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Key properties of anticancer 

nanoparticles: nanoparticle 4S 

• Nanoparticles can be tuned to 

provide long or short circulation 

times by careful control of 

size/shape and surface/stiffness 

properties 
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nanocrystals and nanoparticles 
share the same size regime of 
biologically relevant systems 

and components 



Kenneth J. Klabunde et al,  

Nanocrystals as Stoichiometric Reagents  

with Unique Surface Chemistry  

J. Phys. Chem. 1996, 100, 12142-12153 

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



PASSIVE/ACTIVE Nanomaterials:   chemistry & morphology 
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W32O84 (ICSD=72544) W18O49 (ICSD=15254) 

(c) 

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 
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Crystal domain 
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. 

 

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.  
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Crystal domain 
Three-step procedure: 

3. the inhomogeneous peak broadening of the XRD  

pattern reflections was described by a  

phenomenological model based on a  

modified Scherrer formula:  

 ),(
coscos

,, hhimpimp implkh ya
h
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








real  

spherical  

harmonics 
size contribution to the integral width of the 

(h,k,l) reflection 



      

WAXS – crystallite habit 
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WAXS – crystallite habit 



Typical HRTEM micrographs of gold NPs 

from a thiol-capped 4.1 nm sample.  

(a) fcc clusters, (b and c) decahedra, (d-f) 

multidomain particles. 

D. Zanchet et al J. Phys. Chem. B 2000, 104, 11013-11018 



Gold nanocrystals – multiple twins defects 



Size 

LOG NORMAL DISTRIBUTION 

Strain 

A VARIABLE-WIDTH STEP FUNCTION  

(UNIFORM STRAIN) 
icosahedra 

fcc clusters – 

- cuboctahedra 

decahedra 

Gold nanocrystals – multiple twins defects 



Gold nanocrystals – multiple twins defects F. Vitale, R. Vitaliano, C. Battocchio, I. Fratoddi, C. Giannini, E. Piscopiello, A. Guagliardi, A. Cervellino, G. Polzonetti, M.V. Russo, L. Tapfer 

Nanoscale Res Lett,   3,   461 - 467  (2008) . 
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 CdSeCdTe

 CdTe

TetraPODS WAXS – defects 
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 CdSeCdTe

 3ABC5BCB

STACKING FAULTED WURTZITE 

TetraPODS 

 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 

WAXS – defects 
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Multi Length scales – Bragg law 

 

Technique d (nm) q (nm-1) q (Å-1) (deg) 

for =1.5405Å 

uSAXS/uSAXD 1000 0.0063 0.00063 0.0044 

 

SAXS/SAXD 100 0.063 0.0063 0.044 

 

SAXS/SAXD 10 0.63 0.063 0.44 

 

WAXS/WAXD 1 6.3 0.63 4.4 

 

WAXS/WAXD 0.1 63 6.3 50.6 

2 

𝑘𝑖 
𝑘𝑑 

)(r




𝑞 = 𝑘𝑑 − 𝑘𝑖 



INFRASTRUTTURA THE XMI-Lab FACILITY 

XMI-L@b: An 
X-ray 
synchrotron 
class rotating 
anode 
microsource for 
the structural 
micro imaging 
of 
nanomaterials 
and engineered 
biotissues 



INFRASTRUTTURA 

Micro-Source: Rigaku FRE+ Superbright 

FR-E+  

SuperBright 

THE XMI-Lab FACILITY 



1 2 3 



Three-pinhole camera SMAX3000 THREE PINHOLES CAMERA – RIGAKU SMAX3000 

1 2 3 

SAXS: Triton™20 detector, a 20cm diameter multi-wire gas-filled 

proportional counter 

WAXS:  RAXIA Image Plate with off line reader 



sample 

TIPOLOGIA DI CAMPIONI MISURABILI 

SAXS/WAXS  liquids 

Biopsies / 

        tissues 

sample 

detector 

transmission 

GISAXS/GIWAXS 

 Planar devices 

Nanostructured  

      surfaces 

reflection 

Morphological and Structural Characterization at the nano and atomic scale 

TYPE OF SPECIMENS 





NANOCRYSTALS IN SOLUTIONS NANOPARTICLES IN SOLUTIONS 



sample 

SAXS-WAXS 

SAXS/WAXS  liquids 

 tissues 

sample 

detector 

transmission 

SAXS/WAXS – nanometric lenght scale 

X-RAY  

BEAM 

SAXS 

d=10-100 nm 

d 



* 

SAXS – sample in solution SAXS/WAXS: sample  in solution 



SAXS – from sample to shape 

log I(s), a.u. 

dr
sr

sr
rpsI

D


0

sin
)(4)( 

Shape 

radially averaged 

 

normalized: 

sample concentration 

incoming beam 

exposure time 

s, nm-1 

  sample   –   buffer 

(in buffer) 
log I(s), a.u. 

for monodisperse systems the scattering 

is proportional to that of a single particle 

averaged over all orientations 

SAXS: shape info 

sample 

(in buffer)      buffer 



Stuctural parameters from SAXS 

• Molecular weight* 

• Molecular volume* 

• Radius of gyration (Rg) 

• Distance distribution function p( r ) 

• Various derived parameters such as  longest cord from p ( r ) 

• * requires absolute (or calibrated) intensity information 

SAXS – from sample to shape SAXS: size/shape info 

sample 

(in buffer)      buffer 
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SAXS studies on apoferritin protein in aqueous solution 

Apoferritin: a globular nanosized cage-

shaped protein composed by 24 subunits 

forming a stable and soluble hollow 

sphere.  

 

APOFERRITINE 

Hollow Sphere 
Gyration Radius  Rg  =    5.1 ± 0.2nm 



SAXS studies on apoferritin protein in aqueous solution 

APOFERRITINE 

It is in perfect agreement to what expected 
for an external and internal radii R2=6 nm 
and R1=4 nm of the apoferritin molecule 
(Rg=5.16 nm) 

𝑹𝒈
𝟐 =

𝟑

𝟓

𝑹𝟐
𝟓 − 𝑹𝟏

𝟓

𝑹𝟐
𝟑 − 𝑹𝟏

𝟑
 

SAXS is the ONLY technique which can 
extract the shape/size of an hollow sphere in 
a solution 



PASSIVE/ACTIVE Nanomaterials:   chemistry & morphology 

CdSe nanorods 

PbSe stars 

γ-Fe2O3 spheres 

Ag nanocubes CdTe tetrapods 

PbSe nanowires 



sample 

SAXS-WAXS 

SAXS/WAXS  liquids 

 tissues 

sample 

detector 

transmission 

SAXS/WAXS -  atomic lenght scale 

X-RAY  

BEAM 

WAXS 
d~Å 

d 
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[111] 

SAXS 

WAXS 

TEM 

SAXS – from sample to shape SAXS/WAXS: Ag nanoparticles in water 

NP shape / size SAXS 

NC domain  

size WAXS 

Rg=8.6 nm  

D = 2*√5/3Rg ~ 22±1 nm 
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Debye Function:   atomistic approach 

 DF approach holds for SMALL and WIDE angle scattering data,  

for crystalline, partially crystalline and amorphous samples,  

does not need any crystallographic rule 



Colloidal nanocrystals and nanoparticles 
share the same size regime  

of biologically relevant systems and 
components 

Hybrid NANOMATERIALS: organic/inorganic 



SAXS – from sample to shape 

sample 

(in buffer)      buffer 

Fiber information 

WAXS: fibers in solution 

-strand distance - d1 

Fiber    axis 

1 2 3 

Meridional 
direction 

Equatorial 
direction 4 5 



WAXS analysis on water soluble fibers of PEGylated 

tetra-phenylalanine (F4), chemically modified at the N-

terminus with the DOTA chelating agent, showed: 

 

- the typical  cross- fibre diffraction of amyloid-like 

fibrils, both on the dried fibrils and on the fibrils in 

solution 

 

- the additional DOTA produces fibers with a higher 

order degree (atomic & nano). 

PEGylated tetra-phenylalanine  (dried and in solution) fibers for MRI 
In collaboration with Dr. Antonella Accardo  University of Naples - Italy                          
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PEGylated tetra-phenylalanine  (dried and in solution) fibers for MRI 
In collaboration with Dr. Antonella Accardo  University of Naples - Italy                          
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WAXS analysis on water soluble fibers of PEGylated 

tetra-phenylalanine (F4), chemically modified at the N-

terminus with the DOTA chelating agent, showed: 

 

- the typical  cross- fibre diffraction of amyloid-like 

fibrils, both on the dried fibrils and on the fibrils in 

solution 

 

- the additional DOTA produces fibers with a higher 

order degree. 

PEGylated tetra-phenylalanine  (dried and in solution) fibers for MRI 



SAXS/WAXS PEGylated hexa-phenylalanine photoluminescent nanofibers 

Aromatic peptide self-assembles in water in stable and 

well-ordered nanofibers with optoelectronic properties. 

A variety of techniques such as fluorescence, FTIR, CD, 

DLS, SEM, SAXS and WAXS allowed us to correlate 

the photoluminescence (PL) properties of the self-

assembled nanofibers with the structural organization of 

the peptide building block at the micro- and nano-scale. 

sample 

 WAXS 

 SAXS 

PL of PEG8-F6 

nanofibers at 10 

mg/mL. (a) Blue 

PL emission 

spectra for 

sample in 

solution upon 

excitation at 

∼370 nm (blue 

line) and at ∼410 

nm (red line). 

In collaboration with Dr. Antonella Accardo  University of Naples - Italy                          



Meridional reflections 

Label q (Å-1) d (Å) 

m1 0.132 48.0 

m2 0.171 37.0 

m3 0.514 12.2 

m4    ( strand) 1.32 4.8 

Equatorial reflections 

e1 0.514 12.2 

e2 1.026 6.1 

e3    ( strand) 1.319 4.8 

e4 1.536 4.1 (a) equatorial SAXS (dotted curve) and best fit (full line); (b) pair 

distribution function extracted from (a). The gyration radius, 

determined by this analysis, is Rg=69±1nm. “cross-β” diffraction pattern of amyloid-like fibers, with a diffraction 

peak of 4.8 Å along the meridian, representing the inter-chain 

distance between the hydrogen-bonded strands, and a diffraction 

peak of 12.5 Å along the equatorial direction, distinctive of the 

stacking of β-sheets perpendicularly to the fiber axis.  



The inter-sheet separation ≡ WAXS data of a 

strong equatorial reflection at ~ 12.5 Å. 

The starting model undergoes major transition during 

the simulation. The system adopts a novel structural 

state in the equilibrated region of the trajectory (20-100 

ns). This transition is also coupled with a significant 

variation of the assembly gyration radius . At the steady 

state Rg=691 nm 



NANOCRYSTALS ASSEMBLED ON TOP OF SURFACES 



sample 

SAXS-WAXS or GISAXS-GIWAXS 

SAXS/WAXS  liquids 

 tissues 

sample 

detector 

transmission 

GISAXS/GIWAXS 

 Planar devices 
 Nanostructured surfaces 

reflection 
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d=A+B; 

A=3nm; B=6nm 

N=6 
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GISAXS-GIWAXS 
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GISAXS  - 2D assemblies 



GISAXS  - 3D assemblies 

(a) (b) GIWAXS 

GISAXS 



end-to-end assembly 

self-assembly 



NANOCRYSTALS EMBEDDED IN POLYMERS 
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Ptychography on NanoCrystals in Polymers 

Object of the work: 

investigate the dispersion of 

octapod-shaped NCs (made of a CdSe 

core and eight CdS arms) embedded 

in 25 µm thick polystyrene (PS) 

free-standing films. 

A reliable non-destructive high 

resolution imaging technique with 

the capability to penetrate µm-thick 

samples and with the necessary 

resolution to visualize  nanometre-

scale structures is needed. This 

stringent requirement rules out any 

electron-based microscopic 

technique, as they are not suited for 

the observation of µm thick films.  



Ptychography on NanoCrystals in Polymers 

Energy= 6.2 keV (= 0.2 nm).  

Au Fresnel zone plate (FZP):  

diameter = 200 mm 

outermost zone width = 50 nm  

thickness of 500  nm 

focal distance = 50 mm 

depth of focus = 50 mm.  

Pilatus 2M detector  

det-pixel = 172 µm pixel size  

Sample-detector z = 2.236 m  

Optics-sample distance z1= 270 µm 

beam size d = 450 nm at the sample 

 

total scanned area was 4×4 mm2 with a 

total of 324 scanning points 

0.2s exposure time at each scanning point 

5 repeated scans of the sample area  

Experiment of ptychography performed at the c-SAXS beamline in SLS-Villigen                                                                          



Ptychography on NanoCrystals in Polymers 

Sample Δ Mw tPS 

[µm] 

OCT 0.044 --- 0 

PS 350 0.089 350 24±4 

PS 350_thin 0.133 350 0.307±0.010 

PS 190 0.164 190 24±4 

(a) 

(b) 

OCT PS  350_thin PS  350 PS  190 

Increasing  phase retardation 



Ptychography on NanoCrystals in Polymers 

Result of the work: 

we have imaged through ptychography the 

aggregation of CdSe/CdS octapod-shaped 

nanocrystals in 25 µm thick free standing 

polystyrene polymers. This X-ray-based 

microscopy technique allowed imaging, with a 

resolution of few tens of nanometers, the 

aggregation of the octapods in interconnected 

architectures.  

 

Ptychographic data were shown on: i) 

PS350_thin and PS350 samples to explore the 

effect on the packing due to different polymer 

thickness for the same molecular weight; ii) 

PS350 and PS190 samples to explore the effect 

due to different molecular weights, for  the 

same thickness of the polymer. Data proved 

that both polymer molecular weight and 

thickness influence octapods packing. 

 



SINGLE NANOCRYSTAL 



SINGLE NANOCRYSTAL 



Transmission  electron diffraction data 
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PHASE RETRIEVAL: GENERAL SCHEME 

FFT 

FFT-1 

1 

2 object plane 

OBJECT SPACE 
FOURIER SPACE 

CCD plane 

object space : support constraint CCD plane: modulus constraint 



The rectangular box superimposed depicts the tetragonal structure of bulk anatase 
(unit space group I41/amd, cell parameters: a=b=0.377 nm, c=0.944 nm), with 
the Ti and O atomic columns in red and blue 

resolution of 70 pm!! 

NO ABERRATION CORRECTOR 

Coherent Diffractive Imaging - electrons  

TiO2 anatase nanocrystals 
Resolution = 0.7 Å 



Conclusions 
New materials are the foundation of major technological advances.  

 

Examples of diffraction/imaging studies have been shown on 

 

Nanomaterials in solutions >>  SAXS/WAXS 

Nanomaterials in powders, solid state >> WAXS/XRD   

Nanomaterials assembled onto surfaces >> GISAXS – GIWAXS 

Nanomaterials diluted in thick polymers >> Ptychography/CDI 

Single Nanomaterials >> EDI 


