients are significantly different between GEL and
POPC samples, staying below 20% across the gel matrix (Fig. 1d)
(leaving out the aggregate), and being more than an order of
magnitude larger in presence of lipids (Fig. 1h). The direct
confirmation that Fig. 1g and h actually provide a visualization
of the 2D distribution of POPC vesicles is given by the SAXS
profile analysis (and following cross-check of the dried sample)
from a morphological/structural point of view, as detailed in the
following section (“SAXS analysis of wet samples”).

SAXS analysis of wet samples. The extraction of representa-
tive SAXS profiles was based on three main steps: (i) correct
weighting of the scattered intensity at each sample position (as
explained in the previous section), relative to absorption and
illuminated volume through the normalizations to the trans-
mission coefficient (7) and relative sample thickness (n),
respectively; (ii) signal averaging over selected regions of
interest (ROIs) of either the POPC sample or the GEL one, in
order to increase both statistical representativeness and signal-
to-noise ratio (SNR); (iii) recognizing suitable ROIs in the GEL
sample, providing SAXS profiles to be subtracted as a buffer to
those of the POPC sample (similarly to the usual SAXS proce-
dure for single measurements on liquid samples®*).

The routines for such calculations have been implemented
on purpose in the new release 3.0 of SUNBIM.*® Moreover, since
the normalization allows to put the patterns averaged over any
ROI on the same scale, it could be verified that the SAXS profiles
from the outer and denser region of the GEL sample (ROI 2)
better matched the intensity scale of the most populated
regions (ROIs 1 and 2) of lipids in the POPC sample; similarly,
the inner region (ROI 1) of the GEL sample matched the less
populated region (ROI 3) of the POPC one. This could be ex-
pected based on surface segregation effects arising during gel
formation in both samples. The SAXS profiles from GEL, to be
used as the buffer profiles for given POPC ones, were then
chosen accordingly (leading to the difference profiles in Fig. S1b
and S2bt). In presence of isolated bright spots, single SAXS
profiles from the relevant selected points were also extracted to
check for the presence of aggregates and for their contribution
to the areal averaged signal (see discussion about Fig. S1 and
S2bt). The selected ROIs and points on the samples are indi-
cated by dotted lines and symbols (x), respectively, in Fig. 1 and

RSC Adv, 2021, 11, 484-492 | 487


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08581b

Open Access Article. Published on 23 December 2020. Downloaded on 1/11/2026 4:05:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2 (same colour code as in Fig. S1 and S2t). The comparison
among areal averaged SAXS profiles from different ROIs of the
POPC sample (Fig. S2bt) indicates similar morphological/
structural features, with intensity scale differences related to
lipid concentration. In particular, in the case of low POPC
concentration regions, such as ROI 3 in Fig. 1h, the areal
average provided an appreciable SAXS signal (magenta line in
Fig. S2bt), where no appreciable scattering from lipids could be
detected in single SAXS patterns. The density difference
between the two GEL regions was exploited to have an insight in
the gel structure: the SAXS difference profile between ROIs 2
and 1 of the GEL sample, could be fitted against a mass fractal
model (Fig. S37), with a 2.78 exponent. The careful choice of
ROIs for the subtraction of gel scattering contribution allowed
to have a morphological/structural insight into the lipids
through the analysis of the SAXS difference profiles. The profile
from ROI 2 in the POPC sample (subtracted by the correspon-
dent ROI 2 GEL profile, green circles in Fig. S2b¥), featuring the
higher SNR, was fitted by using the program SasView*® either
against a shape-independent model, so as to test data reliability
and have an insight into the characteristic length scale of the
scatterers, or against a shape-dependent model to figure out the
possible lipid conformation and check vesicle subsistence
within the gel. No assumptions were made about the size of
vesicles, whereas a spherical shape was only assumed for the
shape-dependent model. In both cases, no parameters were
fixed in the fit. The two fits are reported in Fig. S4 and S5,f
respectively. Based on the shape-independent model, assuming
no polydispersity, a Ry value of 13 nm was obtained from the
fitted power-law decay of the SAXS intensity as I(Q) ~ Q 2,
indicating disk-like objects with a larger dimension of Dy,.x =
35 nm. Due to the peculiar matrix embedding lipids, such
outcome could be expected as the average contribution of
deformed vesicles, with shape/size polydispersity. Based on the
shape-dependent model, assuming a spherical shape and
taking into account size polydispersity, either unilamellar or
multilamellar core-shell vesicles were considered (Fig. S5T). A
22 + 6 nm core radius (about 30% polydispersity) and a total
radius of 23 £ 6 or 26 + 7 nm were derived, respectively (about
50 nm diameter). Although none of the models perfectly fits the
experimental data, the respective characteristic sizes are fully
compatible and overlapping. Indeed, even in the multilamellar
model, most of the vesicles (80%) are actually unilamellar. It is
worth to note that, although the form factor related to the SAXS
curves in Fig. S2bt does not allow unambiguous determination
of 3D lipid structures due to the limited accessible Q-range, it is
on the other hand strongly representative of single bilayer
morphology, as well as of vesicles on the low side of size
distribution. Since POPC bilayers are unlikely to float in solu-
tion, but are rather expected to self-assemble either in lamellas
or in closed vesicles, the form factor returned by Fig. S2b, S4
and S5t indicating the subsistence of single bilayers leads to the
reasonable conclusion that lipids kept their 3D morphology
within the gel matrix, i.e. vesicles persist during gel formation,
although with possible deviations from an exact spherical
shape. That said, a main result is returned by the normalized
SAXS difference profiles: the X-ray intensity plotted in Fig. S2b¥
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is indeed proportional to the amount of lipids per volume unit
(as is the intensity/colour scale of the quantitative microscopies
in Fig. 1h and 2h), and therefore it directly indicates the relative
abundance of lipids in the different ROIs. The difference
between the average concentrations is thus simply given by the
intensity difference between the average SAXS profiles relevant
to ROIs 1,2,3 reported in Fig. S2b¥ (highlighted by colours in the
legend), showing an increase of concentration by a factor of 3
from ROI 3 to ROI 2, and up to a factor of 5 from ROI 3 to ROI 1.
Finally, in order to overcome the unavoidable ambiguity
intrinsic in SAXS profile fitting, as discussed above, especially in
the case of size/shape polydispersity of the scatterers, the
a posteriori confirmation of lipid presence in well-defined
sample areas was obtained by studying and comparing the
same sample after drying (next paragraph), by monitoring the
fingerprint provided by the clear Bragg diffraction signal
resulting from tightly stacked bilayers.

SAXS/XT microscopies on dry samples. The comparison
between the T'maps in Fig. 1 and 2 clearly highlights the effect
of drying, leading to a strongly reduced absorption in the dry
sample compared to the wet one. Lipids are thus confirmed as
non-absorbing objects, whereas their scattering contrast, due to
the nanoscale morphology, makes them suitable for SAXS
imaging, whereby the SAXS microscopies directly provide the
spatial distribution of lipids. For the same reason, the as-
collected absorption microscopies suffer from insufficient
SNR, being now the low absorption gradients produced by lipids
comparable to detector fluctuations: the resulting XT micros-
copies are indeed no more representative of the actual density/
thickness distribution in the sample (compare the SAXS and
absorption microscopies in Fig. 2g and S6a,t respectively). As
a consequence, also the SAXS intensity normalization to n
completely fails (Fig. S6ct). However, as detailed in the ESI
(Section DY), suitable mathematical treatments allow recov-
ering sample absorption-related features (T and n) even in the
limit of gradients comparable to detector fluctuations. Back-
ground irregularities were first estimated in the no-sample area,
then damped in the whole transmission maps by applying
a Background Restoration procedure;* afterwards, a Gaussian
filter was applied, producing a denoising effect bringing out
sample features. The resulting n map in Fig. 2f allows the
recognition of aggregation areas within the sample, highlighted
by an increase in relative thickness. Some of these regions
coincide with high intensity regions of the as-collected SAXS
map in Fig. 2g (e.g. top and right borders of the sample), con-
firming the relationship between the improved absorption
contrast and the actual presence of lipids. The normalized SAXS
map in Fig. 2h results, which is now clearly dominated by the
same lipid distribution displayed in Fig. 2g (contrary to
Fig. S6ct derived by using the untreated n map in Fig. S6b¥).
The structural information represented by the microscopies of
Fig. 2g,h can be recognized in the 1D-folded SAXS profiles re-
ported in Fig. S71 (details in Section F of the ESIt). The SAXS
signal from the dry lipid sample is now characterized by a clear
Bragg peak at Q = 1.1 nm ™', rather than by a form factor, being
the intensity decay of the baseline determined by the scattering
from aggregates, as it will be discussed in the next Section. Such

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffraction signal, corresponding to a 5.7 &+ 0.2 nm was verified
to be related to the characteristic periodicity of POPC bilayers
stacks, by directly depositing the lipids on a flat Si substrate at
room pressure: stacking with long range order was established
in this case, leading to several equally spaced peaks (Fig. S87),
corresponding to 5.90 £ 0.06 nm periodicity. The slightly
smaller periodicity found in the dried POPC sample could be
expected, due to dehydration at vacuum pressure.

Wet vs. dry samples; Q-dependent microscopies. A similar
ordered stacking could arise to a much lesser extent in the
gelled POPC sample, due to docked bilayers from adjacent
vesicles (wet or dried sample), or possibly collapsed and
consequently docked bilayers of the same vesicle (dried
sample). Bragg diffraction is indeed almost lacking for single
membranes or unilamellar vesicles, being it related to periodic
stacking of layers, as in particular for lamellar phases,'® Multi-
Lamellar Wall Vesicles (MLWVs)' and to a variable extent in
Multi-Lamellar Vesicles (MLVs).*>'® However, a further source of
Bragg-like diffraction are docked bilayers* from adjacent vesi-
cles, most probably adhering as long as their concentration is
large. The bright regions in Fig. 1g and h feature indeed smooth
contrast variation and clustering features, suggesting slight
aggregation of vesicles: although a 2D microscopy only provides
one projection along the propagation direction of the primary X-
ray beam, implying that features overlap across sample thick-
ness, it is intuitive that bright regions are not likely to be
produced just by lipids occasionally well aligned along beam
propagation, but rather by 3D lipid aggregates distributed
across sample thickness and possibly touching each other so as
to form a network in the high concentration regions. Since,
based on our SAXS profile analysis (Section C in the ESI}), multi-
lamellar vesicles are expected to be a minority fraction of the
sample, adhering vesicles are thus expected to significantly
contribute to the weak Bragg peak observed in the SAXS
patterns from the wet POPC sample (Fig. S2t). Such peak
becomes clearly visible upon sample drying (Fig. S7t) due to
tighter packing of lipid bilayers. It is worth to note that, simi-
larly to the case of the wet samples, the 1D-folded SAXS profiles
from the dried samples (Fig. S7at) show that high/low density
regions of the POPC sample (ROIs 1,2/3 in Fig. 2h) match the
intensity scale of the high/low density regions of the GEL
sample (ROIs 1,3/2 in Fig. 2c), being the baselines for both
samples basically coincident at high Q values, and diverging at
low Q values, where POPC profiles feature higher slope. Only in
one case (yellow line in Fig. S7at) the GEL curve overhangs the
POPC curves at high Q values, which is the case of ROI 3 in
Fig. 2c. Due to the evident maxima in ROI 3 of both the SAXS
intensity (Fig. 2c) and T or n (Fig. 2a and b) colour maps, which
are then strongly damped by absorption and thickness correc-
tion, ROI 3 is supposed to contain residual water and hence is
not directly comparable to the other ROIs. The difference
profiles from the selected ROIs are reported in Fig. S7b¥ (note
that the colour code in Fig. S7t corresponds to that in Fig. 2),
clearly showing the residual Bragg peak in every ROI, with
intensity proportional to the concentration of stacked POPC
bilayers. Since the trend in Fig. S7b7 is definitely in agreement
with the trend shown by the vesicle form factor in the wet
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samples (Fig. S2bt), it can be concluded that lipids are con-
strained by the gel structure so that their spatial distribution is
basically established at the time of gel formation and it is not
significantly changing even upon gel drying, although the gel
matrix itself undergoes some conformational changes due to
drying. On the other hand, the disappearance of the bilayer
form factor indicates that bilayer curvature is lost and flat
bilayers stacks are formed instead (compare Fig. S8t), as
expected.

Such conclusions are confirmed by extending the compar-
ison between wet and dry samples to the whole microscopies.
Notably, the spatial distribution of the contrast in the SAXS
maps of Fig. 2h visibly follows the one observed in Fig. 1h,
confirming that lipids were not significantly moving during gel
drying. In particular, it can be recognized that the significantly
different concentration of vesicles between ROI 3 (compared to
the surrounding regions, as the bright ROIs 1 and 2) is largely
preserved even upon gel drying, indicating low or no diffusion
of lipids through the gel matrix.

Finally, by plotting and comparing the SAXS intensity maps
in specific Q-ranges, it is in principle possible to visualize
independently of the spatial distribution of the gel matrix, the
POPC vesicles, as well as that of the docked bi-layers in the wet
gel, respectively. Indeed, the Q-dependent SAXS maps allow in
general to selectively visualize components in the specimen
with different length scales, and their relative abundance, in
a multimodal imaging approach®? (successfully applied to many
previous studies of composite/hierarchical materials/tissues
either with synchrotron or laboratory sources®). As shown
in Fig. S2a,t three main Q-ranges can be identified, 0.15 + 0.20
nm™?, 0.36 + 0.90 nm™ ", 0.92 =+ 1.09 nm ™", corresponding to
smaller or larger intensity difference between the POPC and
GEL samples, the last two ranges being associated to morpho-
logical (form factor) and structural (Bragg-like diffraction)

25-28

POPC scattering contribution, respectively. Similarly, in the dry
samples three main Q-ranges were considered, 0.15 + 0.45
nm™?}, 0.45 =~ 0.85 nm ', 1.02 =~ 1.20 nm™*, which, based on
Fig. S7,1 can be mainly related to lipid aggregates, gel matrix
and stacked lipids, respectively. In Fig. 3 and 4, the SAXS
microscopies of the POPC sample are re-mapped by separately

0.15+0.20 nm"'

0.36+0.90 nm"' 0.92+1.09 nm"!

25

Fig. 3 SAXS maps in different g-ranges for the wet POPC sample.
From left to right (in both rows): 0.15 = 0.20, 0.36 = 0.90, 0.92 + 1.09
nm~L. Upper row: as collected data; lower row: reduced data; in the
area delimited by the dotted line, corresponding to low POPC
concentration, the contrast is visibly changing as a function of the
chosen Q-range, compared to the surrounding regions. Scale bar: 1
mm.
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0.15+0.45 nm-!

80
-
10

Fig. 4 SAXS maps in different Q-ranges for the dried POPC sample.
From left to right (in both rows): 0.15 <+ 0.45, 0.45 = 0.85,1.02 =+ 1.20
nm~L. Upper row: as collected data; lower row: reduced data; in the
areas delimited by dotted lines, the contrast is visibly changing as
a function of the chosen Q-range. Scale bar: 1 mm.

0.45+0.85 nm"!

1.02+1.20 nm""!
Hs n
2
46

0
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0.5

12

Reduced

0

considering only the SAXS intensity in each of the three Q-
ranges (from left to right). Since POPC scattering barely emerges
in the wet samples, only tiny differences are recognized among
the three maps in Fig. 3 (bottom row). Nevertheless, an
increasing relative contribution of the SAXS signal towards the
high Q-ranges, is detected from the inner region of the sample
(defined by the magenta dotted line). Based on Fig. S2a,f the
high-Q-range contribution is expected to be mainly related to
interacting bilayers; therefore, the observed trend as a function
of Q provides the further conclusion that, compared to the
surrounding brighter regions, the relative scattering contribu-
tion from the inner sample region is mainly due to interacting
POPC vesicles (not forming big aggregates); to a smaller extent
to lipid form factor; and lastly to cross-linked gel matrix. It is
worth to note that the as-collected data (upper row in Fig. 3)
cannot catch such fine quantitative details, yielding the oppo-
site trend, due to absorption/thickness effects (as already
recognized by comparing Fig. 1g and h). A further confirmation
of this picture comes from the basically unchanged spatial
distribution of lipids upon sample drying (Fig. 4), indicating
that lipid diffusion is hindered by the gel matrix, and possibly
by the consequent mutual interaction among neighbouring
vesicles. The comparison between the two maps corresponding
to the first Q-range (i.e. panels in the first column of Fig. 4),
comprising most of the SAXS intensity, clearly evidences how
the large SAXS intensity is produced by larger amount of lipids
(which both absorb and scatter X-rays at lower Q values) and is
therefore uniformed by the absorption/thickness correction
(top and bottom left panels), except for a bright spot indicated
by the white box, which is ascribed to high scattering aggregates
in the specific Q-range. In the high-Q-range (SAXS maps in the
right column), the intensity of such bright spot levels out to the
surrounding region. On the other hand, further high intensity
regions show up, as indicated by the black and magenta boxes,
which are representative of bilayers without and with long range
order, respectively.

For completeness, the Q-dependent SAXS microscopies of
the dry GEL sample are reported in Fig. S9.1 Again, only very tiny
differences in the SAXS intensity are observed as a function of
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the Q-range, except for a big aggregate indicated by a black
circle, producing high SAXS intensity only at low Q values. Such
tiny differences confirm the much smaller weight of SAXS
intensity gradients expected from the bare gel, underlying the
signal collected from the POPC gelled sample.

The scanning SAXS microscopy approach is proposed as
a platform allowing both the direct visualization of the spatial
distribution of lipid nanostructures in semi-static configura-
tions, such as dispersions in gel, and the study of features
related to their interaction and aggregation, which can be in
perspective performed as a function of different microenviron-
ment and lipid composition and concentration. The potential of
the Q-dependent sensitivity and possible automated selectivity
strongly relies on the discrimination between small intensity
variations, as well as between Q-related intensity variations over
a sufficiently large Q-range, which are indeed the main limita-
tions of laboratory grade instrumentation, compared to
synchrotron facilities. By taking into account the normal over-
booking of synchrotron facilities, the possibility of even slightly
reducing such gaps would lead to significant improvement of
in-house research, as well as of preliminary data quality
preparatory to proposal submission for advanced synchrotron
studies. To this aim, suitable routines have been here imple-
mented and further ongoing studies are focused on the
improvement of data processing, as well as on hardware
upgrades. On the other hand, high contrast SANS methods will
be hopefully exploited, as they would definitely provide peerless
and complementary structural details of both vesicle
morphology, as well as of the bilayer inner structure, although
with the drawback of long time exposure and complicated
timing due to limited availability.

Conclusions

Scanning SAXS microscopy is shown to provide useful hints
about vesicle subsistence, interaction and aggregation in semi-
static configurations, such as dispersions in gel, allowing both
the direct visualization of the spatial distribution of vesicles,
and the study of morphological parameters derived by fitting
the relevant SAXS profiles, which can be in perspective per-
formed as a function of different microenvironments, lipid
composition and concentration. Lipids were found to mainly
concentrate towards the borders of the gel volume, according to
the gel density distribution, being most probably in contact
with each other even in the more diluted regions. The
comparison between wet and dry samples indicates that lipids
do not significantly migrate within the gel even upon drying,
whereas bilayer curvature is lost by removing water, resulting in
lipids packed in ordered lamellae. The quantitative comparison
between semi-solid samples having different arbitrary volumes
was based on the normalization of the SAXS intensity against
the local sample thickness derived from absorption contrast
maps, resulting in a combined versatile approach: scanning
SAXS/Transmission microscopy, providing maps of the spatial
distribution of lipid nanostructures and sample thickness,
respectively, finally combined in a 2D projection map of the
distribution of scatterer concentration. The present study is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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demonstrated by room-sized instrumentation, and is proposed
as a platform to study a wide variety of nanostructured systems.
The routines to perform the complex analysis procedure here
described, from data reduction to microscopy, have been
implemented and made freely available through the updated in-
house developed software SUNBIM. The potential of the Q-
dependent sensitivity and possible automated selectivity
strongly relies on the discrimination between small intensity
variations and Q-related intensity variations over a sufficiently
large Q-range: to this aim, ongoing studies are focused on
further improvements of data processing, and hardware
upgrades are envisaged.
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