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SMALL ANGLE X-RAY SCATTERING - SAXS

X-RAY 
BEAM

SAXS

d=2-100 nm

Morphology: size&shape lattice periodicity 
@nanoscale

Decreasing correlation/order

International SILS School
Muggia, 01 / 10 / 2026



SMALL ANGLE X-RAY SCATTERING - SAXS

X-RAY 
BEAM

SAXS

d=2-100 nm
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Nanomaterials 2022, 12(2), 177; 
https://doi.org/10.3390/nano12020177

https://doi.org/10.3390/nano12020177


SMALL ANGLE X-RAY SCATTERING - SAXS

• transmission geometry
• X-ray optics that create a very 

narrow, yet highly intense 
incident X-ray beam are essential. 

• This is because the comparatively 
weak scattering signal from the 
sample has to be measured in 
the immediate vicinity of the 
direct beam. 

• It is also essential to use a 2D 
detector that has a high linearity, 
a high dynamic range and 
negligible intrinsic noise. 
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SMALL ANGLE X-RAY SCATTERING - SAXS
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for monodisperse systems the scattering is 
proportional to that of a single particle 

averaged over all orientations
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SMALL ANGLE X-RAY SCATTERING - SAXS

Rg is the quadratic mean of distances 
to the center of mass weighted by 
the contrast of electron density.
Rg is an index of non sphericity
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SMALL ANGLE X-RAY SCATTERING - SAXS

• Plot  ln I vs. q2

• Inner part will be a straight line
• Slope proportional to Rg

2

• IMPORTANT! Only valid near q = 0 
• Usual limit:  Rg qmax <1.3
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where 𝑐	 is concentration
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PHARMACEUTICS

Drug delivery nanoparticles 
must be characterized in:

sizes, shapes, and 
morphologies
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PHARMACEUTICS

Size, structure and morphology play 
a crucial role in their functionality. 

Characterizing their loaded and unloaded 
size and shape as a function of relevant 

human body parameters (e.g. pH or 
temperature), is therefore critical, especially 

if the characterization can be performed 
simulating the same condition of drug 

delivery, i.e. dispersed in a buffer which is 
often water.
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WIDE ANGLE X-RAY SCATTERING - WAXS

X-RAY 
BEAM

WAXS
d~Å

d

nanocrystal

microcrystal

amorphous
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Nanoscale Materials in Chemistry, 
Ed. K.J. Klabunde, Wiley, 2001

Kenneth J. Klabunde et al, 
Nanocrystals as Stoichiometric Reagents 

with Unique Surface Chemistry 
J. Phys. Chem. 1996, 100, 12142-12153
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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) Data can be explained 
either as:
W18O49(ICSD=15254)
or
WO2.626 (ICSD=72544)
phases.
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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 NSLS
 IC

The XPD data collected at IC (IC-XPD) were 
acquired with a Bruker D8-Discover (3.3 kW) 
diffractometer equipped with a Cu source (8KeV, 
l=1.540562 Å)

The NSLS data (NSLS-XPD) were measured using X-
ray radiation with an energy of 66.7 keV
(l=0.18597 Å).
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WIDE ANGLE X-RAY SCATTERING – WAXS/PDF
Pair distribution function (PDF) gives the probability of finding an
atom at a distance “r” from a given atom.

5.11Å
4.92Å

4.26Å

3.76Å

2.84Å

2.46Å

1.42Å
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WIDE ANGLE X-RAY SCATTERING – WAXS/PDF

W32O84 (ICSD=72544) W18O49 (ICSD=15254)

Results of the PDF data allowed to identify the monoclinic 
W18O49 crystal phase (ICSD # 15254); fitting proved that the 
actual stoichiometry was W16±0.4O45±3

NSLS data (NSLS-XPD) @ 66.7 keV
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WIDE ANGLE X-RAY SCATTERING – WAXS/PDF

Tetragonal MAPbI3 (methylammonium (MA)). 

Principal component analysis (PCA) on the PDF data 
matrix :

1. the first principal component (PC1) shows a 
monotonic trend not intrinsically related to illumination 
as it continues when the light is off. It captures 
structural variations induced by the X-ray illumination, as 
lattice distortion and thermal atomic fluctuations.
2. the second principal component (PC2) shows a light-
related trend, with a steady increase when the light is on 
and a decrease (with a smaller time constant) when the 
light is off.
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WIDE ANGLE X-RAY SCATTERING – WAXS/PDF

Tetragonal MAPbI3 (methylammonium (MA)). 

Principal component analysis (PCA) on the PDF 
data matrix :

3. the PC2 trend when the light is on and the 
recovery time when the light is off closely 
resembling the trend observed for the electron 
paramagnetic resonance (EPR) signal.
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WIDE ANGLE X-RAY SCATTERING – WAXS/PDF

Tetragonal MAPbI3 (methylammonium (MA)). 

Principal component analysis (PCA) on the PDF data matrix :

4. PCA was applied to the PDF data matrix in slices
of 3 Å, for increasing interatomic distances. Notably, the resulting PC2
scores showed a higher light-induced effect for the shorter interatomic
distances (R < 3 Å) and a progressive decrease for longer distances, until
vanishing for R > 9 Å.

The considered range of distances (<3 Å) is consistent with the range of
Pb−O distances (2.25 Å). Such distances are likely correlated with
generation of paramagnetic species induced by illumination (charge-
killing defects in a range of distances compatible with Pb−O bonds).
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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sample with different instruments 
and configurations
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WIDE ANGLE X-RAY SCATTERING - WAXS

𝛽ℎ,𝑘,𝑙 =
l

𝐷ℎ,𝑘,𝑙𝑐𝑜𝑠q
=

l

𝑐𝑜𝑠q
'𝑎𝑖𝑚𝑝 𝑦𝑖𝑚𝑝 (qℎ,𝑘,𝑙

𝑖𝑚𝑝

,Fℎ,𝑘,𝑙) 

Three-step procedure:

1. the instrumental resolution function (IRF)
was evaluated by fitting the XRD pattern of a LaB6 NIST standard recorded under the same
experimental conditions as those used for measuring the powders.

2. the crystal structure models of the crystalline phases previously identified, here
tetragonal TiO2 anatase (space group I41/amd;
cell parameters: a=b=3.7835430 Å and c=9.614647 Å; α=β=γ=90°) and tetragonal TiO2
rutile (space group p 42/m n m; cell parameters: a=b = 4.59365Å; c=2.95874 Å; α= β
=γ=90°) were provided to the program.

3. the inhomogeneous peak broadening of the XRD pattern reflections was described by a
phenomenological model based on a modified Scherrer formula:

real 
spherical 
harmonics

size contribution to the integral width of the (h,k,l) 
reflection
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WIDE ANGLE X-RAY SCATTERING - WAXS

Pt NC18: 18 ± 2 nm Pt NC10: 10 ± 2nm Pt NC7: 7 ± 1 nm
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WIDE ANGLE X-RAY SCATTERING - WAXS

a crystalline domain elongated along 
the [111] crystallographic direction, 
with a domain size of 11.3/6.3 nm 
along the [111]/[200]
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WIDE ANGLE X-RAY SCATTERING - WAXS
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WIDE ANGLE X-RAY SCATTERING - WAXS
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HRTEM image of a ZnTe/CdTe tetrapod. It is remarkable to note the
changes of the lattice fringes contrast along the arms of the tetrapod,
which indicates the presence of regions with either different
orientations, or structure, or composition
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WIDE ANGLE X-RAY SCATTERING - WAXS

crystalline domain - 
WAXS

NP shape / size
SAXS

WAXS:
nanocrystal structure 
domain size
anisotropy of the crystalline domain (crystal domain shape)
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Nanocrystals Assembly: hierarchical structure

Figure 1. Analogy between NCs and atoms. 

Figure 2. …to assemble NCs into superstructures to a given 
desired function. The crystal structure can be described as an assembly of 

«building blocks»
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SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Reflection geometry
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Gold Nanocrystals, sphere∼12 nm

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 
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GISAXS in situ Experiment performed at the XRD2 beamline in LNLS-Campinas, 
Brazil

Lucia Curri Marinella Striccoli

Daniela Zanchet

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Gold Nanocrystals, sphere∼12 nm

International SILS School
Muggia, 01 / 10 / 2026



CRYSTALLOGRAPHY International SILS School
Muggia, 01 / 10 / 2026



Conclusion:
GISAXS  revealed for Au NPs deposited NPs deposited on Si/SiO2 substrate, it was found that a = 14.0 ± 0.5 nm and b = 15.0 ± 0.5 
nm, forming an angle of γ = 70° ± 2°. In the case of Au NPs deposited on the Si/TL– substrate, NPs form a distorted hexagonal lattice 
with a = b = 15.0 ± 0.5 nm basis vectors, forming an angle γ = 50° on average, possibly taking on larger values, up to 65°. 

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Gold Nanocrystals, sphere∼12 nm

Question: what is the best substrate treatment
to ensure the highest cover with an ordered Au
NPs monolayer deposition?
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Cesium Lead Bromide Nanocrystals; cube ∼13 nm

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 
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Conclusion: 
in-depth characterization by 
• GISAXS  revealed (001)-oriented 3D 

assemblies of CsPbBr3 nanocrystals in 
simple-cubic symmetry

• GIWAXS revealed (001)-oriented CsPbBr3 
nanocrystals 

Cesium Lead Bromide Nanocrystals ; cube ∼ 13 nm

GISAXS

GIWAXS SAED

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Stefano Toso Dmitry Baranov Liberato Manna
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SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Low-angle
region

First Bragg 
Peak

Second 
Bragg 
Peak

Superlattices

002
110

2θ = 15° 

004
220

2θ = 30° 

Nanocrystal powder 112
020
200
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50 Å
15 μm

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 
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Λ

n λX-rays = 2Λ sin(θ) q (Å-1)

Individual
Nanocrystal

Ideal 
Superlattice

q (Å-1)

q ↔ d

Δq ↔ Λd

SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Stacking Disorder

Λ

σΛ

σΛ ≈ 1Å 
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EXPORING SUB-MOLECULAR (GIWAXS) 
AND SUPRA-MOLECULAR (GISAXS) 

ESRF USER MEETING
02.11.25
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SUB-MOLECULAR (GIWAXS) 
SUPRA-MOLECULAR (GISAXS) 

Octylamine
C-8

Dodecylamine
C-12

Decylamine 
C-10

-NH3
+-COO-

Oleylamine
C-18

Electron microscopy: Yu. Ivanov, G. Divitini (IIT Genova)
Sample synthesis: U. Filippi (IIT Genova)

Building blocks: CsPbBr3 nanocubes with variable ligands

Question: what is the effect of the ligand on
the assembly?
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SUPRA-MOLECULAR (GISAXS) 

𝛬

C-18

C-12

C-10

C-8

The GISAXS pa6erns were indexed as cubic
space group Pm3m̅ using SUNBIM4.0 soBware

colloidal softness S of nanocrystals, 
defined as the ratio

between the ligand shell thickness 
and the edge length of

nanocrystals (S = L/NCedge)
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SUB-MOLECULAR (GIWAXS) 

GIWAXS patterns were indexed as 
orthorhombic structure

(Pbnm, ICSD No. 98009-7851)

001 101

001
001 101

C-18

C-12

C-10

C-8
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NC sizeLigand length

NC softness
NC softness = L / NCsize

decre
asin

g s
oftn

ess

CONCLUSION 

Conclusion: the interparticle spacing (L) and average 
nanocrystal displacement (σL) decrease with the 

shortening of the amine ligand

colloidal softness S of nanocrystals, defined as the ratio
between the ligand shell thickness and the edge length of

nanocrystals (S = L/NCedge)
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“Multilayer Diffraction Reveals That Colloidal
Superlattices Approach the Structural Perfection of
Single Crystals” by Toso S, Baranov D, Altamura D,
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Materials: X-ray diffraction/scattering and data modeling helps 
to gain insight into artificially ordered superlattices. 
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• Nanocrystals and Nanocrystal-based Superlattices

• Scaffolds; Fibers
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X-ray Source

Detector in WAXS
(Sub-molecular Scale)

Detector in SAXS
(Supra-molecular Scale)

Sample

SAXS - WAXS International SILS School
Muggia, 01 / 10 / 2026



SCANNING MICROSCOPY 

X-ray source

SAXS/WAXS Detector

Scan Mode

SUNBIM 4.0
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BASIC SCANNING X-RAY MICROSCOPY
Multi-modal imaging approach: transform a 
mesh of two-dimensional SWAXS frames 
into microscopy images (Bunk et al. New J. 
Phys. 11, 123016, 2009 )

• Each 2D frame of the mesh is folded into 
a one-dimensional profile 

• From a specific 1D profile, properly 
selected from the composite map, the 
user has to choose one or more 
diffraction peaks (a q range) 

Orientation & Intensity
Intensity distribution along the azimuth of 
the selected rings is analysed for each 2D 
frame and transformed into microscopy 
images

ORIENTATION 
DEGREE

ORIENTATION
&

INTENSITY

q-band
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Polymer Characteris0c 

Collagen 
Major component of natural bone 3ssue. Excellent 
biocompa3bility and cell -binding. Rela3vely week 
mechanical s3ffness and rapid biodegrada3on rate  

Gela3n Denaturalized form of collagen. Similar proper3es as 
collagen 

Silk-fibroin (SF) Structural protein of silk fibers. High mechanical strength 
and thermal stability. Flexible processability.  

Chitosan Polysaccharide. Good biocompa3bility, an3bacterial 
proper3es. Rela3vely weak mechanical proper3es  

Alginate Soluble in water, good biocompa3bility  

Hyaluronic acid Soluble in water, good biocompa3bility, Easy 
manipula3on.  

Polylac3c acid (PLA), polyglycolic acid (PGA) and 

copolymer PLGA 

Tunable physical and chemical proper3es by adjus3ng 
the copolymer ra3o.  

Polycaprolactone (PCL)  Good mechanical strength, Slow degrada3on rate  

 

Osteochondral bone 
defect refers to an 
arMcular damage that 
involves both the 
carMlage and a piece of 
underlying bone, 
occurring from an 
acute traumaMc injury 
to the knee or an 
underlying disorder of 
the bone.

Maria Grazia Raucci Luigi Ambrosio

ü Mimic the gradient structure of 
healthy osteochondral tissue

3D Osteochondral Scaffold
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Gelatin/HA scaffold 
(sol gel procedure)

� viscous gelatin solution,  type B (pH = 5), was prepared in distilled water at 40°C with 
constant adjustments of the pH (10-10.5). 

� Simultaneously calcium nitrate Ca(NO3)2x4H2O and diammonium hydrogen phosphate 
(NH4)2HPO4 solutions were dissolved in distilled water and stirred for 2 hours. 

� The Ca2+ solution was added to gelatin and mixed at 250 rpm for 2 hours at 40°C; after 
this time a phosphate solution was added to the system. 

� The alkaline environment was reached by using NH4OH solution. 

� The samples were treated at 40°C for 24 hours (stirring at 85 rpm) and sonicated for 3 
hours to obtain an homogeneous system.  

� After that, the gel system was poured into the Teflon moulds (5 x 10 mm) quenched to -80 
°C and freeze-dried for 48 hours. 

� For the preparation, Ca/P ratio was fixed at 1.67 and the HA contents with respect to 
gelatin-HA were considered at 30 wt%. The gelatin amount with respect to the total water 
content is fixed at 10% w/v
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µCT - µtomography

Gel (d) (e)

0mm
12mm Micro-CT cross-sections clearly show the presence of 

open and connected pores in the structure of the 
gelatin/HA matrix.

Such a porous structure plays a critical role in the 
specific tissue formation, allowing migration and 
proliferation of osteoblasts and mesenchymal stem cells, 
besides improving mechanical interlocking between the 
implant biomaterial and the surrounding natural bone 

Gel/HA

Gel/HA
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X-ray Transmission
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WAXS
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Calcium Posphates crystals

α-Tricalcium phosphate (TCP)

β-Tricalcium phosphate (TCP)

Monetite

Brushite

Hydroxyapatite
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WAXS
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Scanning SAXS microscopy

Gel/HA
0.00 0.05 0.10 0.15
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Scanning SAXS microscopy

Gel/HA0.00 0.05 0.10 0.15
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GEL+HA
 GEL

Gel/HA I(Sx1) I(Sx2) I(Dx3) I(Dx2)
Δq:0.06-0.07 A-1 10.38023709 10.24687648 15.00989277 12.92347856
Δq:0.008-0.011 A-1 186.4373245 284.7826989 266.9744148 241.964543
Gel I(Sx) I(Dx)
Δq:0.008-0.011 A-1 116.36115 103.22153

An intensity increases in the Δq:0.06-0.07 A-1 range by 36% resulted, from the left to the
right side of the scaffold whereas only ~8-10% increase in theΔq:0.008-0.011 A-1

HA GRADIENT



TYPE OF CRYSTALS

Single crystals Polycrystalline crystals
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Single-crystals

Data sets

Poly-crystals

Fibers
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https://www.mdpi.com/2073-4360/13/13/2099



Bio-FIBERS : hierarchical structure

BioFibers – whether natural or man-
made – are semi-crystalline
materials featuring crystalline 
nanodomains embedded within an 
amorphous (or highly
disordered) matrix and organized 
hierarchically.

International SILS School
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TOOLS : hierarchical structure characterization

Technique Length scale
d (nm)

uSAXS 1000
SAXS 100
SAXS 10
WAXS 1
WAXS 0.1

International SILS School
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Scanning WAXS microscopy on CELLULOSE FIBERS

Scan maps after line-by-line background subtraction. 

(b) Scan maps after radial path-length normalization of the background data [in Fig. 2 
(a)]. The visualized range of values between the minimum and maximum are the same 
for each sample in (a) and (b).

Ulf Olsson
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Muggia, 01 / 10 / 2026



Scanning WAXS microscopy on CELLULOSE FIBERS

(a) Average frame diffraction pattern after background 
normalization and path-length normalization. Dotted white 
circles on the patterns indicate the q-band selected for 
azimuthal integration. 

(b) Gaussian function fitted to the average frame diffraction 
patterns. Blue points show the azimuth integrated data 
within the selected q-band. Black circles mark the data used 
to fit the Gaussian functions (red lines).
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Scanning WAXS microscopy on CELLULOSE FIBERS

Fibers were found to be homogeneous in terms of crystallinity, but with a radial gradient in the crystal orientation here quantified as
a standard variation σ(r) of an assumed Gaussian distribution. σ(r) were found to be maximum in the center of the fibers (r = 0) and
monotonically decrease towards the fiber surface. We attribute this to the velocity gradients in the sample from the extrusion and
from the drawing. This additional structural information, on the sub-micrometre length scale, may be of use in the design of
optimal spinning conditions and in the theoretical modeling of the fiber mechanical properties.

Scan maps showing the variation of
peak amplitude, A.

Scan maps showing the variation of
standard deviation, σ. Scan maps of the product Aσ, 

being a measure of the fiber crystallinity.
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WAXS microscopy on CELLULOSE FIBERS
2D WAXS WAXS

Scattering 
Map

Linen Fiber

1 mm

Cell Parameters 

a (Å) b (Å) c (Å) a (°) b (°) g (°)

7.78400 8.20100 10.38000 90.0 90.0 96.550

Cell Volume

658.30 (Å3)

Cellulose - b

H=green, O=red, C=grey

1D WAXS
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WAXS on SILK / COLLAGEN FIBERS
FIBROIN

COLLAGEN

Gianluca Farinola

Giorgio Rizzo Alessandro Sannino Alberta Terzi
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XEUSS 3.0  HR LABORATORY
https://www.itaca-sb.it/biosaxs/

Potentiating the Italian Capacity for Structural Biology Services in Instruct-ERIC

National Recovery and Resilience Plan (NRRP)
Strengthening and creation of Research Infrastructures

Mission 4 – Component 2 – Investment line 3.1

• Motorized dual source (Ga Excillum liquid jet source and Cu micro-source)

• Size-exclusion chromatography coupled with SAXS (SEC-SAXS) using

an AKTA goTM protein purification system

• Detector Eiger 2R (1M), moving in vacuum from 42.5 mm to 1800 mm (SDD)

https://www.itaca-sb.it/biosaxs/
https://www.itaca-sb.it/biosaxs/
https://www.itaca-sb.it/biosaxs/


XEUSS 3.0  HR LABORATORY

Potentiating the Italian Capacity for Structural Biology Services in Instruct-ERIC

• Biocube System • Bonse-Hart 4-bounce Si (111)

channel cut crystals monochromator

and analyzer for USAXS
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XEUSS 3.0  HR LABORATORY

Potentiating the Italian Capacity for Structural Biology Services in Instruct-ERIC

EIGER2 R 500K
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4-Axis motorized SWAXS module with EIGER2 R 500K

Potentiating the Italian Capacity for Structural Biology Services in Instruct-ERIC
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Sample Environment/Holder

Potentiating the Italian Capacity for Structural Biology Services in Instruct-ERIC

§ Capillaries § Solids § Gels

§ Low Noise Flow Cell

§ GISAXS/GIWAXS § Shear Cell

§ Rotary 
   Capillaries

§ Reactivity  Chamber

§ Peltier in 
Transmission/Reflection

(-20° to 150°C)

International SILS School
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Cinzia Giannini
Istituto di Cristallografia, Italia 70126 Bari via Amendola 122/O 

* cinzia.giannini@cnr.it  ) +39 080 5929167
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