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Hybrid Inorganic Nanomaterials 

Fabrica$on	
(top-down)	

Synthesis	
(boVom-up)	

Modifica$on	
(wet,	dry)	

New	proper$es,	features	
and	applica$ons	

Metals	

Polymers	
Semiconductors	

Characteriza$on	
(op$cal,	
electrical)	

Hydrogels	



Inorganic nanostructured materials 

…to the nanoscale	
1	 10-3	 10-6	 10-9		m	

Nanostructured materials 

Appearance of quantum effects @macroscopic scale 

Bioimaging Biosensing 

(Molecular and medical diagnostics) 
◦ High surface area 
◦ Efficient light emission 
◦ Long photoluminescence lifetime 
◦ Tunable optical response 
◦ Biocompatibility 

From bulk… 



Porous silicon (PSi) 

Carrier relaxation dynamics 

~d-1.3
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Electrochemical etching 

Size-dependent energy levels 
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Quantum confinement model 

Well-established fabrication technology 

UV	exc.	
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I. Rea et al., J. Phys. Chem. C 118(47) 27301-27307 (2014). 
C. T. Chien et al., Angew. Chem. Int. Ed. 51(27), 6662-6666 (2012). 

Hydrophilic material  ✓ 

Massive presence of 
functional groups  

✓ 

Optical transitions from 
disorder-induced localized 
states lead to a broad 
excitation-dependent PL 
emission 

✓

Graphene oxide (GO) 
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λexc	=	442	nm	



ü  Nanoparticles (average size=400 nm) 
ü  EPR signal (ROS-generating) 
ü  Characteristic efficient PL emission 
ü  Colloidal stability in water-based solutions 

λexc	=	325	nm	

Large bandgap hybrid semiconductors 

Fluorine doped-Zinc oxide (ZnO-F) 

Zirconia-acetylacetone (ZrO2-acac) Titania-dibenzoymethane (TiO2-dbm) 

Prof. A. Aronne 

ZrO2-acac	 TiO2-dbm	



Bioimaging Biosensing 



Graphene oxide/porous silicon device for early diagnosis of Brugada Syndrome 

Bioimaging Biosensing 



Nucleic acids-based technology for early diagnosis of genetic diseases  

Point-mutations in the SCN5A gene 

Brugada Syndrome (or Sudden Death Syndrome) 

Nucleic acids (DNA, RNA, PNA) as biorecognition elements 

Detection specificity at the single-base level 

• The PNA/DNA hybridization is stronger 
than the one between DNA/DNA strands 

•	PNAs are synthetic analogous of DNA 



Hybrid biosensing device based on porous silicon 

✓ 
Versatile surface chemistry 
Tunable photonic properties 

✓ 

+

          Non-luminescent PSi structure                                       Graphene oxide nanosheets 

High density of functional groups 
Characteristic PL emission ✓ 

✓ 

Multi-parametric PSi/GO nanocomposite 

λexc	=	442	nm	



Fabrication of PSi/GO chip 

Covalent grafting of GO on macroporous PSi chip via carbodiimide chemistry 

Chemically stable hybrid 
device 

n-Si 

Fabry-Pérot photonic structure 

UA-PEG 

𝑅(𝜆)= ​𝑟↓1↑2 + ​𝑟↓2↑2 +2​𝑟↓1 ​𝑟↓2 ​cos⁠[2𝜋(​2​𝑛↓𝑃𝑆𝑖 𝐿/𝜆 )] 	
r1 = (nAir − nPSi)/(nAir + nPSi)


r2 = (nPSi − nSi)/(nPSi + nSi)


GO infiltration 

𝑚λ=2​𝑛↓𝑃𝑆𝑖 𝐿	

R. Moretta et al., Front. Chem. 6, 583 (2018). 



Optical characterization of PSi/GO chip 

Steady-state PL analysis 
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90	nm	

Fast Fourier Transform (FFT) 
of PSi/GO optical spectrum 

R. Moretta et al., Front. Chem. 6, 583 (2018). 
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FITC-labelled 
PrA 

~ 0.3 mg/mL 

Protein A anchoring on GO nanosheets in aqueous suspension 
  

R. Moretta et al., Front. Chem. 6, 583 (2018). 

Preparatory study on a model bioprobe: protein A (1) 

EDC/NHS	

DLS	analysis	

UV-Vis	 PL	



Protein 
infiltration 

FITC-labeled PrA 
~ 0.3 mg/mL 

R. Moretta et al., Front. Chem. 6, 583 (2018). 

Protein A anchoring onto PSi/GO chip 
  

Preparatory study on a model bioprobe: protein A (2) 



CTR PSi/GO/PrA* 

FITC-labeled PrA anchoring onto PSi/GO chip 
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               Confocal fluorescence imaging                                          FFT analysis 

(0	to	3	µm	depth)	

R. Moretta et al., Front. Chem. 6, 583 (2018). 



Preliminary PNA/DNA hybridization detection 

FFT analysis 

PSi/GO
/PNA	

PSi/GO
/PNA/D

NA	

DNA-
FITC 
100 µM 
2 h incub. 

Confocal 
microscopy (5’-CCTTTTTTTTTT-3’)	

Specificity test 
(5’-AGGAGAGCACCGAGCCCCTGAG-3’)	

submitted to Nanomaterials 

PNA conjugation using 
the same strategy 
adopted for PrA* 

Prof. G. Oliviero 
Dept. of Pharmacy 



No	
ShiQ!!!	

Nega.ve	
control	

S=21,1±0,3	nm/µM	

PNA/DNA hybridization detection at pH 5 



Towards label-free biosensing with fluorine-doped zinc oxide nanostructures 

Bioimaging Biosensing 



ZnO nanostructures synthesis and characterization 

G. P. Papari et al., J. Phys. Chem. C 121(29), 16012-16020 (2017). 
G. Chianese et al., Appl. Sci. 9, 3380 (2019). 

nZnO-F	

nZnO	

PL spectra (λexc = 325 nm) 

ZnO-spu(ered	Si	

Hydrothermal 
synthesis 

Prof. A. Aronne 



nZnO(-F) surface functionalization and bioprobe anchoring 

Fluorescence imaging FT-IR spectroscopy 

N-H	str	 Amide	I	 -COO	

nZnO-F	
nZnO-F/PrA	
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Covalent conjugation of PrA-FITC 

 
G. Chianese et al Appl. Sci. 9, 3380 (2019). 



Towards label-free biosensing with ZnO-F nanostructures 

 
G. Chianese et al Appl. Sci. 9, 3380 (2019). 

                                 nZnO                                                                nZnO-F 

nZnO	

nZnO-F	

Conjugation of PrA at different concentrations:  ∆"#$ % = '() *	,- ,⁄ $ /'() 0
'() 0 ×100

∆"#$= 5%

∆"#$= 20%



Bioimaging Biosensing 

Luminescent porous silicon nanoparticles for in vivo imaging 



Luminescent probes for bioimaging based on semiconductor nanocrystals 

✓  Tunability of absorption and emission wavelengths 

✓  Excellent resistance to photobleaching 

✘  High toxicity of commonly employed semiconductors 

PL	

λ	

M. -X. Zhao; E. -Z. Zeng, Nanoscale Res. Lett. 10, 171 (2015). 



100 nm 

• Mechanical size reduction and sonication in isopropanol 

• Storage in isopropanol 

 Electrochemical etching of p-type Si: 

Luminescent porous silicon nanoparticles for bioimaging 

PSi degrades into harmless Si(OH)4 in 
physiological environment!!! 	

A. Mughal et al., Phys. Chem. Chem. Phys. 16, 25273 (2014). 



J. Joo et al., Appl. Phys. Lett. 108, 153111 (2016). 
C. Schiattarella et al., Appl. Phys. Lett. 114, 113701 (2019). 

ζ = -0.3(1) mV ζ = -15(4) mV 

Electrochemical etching of p-type Si (H-terminal 
NPs) 

PSiNPs 
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Thermal hydrosilylation with undecylenic acid 
(COOH-terminal NPs) 

h-PSiNPs 

in IPA 

UA 
~ 200 nm 

Modification of PSi nanoparticles for bioimaging 

Thermal hydrosilylation with undecylenic acid (UA): 

h-PSiNPs PSiNPs 



Material PL lifetime 
@ 650 nm 

Stretching 
factor β 

PSiNPs 31.8 ± 0.6 
µs 

0.86 ± 0.01 

h-PSiNPs 31.5 ± 0.3 
µs 

0.90 ± 0.02 

(h-)PSiNPs optical characterizations in IPA medium 
Steady-state PL                                                 Time-resolved PL 

PL quantum yield 

C. Schiattarella et al., Appl. Phys. Lett. 114, 113701 (2019). 
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Optical and morphological stability in physiological medium 

Next step: in vitro study 

(h-)PSiNPs behavior in PBS (pH = 7.4) over time 

Integrated PL Hydrodynamic diameter 
PSiNPs h-PSiNPs 

C. Schiattarella et al., Appl. Phys. Lett. 114, 113701 (2019). 



MTT assay 

In vitro study: viability and fluorescence imaging of HeLa cells 

10	µm	

(insufficient) 



M. Terracciano et al., in Algae Biotechnology, InTech Open Access Publisher (2016). 

Hydra vulgaris as in vivo model 

Simpler than vertebrates with central nervous system and specialized organs but 
more complex than cultured cells 

Negatively charged cell 
membrane 

Towards in vivo application… 

  C. Tortiglione et al., PLoS ONE 4(11), e7698 (2009).  

Dr. Claudia Tortiglione 



Poly-L-lysine conjugation to surface-modified PSiNPs 

COOH	

Poly-L-Lysine 

Electrostatic 
interaction 

QYafter PLL ~ 
8% 

DLS 

ζ pot. 
-15(4) mV → +16(4) mV 

PL spectra @ 325 nm 

 PSiNPs                    h-PSiNPs                        h-PSiNPs_PLL 



Fluorescence imaging of luminescent PSiNPs in Hydra 

(365 nm excitation) 

ζ potential < 0 

ζ potential > 0 ✓

✘



Fluorescence imaging of luminescent PSiNPs in fixed Hydra 

Endogenous emission represents a crucial obstacle when carrying out 
fluorescence imaging studies on more complex tissues/organisms 

Time-gated luminescence imaging 

CTR 



$me	

Exposure	$me	=	200	ms	(IOC)	
LED	on	

Gate	
pulse	

1	ms	 2	ms	

…	

t	=	0	clock	provided	by	a	pulse	generator	(rep.	rate	=	1	kHz)	

…	

Time-gated fluorescence imaging technique 

$me	

I 

τtissue ~ ns 

τprobe ~ µs 

Observation window 
(gate pulse) 

Controlled gating External trigger 

365 nm excitation 

iCCD 

Prof. M. J. Sailor 
Design and setting up 



In vivo time-gated fluorescence imaging of Hydra vulgaris 

(16 µs) 

C. Schiattarella et al, Journal of Biophotonics 2020 

200	µm	 200	µm	 200	µm	

0.02	 1.71		Counts	(≈104)	 0.2	 1.2		Counts	(≈103)	 Merge	



Conclusions 

A robust hybrid chip that combines the photonic properties of a macroporous PSi 
monolayer and the characteristic PL emission from GO has been developed 
 
The PSi/GO nanocomposite has been tested for the detection of the SCN5A gene point-
mutation associated to Brugada Syndrome 

✓ 

✓ 

Graphene oxide/porous silicon device for Brugada Syndrome diagnosis 

An analysis of the optical behavior of ZnO and fluorine-doped ZnO nanostructures has 
been carried out 
 
The higher specific surface area of F-doped ZnO resulted in an enhancement of the 
response of the device with respect to the undoped case after bioprobe conjugation 

✓ 

✓ 

Towards label-free biosensing with fluorine-doped ZnO nanostructures 

The optical and stability properties of highly luminescent PSiNPs have been investigated 
and characterized before and after surface functionalization 
 
Time-gated PL imaging in vivo has proved PSiNPs uptake in Hydra vulgaris organism, 
overcoming the issue of endogenous emission 

✓ 

✓ 

Luminescent porous silicon nanoparticles as label-free probes for bioimaging 



Conclusions 

The optical and stability properties of highly luminescent PSiNPs have been investigated 
and characterized before and after surface functionalization 
 
Time-gated PL imaging in vivo has proved PSiNPs uptake in Hydra vulgaris organism, 
overcoming the issue of endogenous emission 

✓ 

✓ 

Luminescent porous silicon nanoparticles as label-free probes for bioimaging 

An analysis of the optical behavior of ZnO and fluorine-doped ZnO nanostructures has 
been carried out 
 
The higher specific surface area of F-doped ZnO resulted in an enhancement of the 
response of the device with respect to the undoped case after bioprobe conjugation 

✓ 

✓ 

Towards label-free biosensing with fluorine-doped ZnO nanostructures 

A robust hybrid chip that combines the photonic properties of a macroporous PSi 
monolayer and the characteristic PL emission from GO has been developed 
 
The PSi/GO nanocomposite has been successfully tested for the detection of the SCN5A 
gene point-mutation associated to Brugada Syndrome 

✓ 

✓ 

Graphene oxide/porous silicon device for Brugada Syndrome diagnosis 



Conclusions 

An analysis of the optical behavior of ZnO and fluorine-doped ZnO nanostructures has 
been carried out 
 
The higher specific surface area of F-doped ZnO resulted in an enhancement of the 
response of the device with respect to the undoped case after bioprobe conjugation 

✓ 

✓ 

Towards label-free biosensing with fluorine-doped ZnO nanostructures 

The optical and stability properties of highly luminescent PSiNPs have been investigated 
and characterized before and after surface functionalization 
 
Time-gated PL imaging in vivo has proved PSiNPs uptake in Hydra vulgaris organism, 
overcoming the issue of endogenous emission 

✓ 

✓ 

Luminescent porous silicon nanoparticles as label-free probes for bioimaging 

A robust hybrid chip that combines the photonic properties of a macroporous PSi 
monolayer and the characteristic PL emission from GO has been developed 
 
The PSi/GO nanocomposite has been tested for the detection of the SCN5A gene point-
mutation associated to Brugada Syndrome 

✓ 

✓ 

Graphene oxide/porous silicon device for Brugada Syndrome diagnosis 




