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Abstract
SAXS-CT is an emerging powerful imaging techniquewhich bridges the gap between information
retrieved fromhigh-resolution local techniques and information from low-resolution, largefield-of-
view imaging, to determine the nanostructure characteristics of well-ordered tissues, e.g., mineralized
collagen in bone.However, in the case of soft tissues, features such as poor nanostructural
organization and high susceptibility to radiation-induced damage limit the use of SAXS-CT.Here, by
combining the freeze-drying the specimen, preceded by formalin fixation, with the nanostructure
surveywe identified andmonitored alterations on the hierarchical arrangement of triglycerides and
collagen fibrils three-dimensionally in breast tumor specimens without requiring sample staining. A
high density of aligned collagenwas observed precisely on the invasion front of the breast carcinoma,
showing the direction of cancer spread, whereas substantial content of triglycerides was identified,
where the healthy tissuewas located. Finally, the approach developed here provides a path to high-
resolution nanostructural probingwith a large field-of-view, whichwas demonstrated through the
visualization of characteristic nanostructural arrangement and quantification of content and degree of
organization of collagen fibrils in normal, benign andmalignant human breast tissue.

Introduction

The development of new technologies reaching nano
dimensions promises a significant impact on human
health issues. In nanomedicine, the expected break-
throughs are humanorgan restorationusing engineered
tissue (Isenberg and Wong 2006), ‘designer’ drugs
created fromdirected assembly of atoms andmolecules
(Huang et al 2014) as well as an urgent need for
personalized targeted treatments for diseases like cancer
(Jackson and Chester 2015, National Research Council
US Committee on a Framework for Developing a New
Taxonomy of Disease 2011, since personalized treat-
ment directed to molecular targets should improve
outcome for patients with poor prognosis (Chantrill
et al 2015). However, these goals are strongly dependent
on extensive knowledge of themolecular and supramo-
lecular structural profiling of soft tissues.

Currently, researchers use techniques such as
atomic force microscopy (AFM) (Jorba et al 2017),
transmission electron microscopy (TEM) (Peddie and

Collinson 2014) and second-harmonic generation
(SHG) (Brown et al 2003) for that purpose. These tech-
niques require complex sample preparation and/or
analyze a very small field-of-view. Alternatively, the
availability of brighter x-ray sources, fast and essen-
tially noise-free detectors and automated analysis
schemes, enable a new favorable context for the devel-
opment of high-resolution tomography-based techni-
ques (Bleuet et al 2008, Antoniassi et al 2014,Manohar
et al 2016, Romanov et al 2017).

Combining small-angle x-ray scattering (SAXS), a
powerful analytical tool, with computed tomography
(CT) a well-established imaging technique that pro-
vides access to volume-resolved information, the spa-
tially resolved content and structural organization of
embedded structures at the nanoscale can be retrieved
three-dimensionally. SAXS-CT bridges the gap
between information retrieved from high-resolution
local techniques and information from low-resolu-
tion, large field-of-view imaging techniques (Schroer
et al 2006, Stribeck et al 2006, 2008, Fratzl 2015). In
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addition, SAXS-CT has the advantage of ex vivo tissue
specimen experiments without the requirement for
staining samples with specific dyes.

Although SAXS-CT has been used to improve the
contrast of brain tumor in rats by using the slope of the
scattering curves (Jensen et al 2011) as well as to investi-
gate mineralized collagen in rigid samples like bone
(Georgiadis et al 2015, Liebi et al 2015, 2018) and tooth
(Schaff et al 2015, Sharma et al 2016), to the best of the
authors’ knowledge, this approach for spatially resolved
identification andmapping of nanostructure changes in
soft tissue has not been undertaken before. Among the
challenges to applying SAXS-CT on soft matter,
undoubtedly, the poor nanostructure organization
comparative to bone specimens and the avoidance of
radiation-induced damage are the major challenges. In
general, soft tissues are poorly organized and inhomo-
geneous which might imply amorphous phases and
thus complicates the selection of single Bragg diffrac-
tion peaks necessary for image reconstruction.

To overcome the limitations of using SAXS-CT to
investigate soft tissue, freeze-dried normal and patho-
logical human breast specimens, preceded by formalin
fixation were prepared for this study. Freeze-drying,
also called lyophilization, involves snap freezing a
sample, lowering the pressure, and then removing ice
by sublimation. This process removes a high percent-
age of water from the sample (more than 99%depend-
ing on the type of sample)while retaining its structural
and molecular integrity (Jennings 1999) and has the
advantage of being reproducible if tissue thickness and
lyophilization time are kept constant (Png et al 2008).
Consequently, the susceptibility to radiation damage
is sharply reduced as well as the SAXS contrast is
improved because water is absent and the spatial elec-
tron density is now related to the remaining dry mass
only (Zierold 1988).

Therefore, this paper will present the potential of
SAXS-CT as a nanostructural resolvingmicroscopy on
investigating human tissue specimens. We demon-
strate the approach by focusing our experimental pro-
tocol on how to identify and monitor alterations on
the hierarchical arrangement of nanostructures com-
pliant to benign and malignant human breast disease
progression through a macroscopic specimen without
requiring any specific dye.

Methods

Sample collection and classification
Three human breast specimens classified as normal,
benign and malignant lesions were investigated.
Pathological tissues were taken from patients who had
mammographically, ultrasonographically and biopsy
confirmed lesions, while the normal specimen was
obtained after reduction mammoplasty in the Clinics
Hospital of the Ribeirão Preto Medical School, Uni-
versity of São Paulo, Ribeirão Preto, Brazil. The Ethics

Review Board on Human Research at the Ribeirão
Preto General Hospital and Ribeirão Preto Medical
School following the guidelines of the Declaration of
Helsinki and its revisions approved this study. Just
after excision, each specimen was cut in a cylindrical
shape with 0.8 mm in diameter and 5 mm in height. A
thin disk was cut from the cylinder to obtain prior
histopathology information about the samples. This
disk was immediately processed and sliced for histolo-
gical examination under the microscope. An experi-
enced breast pathologist directed this examination.
The information obtained was taken as a guideline for
the SAXS-CT experiment, allowing to select the
region-of-interest. The normal specimen was com-
posed of approximately 90% of adipose tissue with the
remaining of fibroglandular tissue. The benign lesion
was classified as fibroadenoma, whereas themalignant
sample as grade-III Invasive Ductal Carcinoma. Sub-
sequently, the specimenswere stored, at room temper-
ature, into the suitable receptacles and fixed in neutral
buffered formalin (NBF).

SAXS scanning
For breast tissues, the water content represents more
than 60% inmass (Graham et al1995).Watermolecules
are very susceptible to radiolysis, leading to radiation-
induced damage to the tissue structure. SAXS scanning
on normal and pathological human breast tissues was
conducted on samples solely formalin-fixed as well as
further freeze-drying to evaluate the impact on the
hierarchical tissue arrangement while minimizing
radiation damage. Each sample was inserted into a
holder and positioned accurately to carry out the SAXS
scanning. This experiment was performed at the D02A-
SAXS2 beamline in the National Synchrotron Light
Laboratory in Campinas, Brazil. Three SAXS images
were recorded for each breast specimen at both states,
native (formalin-fixed only) and lyophilized, on a
MarCCD 165 detector with 2048×2048 pixels, pixel-
size of 79 μm and protected by a 6 mm-diameter beam
stop. The x-ray beam (0.5×0.2 mm2 and wavelength
of 1.608 Å) passing through the vertical axis of the
cylinder and two others adjacent to this, separated by
0.2 mm. These recorded images were summed up to
obtain an average scattering profile of the sample. A
sample-to-detector distance of 1602mm was used to
register the momentum transfer range of 0.17 nm−1<
q (=4πsin(θ/2)/λ)<1.76 nm−1, where θ is the scatter-
ing angle andλ thewavelength.

Sample freeze-drying
To minimize radiation damage as well as volume
variation during the SAXS-CT experiment, the resi-
dual water content of the formalin-fixed samples was
removed by freeze-drying (or lyophilization) using a
lyophilizer Terroni® LS 3000. The following steps were
taken: (1) freezing the sample at −50 °C for 8 h; (2)
primary drying −50 °C for 48 h; and (3) secondary
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drying at 25 °C for 24 h. The chamber pressure was
maintained at 20 Pa during the drying process. When
the lyophilization process was over, the vials were
immediately filled with nitrogen gas, sealed with
rubber caps, and stored at 4 °C. Just before a new SAXS
scanning and SAXS-CT experiments, the dried speci-
menswere brought to room temperature.

SAXS-CT approach
The three dried human breast specimens were put
together to compose the investigated assemble. The
experiments were carried out in the beamline BW4 at
the synchrotron radiation facility DORIS III in Ham-
burg, Germany (Roth et al 2006). Figure 1(a) compiles
the experimental setup. Monochromatic x-rays with a
wavelength of 1.38 Å and a beam size of 19×30 μm2

were focused on the sample mounted on a stage with
the orthogonal translations s and r and the rotation j
around the vertical axis through the center of the
assembly. The SAXS patterns were recorded with a
Pilatus 300 k detector, using a sample-to-detector
distance of 2320 mm corresponding to a q-range
0.08 nm−1�q�1.71 nm−1. 5760 SAXS patterns
were acquired for 16 steps equally spaced in 100 μm
along the r axis in figure 1(b) and 360° with 1° step
size, using a exposure time of 10 s for each pattern
following the methodology previously reported
(Schroer et al 2006, Stribeck et al 2008, Feldkamp et al
2009). A set of two pin-diodes, placed before the
sample and adjacent to the beam stop, were used to
monitor primary and transmitted beam intensities,
respectively.

SAXS-CT requires long radiation exposure and
visible changes in scattered intensity and collagen
ordering for absorbed doses above 105 Gy has been
reported (Fernández et al 2002). To control this issue,
the radiation dose was kept below 800 Gy per SAXS
pattern while ensuring statistically significant contrast

and the irradiated specimen position was changed reg-
ularly to provide a longer time for biological repair.

Data treatment and image reconstruction
Assuming the sample scatters isotropically, as is
expected for triglycerides and randomly oriented col-
lagen fibrils in breast tissue and only the scattering in
the qz direction is reconstructed, the scattered intensity
at a specific momentum transfer can be considered as
scalar. This last assumption relies on the fact that in
breast tumor the collagen fibrils are arranged either
parallel or perpendicular to the tumor cell membrane
(Provenzano et al 2006), so the tumor specimens were
cut at the sagittal plane of the tumor preferential growth
direction guided by the expert pathologist. Thereby, we
assume that the scattering is along the z-axis. In
addition. it is important tomention here that in case we
were interested in determining the preferred orienta-
tion of such structures, another approach must be
adopted (Skjønsfjell et al 2016, Liebi et al 2018). Then,
the full scattering intensity from a sample jI r q, ,( ) at
coordinate jr,( ) as function of =q q q,r z( ) can be
described as following:
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where I0 is the incident intensity, jpq, is the SAXS cross
section at a certain location x y,( ) with the sample
rotated by the angle j. The exponential functions
before and after the SAXS cross section parameter
describe the attenuation of the incident and forward
scattered beams, respectively.

SAXS tomograms are reconstructed from the
recorded SAXS patterns as shown on the workflow
in figure 2. The recorded SAXS patterns were
corrected by self-attenuation, scattering background,

Figure 1. SAXS-CT experiment. (a) Schematic representation of the experimental setup for SAXS-CT; (b) top view of the sample
assembly as the specimensweremounted and the coordinate system of the experiment. A detailed description of the instrument is
presented by Roth and coworkers (Roth et al 2006).
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and detector efficiency. The corrected and normalized
data were full radially integrated and transformed into
a set of linear SAXS profiles. Iterative least-squares
routine, based on the fitting of the exponential decay
of the SAXS curves, was used to remove the intensity of
the matrix where the nanostructures of interest are
embedded and consequently enhance the correspon-
dent signal of the structures of interest. Sinograms for
each q-vector were calculated from the set of tailored
profiles for each projection over 360°. Each projection
represents scattering intensities at one q for the 16
translation steps at r-direction on figure 1(b). Finally,
the local SAXS cross-section of breast specimens was
reconstructed using a standard filtered back-projec-
tion (FBP) algorithm (Hamming filter) in the qz direc-
tion, as proposed by Schroer (2006) (Schroer et al
2006). This approach is limited to samples that scatter
nearly isotropically, where rotationally invariant is ful-
filled which implies that the scattered intensity can be
considered as scalar. The sample self-attenuation, cal-
culated from the data of the pin-diodes for each pro-
jection, was used to reconstruct the attenuation
coefficient m x y,( ) also using the filtered back-projec-
tion algorithm.

Reverse analysis
From the reconstructed tomogram for each q-vector,
the scattering profiles at a voxel or region of interest
are retrieved by the named ‘reverse analysis’ approach
developed in this study. From the retrieved SAXS
profiles, further investigations can be performed to
obtain spatially localized structural information of the
sample. Reverse analysis means the reconstruction of

the scattering profile from a voxel or a region of
interest (ROI) from the SAXS-CT tomogram. Con-
sidering the sample diameter, d=1.8 mm, and the
scattering angle of less than 10 mrad the path of the
scattered photons is approximately equal to the path of
the transmitted photons. In this case, we can retrieve
the scattering profile of a defined voxel p x y q, ,( )
applying the inverse procedure used for the image
reconstruction to all q values in equation (2):

ò=
DW

p x y q
I x y q

I T x y
dq, ,

, ,

,
2

0

( ) ( )
( )

( )

where T x y,( ) is the transmission factor at x y,( ) on
the sample frame, resulting from the combination of
the attenuation parameters before and after the local
scattering, in equation (1).

Figure 3 presents an overview of the length scale
range provided by the SAXS-CT nanostructure resol-
ving microscopy. The three-dimensional SAXS tomo-
gram reflects the distribution of x-ray scattering
intensities at small angles from the macroscopic soft
tissue specimen. After selection of a region of interest
(ROI) in a particular slice, 1D-SAXS profiles are
retrieved from each voxel within this ROI. The nanos-
tructural information is statistically summed in each
voxel and indirectly retrieved from the SAXS curves.
From each spatially localized SAXS profiles, structural
information about the sample under investigation can
be obtained. Depending on the knowledge of the stu-
died system, information such as lattice parameter,
particle shape, size, and packing might be provided.
Considering the breast specimens analyzed in this

Figure 2. SAXS-CT reconstruction. Successive steps of SAXS-CTdata treatment and image reconstruction. The acquired 2D SAXS
patterns (a) are corrected, normalized and then radially integrated (b). The following 1Dprofile (c) isfitted by iterative least-square
routine and the resulted profile (d) is used to generate the sinograms for each value of q-vector (e). Using the standard FBP algorithm,
the SAXS-CT tomogram is reconstructed for each q-vector (f).
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study, collagen fibril packing, fibril diameter, fibril-to-
fibril distance and axial period of fibrillar collagen
could be accessed as described by Fernández et al
(Fernández et al 2002). Thereby, it is possible tomoni-
tor the structural rearrangement of breast diseases
concerning content and degree of alignment of col-
lagenfibrils spatially.

However, this can be an issue because the dehydra-
tion process of the tissues canmodify their inner struc-
ture, e.g., collagen fibrils assemble are very sensitive to
hydration. To determine the influence of water, a
comparison of SAXS profiles of specimens fixed in for-
malin with those fixed in formalin and subsequently
freeze-driedwas performed.

A noticeable reduction in the intensity profiles is
visualized in figure 4, indicating that the electron den-
sity contrast between the scattering structures and the
matrix has been altered after dehydration. However,
the similarity between the curves, i.e., the profile of
each curve and the Bragg peaks, at both states (native
and lyophilized) for each type of tissue reveals that the
process of freeze-drying the sample conserves the tis-
sue hierarchical and molecular integrity. The reduc-
tion in the scattered intensity is more substantial as q
increase and is possibly associated with the water scat-
tering which has a maximum intensity around
momentum transfer of 20 nm−1 (Conceição et al
2019).

Figure 3. SAXS-CT length scale. Schematic representation of the approach for the nanostructure resolvingmicroscopy ofmacroscopic
soft tissue specimens. Here is presented the application onmonitoring the hierarchical arrangement offibrillar collagen in a
macroscopic breast specimen. Information such as collagen fibrils packing, fibrils length,fibril diameter,fibril-to-fibril distance and
axial period can be accessed.

Figure 4.Comparison between the SAXS scattering profiles of normal, benign andmalignant breast specimens at normal and
lyophilized states.
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Our previous studies (Conceição et al 2009) have
shown three general features in the SAXS profiles
common to normal and pathological human breast
specimens which can also be identified here from
dried samples: (i) exponential decay is dependent of
the type of breast tissue, which might be associated
with changes in the tissue microenvironment, specifi-
cally in the extracellular matrix (Clark and Vig-
njevic 2015) (ii) several peaks between 0.25 nm−1 and
1.17 nm−1 reflecting higher order of collagen fibril
reflections related to type I collagen (Fernández et al
2002) and (iii) two broad peaks, at q=1.33 nm−1 and
q =1.46 nm−1, highlighting the adipose content of
the sample (Sidhu et al 2011), which is supposed to be
correspondent to a lipoprotein with a long hydro-
carbon chain (Tartari et al 1997) and the packing of
triglycerides (Conceiçao et al 2010), respectively. As
expected, the collagen peaks intensity are more pro-
nounced in the scattering profile of malignant tumor
(Ductal Invasive Carcinoma) than normal tissue or
benign tumor (Fibroadenoma) (Fernández et al 2002).
In this case, it occurs a realignment of the collagen
fibrils that allow individual tumor cells to migrate out
along radially aligned fibers (Provenzano et al
2006, 2008, Nie et al 2015). In addition, the transition
from the hydrated to a dry state, there are four main
events affecting collagen fibrils: (a) the decrease of the
fundamental periodicity of the collagen fibrils (Wess
and Orgel 2000) from 63.9±0.3 nm for all types
of tissue to 61.8±0.3 nm, 62.8±0.4 nm and
59.7±0.3 for normal, benign and malignant speci-
mens, respectively; (b) the broadening of the collagen
peaks, which is related to portions of collagen chains
adopting a tilt to the fiber axis (Wess and Orgel 2000),
(c) the 9th order (q =0.94 nm−1) of the axial period
dominates all others, which implies a periodicity of
6.7 nm, and (d) despite the shift in the meridional col-
lagen diffraction (Andriotis et al 2015), the peak at
lowest q related to the packing of these fibrils (Suho-
nen et al 2005) are not detectably altered by the

changes in the hydration as also observed for collagen
fibrils in cornea stroma (Fratzl andDaxer 1993).

Results

Mapping the local nanostructures
Despite some inter- and intra-collagen fibril changes,
the architectural tissue packing is not affected by
sample preparation as evidenced by the lowest-q peak
intensity. Indeed, after drying, the main features of
adipose and fibroglandular tissues are enhanced, e.g.,
collagen (9th order reflection) and triglycerides (d-
spacing=43 Å). Thereby, this benefit was used to
monitor the distribution of these structures within the
assembly and based on the relation between adipose
and fibroglandular content (Griffiths et al 2007,
Conceição et al 2011); the normal, benign and
malignant portions were localized.

The reconstructed transmission image is shown in
figure 5(a). Since the attenuation coefficients of nor-
mal, benign and malignant human breast tissues are
very similar at the x-ray energy used in this experiment
(Tomal et al 2010), the tomographic image generated
by transmission has not enough contrast to differ-
entiate the specimens. A slight localized rise of inten-
sity is observed in the intersection region between the
samples, which is filled by air. Moreover, no informa-
tion on the micro- and nano-structure of the tissues
can be accessed. Based on the remarkable character-
istics of each type of breast tissue in the scattering pro-
files showed in figure 3, the distribution of the collagen
fibrils (q=0.94 nm−1) and the triglycerides
(q=1.46 nm−1) in a single tomography slice through
the sample assembly was reconstructed and is pre-
sented in figures 4(b) and (c), respectively. In
figure 5(b) a high density of aligned collagen is
observed exactly in the region corresponding to the
ductal invasive carcinoma. In this type of malignant
tumor, generally, the stroma undergoes a desmoplas-
tic reaction characterized by over-deposition of

Figure 5.Comparison between transmission and small-angle scattering images. (a) reconstructed transmission image; (b) SAXS-CT
reconstructed image for the specificmomentum transfer (q1=0.94 nm−1) and, (c) for themomentum transfer (q2=1.46 nm−1).
The color bar label ‘1’ refers to the highest scattered photons intensity, while ‘0’ indicates no detectable scattered photons at the
respective position in linear scale.
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bundles of type I and III collagens localized at the inva-
sion front of the tumor. This behavior is highlighted by
the collagen fibril concentration at the lower-left por-
tion of the malignant specimen, indicating the tumor
spread pathway. There is no visible collagen buildup
over the health and benign lesion specimens. For
fibroadenoma, although collagen content surrounding
the ducts increases, the fibers are randomly distributed
(Nie et al 2015), which implies a near washout of the
corresponding SAXS intensity. Figure 5(c) presents the
distribution of triglycerides on the sample assembly.
Noticeably, the triglycerides, which are synthesized by
white adipose tissue(Ahmadian et al n.d.), are clustered
at the upper left part of the sample assembly, precisely
where the normal tissue is. Although malignant and
nonmalignant human breast neoplasms grow in the
anatomical vicinity of adipose tissue in this study the
pathological specimens were cut to be as homogeneous
as possible to enable being structurally characterized.
Thereby the presence of triglycerides is virtually non-
existent in these specimens.

Nanostructural survey
Based on the previous study (Conceição et al 2009), the
nanostructures present in health and pathological
human breast tissues are labeled, as due to type I
collagen fibril (peak at q=0.94 nm−1) and as asso-
ciated to the packing of triglycerides (peak at
q=1.46 nm−1). However, in the case of a specimen
with no prior information, the identification might be

achieved a posteriori from information such as lattice
parameter, molecular shape and packing in defined
parts of the sample. These features can be obtained
using the reverse analysis procedure (Bleuet et al 2008,
Jensen et al 2011). Although the distribution of
collagen fibrils and triglycerides can be visualized in
figures 5(b) and (c), the architectural rearrangement of
their units cannot be accessed unless applying reverse
analysis. Figures 6(b), (c) and (d) exhibit the retrieved
scattering profiles for the selected regions-of-interest
(ROIs) shown in figure 6(a) corresponding to regions
on normal, malignant and benign tissues, respectively.
The image generated bymerging the SAXS tomograms
at qz=0.94 nm−1 at qz=1.46 nm−1 is presented in
figure 6(a). Reverse analysis was applied on the six
voxels included in each ROI on the figure 6(a). From
the figure 6(b) it is observed the scattering from the
packing of triglycerides standing out in the SAXS 1D
profiles from the normal portion of the sample
assembly. Likewise type I collagen dominates the
scattering profiles of the benign andmalignant lesions,
figures 6(b) and (c), respectively. By fitting Gaussian
peaks at q=1.46 nm−1 and at q=0.94 nm−1, para-
meters like peak area and FWHM are extracted. From
the ratio between these parameters, changes in the
molecular nanostructure as well as in the degree of
organization of their packing (Fernández et al 2002,
Suhonen et al 2005) are identified.

Concerning the Ductal Invasive Carcinoma beha-
vior, the occurrence of an over-deposition of bundles

Figure 6. Spatiallymonitoring of nanostructures by reverse analysis. (a) Image fusion of the SAXS tomograms for themomentum
transfers q=0.94 nm−1 and q=1.46 nm−1; orange regions correspond to triglycerides while the green ones to collagen fibril
deposition. (b), (c) and (d) present the recovered SAXS scattering profiles from the region of interest defined by the rectangles in
figure 6(a). The labels from1 to 6 are used to indicate the position of voxels in the selected ROI aswell asN, B andMrefer to normal,
benign andmalignant, respectively. For clarity, each curve has an offset of 10x to each other. (e)Distribution of the ratio between area
and FWHMof the collagen peak for the ROI labeled asM and two parallel ROIs neighboring it left and right. As higher the ratio
between the peak area and the FWHMasmore collagen content and organized are thefibrils’ packing.
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of type I localized at the invasion front of a tumor has
been reported (Provenzano et al 2006, Morris et al
2016). To evaluate this behavior, two ROIs comprising
six voxels each were analyzed neighboring left and
right parallel to the red rectangle in figure 6(a). The
peaks at q=0.94 nm−1 in all retrieved SAXS profiles
were fitted as Gaussian peaks. Peak area and FWHM
were determined and shown in figure 6(e), illustrating
the variation of collagen content and organization
crossing the invasion front region. Voxels two and
three are fully immersed within the tumor invasion
region, which is visibly by stronger scattering arising
from areas invaded by cancer, corresponding to a large
increase of the specific surface area of the collagen
fibrils (Fernández et al 2002).

Despite the possibility to perform amore compre-
hensive exploration of the changes in the nanos-
tructure parameters of collagen fibrils (Fernández et al
2002), it requires integration on parallel and perpend-
icular directions to the preferential collagen fiber axis
from the SAXS pattern, which was out of the scope of
this study. Herein, the focus is on the ability of SAXS-
CT to directly identify alterations and monitor a spe-
cific nanostructure spatially with a largefield-of-view.

Discussion

SAXS can probe nanostructural biomolecules with sizes
ranging froma fewkilo-Daltons to severalmega-Daltons
(Feigin and Svergun 1987), the applicability to investigate
large conformational transitions is immense, related to
content and degree of self-organization of these macro-
molecules through a macroscopic specimen. In part-
icular, for breast tumors, growth, progression and
metastasis are controlled by the tumor microenviron-
ment. Thereby, a three-dimensional inspection of speci-
fic biomolecules in the extracellular matrix (ECM) such
as collagen fibril (Kauppila et al 1998, Brown et al 2003),
fibroblasts (Kalluri and Zeisberg 2006) and adipocytes
(Nieman et al2013)undoubtedly contributes to elucidate
those process. The pattern of collagen intercellular
arrangement enables one to foresee the prognostic of the
disease based on the tumor-associated collagen signa-
tures (TACS) (Provenzano et al 2006, 2008). Cancer-
associated fibroblasts (CAFs) have been considered as
synthetic machines responsible for creating extracellular
matrix (ECM) structure and metabolic and immune
reprogramming of the tumor microenvironment with
an impact on adaptive resistance to chemotherapy
(Kalluri and Zeisberg 2006). Adipocytes dedifferentiate
into pre-adipocytes or are reprogrammed into cancer-
associated adipocytes (CAA) during their interaction
with cancer cells (Nieman et al 2013). SAXS-CT enables
access and maps these individual key molecules which
supply basis to improve the knowledge on the multiple
interactions between them and their functional role.
Nevertheless, it is worthmentioning this survey relies on

assigned peaks by some a priori knowledge about the
sample.

In summary, the SAXS-CT approach presented here
overcomes both the limitations of the current micro-
scopy techniques and offers the possibility to access and
monitor the nanostructures in macroscopic soft tissue
specimens without the requirement of any dye. Their
application on investigating normal and pathological
human breast specimens shed light on the hallmarks of
the adipose and fibroglandular breast tissues, triglycer-
ides and collagen fibril respectively. Based on the spatial
distribution of these hallmarks, normal, benign and
malignant human breast specimens were identified
within the sample assembly, as previously used to char-
acterize normal and neoplastic human breast specimens
(Conceição et al 2009, 2011). Additionally, monitoring
the structural rearrangements of collagen fibrils through
the sample, based on the retrieved scattering profiles
from different regions of interest, insights about the
direction of cancer spread are obtained by the higher
content and degree of organization. Finally, it is expected
that this approach using SAXS-CT in soft tissue provides
a path to high-resolution nanostructural probe with a
large field-of-view and its impact on structural biology,
tissue engineering andmedicinewill be tremendous.
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