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1. X-RAY MEASUREMENTS

X-ray measurements were performed at the cSAXS beamline,
Swiss Light Source, Paul Scherrer Institut, using monochro-
matic radiation of 6.2 keV photon energy defined by a double
crystal Si (111) monochromator. A 3D piezoelectric scanning
system was mounted on coarse positioning motors and a rota-
tion stage, an experimental configuration described in Ref. [1].
This system allows for scanning the sample transverse to the di-
rection of X-ray propagation for sample orientations that span
the full angular range from 0◦ to 360◦ . Diffraction patterns were
measured using a Pilatus photon-counting detector [2] with a
pixel size of 172 µm located 7.24 meters from the sample.

2. BEAM DEFLECTION TOMOGRAPHY

The beam incident on the sample was defined by a ∼ 1 µm pin-
hole. During acquisition the piezo fast axis was set to a constant
speed [3] while X-ray diffraction patterns were measured on
the fly with 0.04 second exposure time and 0.003 second read-
out time such that the spacing between subsequently measured
points was 1 µm. The angular deflection of the X-ray beam
was obtained using the distance between sample and detec-
tor by computing the transverse displacement of the diffraction
pattern with respect to the pattern obtained without a sample.
Such displacement was accurately and efficiently computed to
1/20 of a pixel using selective upsampling cross-correlation [4],
which proved more accurate than a center-of-mass analysis [3].
Transverse scans were performed at 60 equally spaced sample
orientations, covering an angular range of 180◦ , with a field of
view (FOV) of 84 × 120 µm2.

The angular deviation of the beam αx and αy are related to

the gradient of the projected phase, Φ(x, y), by

∂Φ(x, y)

∂x
=

2π

λ
sin αx(x, y), (S1)

where (x, y) are the Cartesian coordinates transverse to the di-
rection of X-ray propagation z, λ is the photon wavelength, and
a similar expression exists for αy. Using a modified filtered back
projection algorithm (FBP) the 3D distribution of the real part
of the refractive index, δ(x, y, z), can be quantitatively recon-
structed from measurements of the phase gradient at different
sample orientations [5, 6]. Finally, for photon energies away
from absorption edges of the atomic species in the sample the
electron density can be obtained by

ne(x, y, z) =
2πδ(x, y, z)

λ2r0
, (S2)

where r0 denotes the classical electron radius.

3. ALIGNMENT OF HIGH-RESOLUTION PROJECTIONS
USING TOMOGRAPHIC CONSISTENCY

High-resolution interior projections were measured using pty-
chography [1, 7–9] with a FOV of 32 × 30 µm at 450 equally
spaced angular orientations that covered a range of 180◦ . The
object complex-valued transmissivity for each orientation was
reconstructed to a pixel size of 43.8 nm using the difference
map algorithm [9] followed by maximum likelihood refinement
[8, 10]. From the complex-valued reconstructions phase projec-
tions of the sample were obtained and unwrapped [11].

Because of thermal drifts during the data acquisition the
phase projections needed to be aligned prior to tomographic

http://dx.doi.org/10.1364/optica.2.000259.s001


Supplementary Material 2

reconstruction. For alignment in the vertical direction we used
the method in Ref. [12], while for alignment in the horizontal
direction we developed an iterative sinogram alignment tech-
nique based on tomographic consistency, as detailed in the
main manuscript. Figure S1(A) shows an axial tomographic
slice computed using the FBP before alignment of projections
where significant noise and artifacts are observed. After post-
processing alignment a significant improvement in image qual-
ity is evident, as shown in Figure S1(B).

4. QUANTITATIVE INTERIOR TOMOGRAPHY

An initial estimate of the position of the interior region of inter-
est within the overview tomogram was readily taken from the
readout position values of the stages and was later refined us-
ing non-linear optimization. A section from the overview tomo-
gram was upsampled using trilinear interpolation to the pixel
size of the high-resolution interior projections and was then
given as initial estimate to a conjugate gradient optimization al-
gorithm to iteratively minimize Eq. (1) of the main manuscript
by refining high-resolution details of the tomogram.

During the optimization, regions outside the internal FOV
are also refined, this is sometimes referred to as “exterior tomog-
raphy”. Because the exterior region has effectively an incom-
plete angular coverage, the reconstructions outside the interior
ROI have non-isotropic resolution, and artifacts are expected.
To exemplify this, Figures S2(B) and S2(C) show coronal sec-
tions of the eggshell sample through the center and at the edge
of the interior ROI, respectively. Although the section in Figure
S2(C) is completely outside the interior ROI high-resolution fea-
tures can be observed.

The noise level within the interior ROI was estimated to be
σe = 0.05 e/Å3 from the standard deviation of values within
the empty cavity shown in Figure 2F in the main text. The den-
sity fluctuations that can be observed in the more homogeneous
regions between vesicles are within the noise level with a stan-
dard deviation σe = 0.06 e/Å3.

5. ANALYSIS OF LAYERED ARRANGEMENT OF VESI-
CLES

Identification and classification of the vesicles into layers was
performed using k-means cluster analysis [13]. In contrast to
standard analysis that defines the cluster by coordinates that
denote the position of a point, here to identify layers of vesicles
we define each layer cluster Si by a unit vector and spatial dis-
tance (ŝi, di) such that ŝi · r̂ + di = 0 uniquely defines a plane
in three-dimensional space. The within-cluster distance to min-
imize is the Euclidean distance from the centroid of the vesicle
to the plane plus a penalty term based on individual vesicle
orientation with respect to the principal orientation of vesicles
within the cluster [14]. Since planes corresponding to different
layers can intersect each other within the measured volume the
latter was introduced to help disambiguate cases where a vesi-
cle lies close to two planes and to favor grouping of vesicles
with similar orientations. The algorithm was implemented us-
ing the FlexClust [15, 16] (v1.3-3) package in R (v2.15.2) [17].
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Fig. S1. Axial section reconstruction using FBP (A) before and (B) after sinogram alignment using tomographic consistency.
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Fig. S2. (A) Axial section of hybrid tomographic reconstruction. Coronal sections through (B) the middle of the interior ROI and (C)
outside the interior ROI, the coronal planes are indicated in (A) with yellow and cyan lines respectively. The limits of the interior
ROI are indicated by blue dashed lines in (A) and (B).
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