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ABSTRACT 
 
Porous alumina membranes of anodic aluminum oxide (AAO) are widely used for the fabrication of various nanostructures and 
nanodevices.  Over the last decade, many materials, including nanowires, nanotubes and nanodot arrays, have been fabricated 
by the deposition of various metals, semiconductors, oxides and polymers inside the pores of AAO membranes.  Access to these 
structures is achieved by changing the anodization conditions, such as current, voltage and type of electrolyte during 
electrochemically self -ordering of AAO.  Numerous metals are subjected to anodic oxidation.  Several physico-chemical effects 
and properties in the solid state involve nanoscale interactions between adjacent materials and morphologies.  As a result, one 
can obtain amorphous barrier-type oxides, crystalline barrier-type oxides or amorphous nanoporous oxides.  Currently highly-
ordered nanoporous anodic aluminum oxide (AAO) arrays of binary nanostructures can generate intimate interactions between 
different sub-components, but fabricating binary nanostructures is challenging.  Here, we propose a concept to achieve diverse 
binary nanostructure arrays with high degrees of controllability for each of the sub-components, including material, dimension 
and morphology. 
 
Introduction 
 
Anodization of aluminum has become one of the most popular 
processing methods to form porous structures with pore diameters 
ranging from about 10 to over 200 nm.  The aluminum anodization 
process leading to a porous structure is usually performed in 
electrolytes containing sulfuric, oxalic or phosphoric acid.  The 
structural features of the porous alumina film include pore diameters, 
interpore distance and porosity and strongly depend on the chosen 
electrolyte and anodizing potential. 
 
Porous alumina membranes of anodic aluminum oxide (AAO) are 
widely used for the fabrication of various nanostructures and 
nanodevices.  Over the last decade, many materials, including 
nanowires, nanotubes and nanodot arrays, have been fabricated by 
the deposition of various metals, semiconductors, oxides and 
polymers inside the pores of AAO membranes (Fig. 1). 
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Figure 1 - Typical AAO structures and major appli- 
cations for nanostructured materials. 
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Nanoporous substrates such as porous silicon, nanoporous anodic alumina (NAA), titania nanotube arrays and track-etched 
porous polymer membranes have been commonly employed as substrates for advanced sensing devices.  NAA processes 
provide unique structural, chemical, optical, thermal and mechanical properties and biocompatibility besides controllable 
geometry and exploitable surface chemistry. 
 
Ordered porous structures from the molecular to the macro level are widely used in nature.  Indeed, these pore structures, with 
their elegant and intricate designs, have played pivotal roles in many biological processes.  These processes include the 
transport of nutrients through the cell wall, selective transport of small or specific molecules or solutes, energy or charge 
transport, ion exchange, signaling and many other activities. 
  
Ordered AAO stands out due to its properties, such as chemical, thermal stability, hardness and high surface area.  Over the 
past decade, we have witnessed the emergence of various applications based on AAO membranes, such as molecular 
separation, chemical-biological sensing devices, cell adhesion, catalysis, energy storage and drug delivery vehicles.  Recent 
advances in fabrication procedures toward structural modification and the generation of AAO with complex pore geometries, 
resulting in branched, multilayered, modulated and hierarchically complex pores architectures, are presented here. 
 
Surface modification and nanoporous AAO 
 
AAO nanostructuring is an active research area focused on the development of new fabrication concepts, to prepare more 
complex pore structures with properties suitable for diverse applications (Fig. 2).  We can expect more exciting future 
developments in this field.  Template synthesis of metals, semiconductor and polymer nanowires and nanotubes appear to be 
the primary motivation for these studies.  However, these sophisticated AAO structures should find application in other areas, 
including molecular separation and in optics, for example as narrow-band filters. 
 
Previously, we described recent advances in approaches for the structural engineering of AAO to generate new properties and 
applications.  In this section, we will discuss current research on tuning surface properties of AAO using different surface 
modification strategies.  The surface modifications and functionalization of AAO are expected to significantly expand the scope 
for applications of AAO-based materials.  Furthermore, the effective combination of structural engineering and surface 
manipulation will underpin a number of emerging applications. 

 
Figure 2 - (a-c) SEM images of AAO with multilayered pore architectures with different pore shapes and structural modulation 
fabricated by multiple cyclic anodization in 0.1M phosphoric acid with three successive galvanostatic anodization steps by 
three different cyclic signals; (d) AAO with periodically perforated pores (nanopores with nanoholes) by chemical etching. 
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The AAO surface is insulating and suffers from chemical instability in acidic environments, which is a disadvantage for some 
applications.  This limitation can be overcome by changing the surface properties and by adding new surface functionalities.  The 
rich content of hydroxyl groups on the AAO surface allow them to be easily modified with organic molecules with the desired 
functionality.   
 
The surface modification techniques that have been explored to improve surface properties and add new functionality to AAO 
can be divided into two groups: (a) wet chemical synthesis and (b) gas-phase techniques.  Wet chemical approaches include 
self-assembly processes (silanes, organic acids and layer-by-layer deposition), polymer grafting, sol-gel processing as well as 
electrochemical and electroless deposition. Subsequent modifications of the thus introduced functionality with biomolecules of 
nanoparticles can be carried out.   
 
Gas-phase surface modification techniques used for the surface modification of AAO include thermal vapor metal deposition, 
chemical vapor deposition (CVD), plasma processing, polymerization and atomic layer deposition (ALD).  Combinations of these 
techniques on AAO have also been described, showing the ability to tune surface functionalities and properties of AAO for 
specific applications (Fig. 3). 
 

 
Figure 3 - (Left) Schematic diagram of the sequential fabrication steps of three-tiered branched AAO: (i and ii) first step, first-tier 
pore anodization and thinning of barrier layer; (iii and iv) second step, second tier formation at reduced potential followed by 
thinning of the barrier layer; (v and vi) third step, formation of third-tiered pores at further reduced anodization potential and final 
pore widening; (Middle) corresponding top views of all tiers. (Right) SEM microscopy of the resulting pore structures: (a and b) 
Top and cross-sectional views of two-tiered branched AAO prepared by combined anodization in 0.3M phosphoric acid (130V) 
and 0.15M oxalic acid (80V) followed by thinning of the barrier layer; (c and d)  Top and cross-sectional views of the three-tiered 
branched AAO prepared by combined anodization in 0.3M phosphoric acid (130V), 0.15M oxalic acid (80V) and 0.15M oxalic 
acid followed by thinning of the barrier layer. 
 
Complex internal pore architectures 
  
AAO membranes with complex internal pore architectures hold considerable prospects for the development of advanced 
molecular separation and sensing platforms for use as templates for the fabrication of nanostructured nanowires and nanotubes 
with unique magnetic, electrical and optical properties.  Several approaches have been explored to design modulated pore 
channels and architectures which include: multi-step anodization, where the type of electrolyte or electrolyte concentration is 
changed after each step; changing the electrolyte temperature during anodization; varying the applied voltage or current during 
anodization; or combining anodization and chemical etching. 
 
It is well established that pore diameters in AAO are dependent on the nature of the electrolyte and the applied voltage used 
during anodization, so the simplest way to alter internal pore geometries would be to change these two parameters during 
etching. 
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This work sparked extensive interest in the fabrication of hierarchically Y-branched structures.  The multiple branched pore 
structure was fabricated by a combination of reducing the applied voltage by a factor of 1/n, (n = the number of branches), 
changing the electrolyte after each anodization step and thinning the barrier layer after each anodization step at the pore bottom 
by chemical etching.  The anodization potential in several steps and applied chemical etching after each step to fabricate AAO 
membranes with 3D multi-tiered branch nanostructures are shown schematically in Fig. 4.  Three-tiered branched AAO having 
an average pore diameter of 275 nm, branching into four 125-nm sub-pores in the second tier and four 55-nm sub-pores in the 
third tier was demonstrated. 

 
Figure 4 - Long-range ordered AAO membranes with modulated pore diameters: (Left) Scheme for the fabrication of porous 
alumina with modulated pore diameters by a combination of mild and hard anodization on a pre-patterned aluminum substrate; 
(Right) SEM micrographs showing the cross-section of the prepared AAO with modulated pore diameters.  Magnified cross-
section images of the top and bottom parts of the membrane are shown on both sides of the central image. 
 
The variation of anodization conditions by changing electrolytes allows the fabrication of AAO membranes with periodic 
diameter-modulation in the pore structures combined with the conventional mild anodization (MA) and hard anodization (HA) 
processes to achieve periodic modulation of the pore diameter.  The length of each segment was controlled by varying the time 
of the anodization process.  This approach was extended to form shaped pores with nano-funnel geometry.  Stepwise 
anodization processes with two different electrolytes were used, first with phosphoric acid and followed by oxalic acid.  
Subsequently, an inverted nano-funnel was obtained by switching the electrolyte sequence. 
 
More recently a method called “pulse anodization” where both MA and HA processes were applied in the same electrolyte has 
been developed.  The method is based on applying long low current pulses (MA regime) followed by short high current pulses 
(within the HA regime).   
 
Although these methods demonstrate the ability to create different pore diameters across the AAO structure, it does not allow 
control over the shape of the pore.  A new anodization process has been reported to achieve improved control over internal pore 
shape.  Called “cyclic anodization,” the concept is based on slow and oscillatory changes of anodization conditions ranging from 
the MA to the HA regimes.  By changing the period of the current, control over the geometry of the pore structure was achieved 
and AAO with asymmetrical (ratchet-type) and symmetrical (circular) periodic pore geometries, with different lengths, periodicity 
and gradient were fabricated.  Periodic variations in the pore diameter led to photonic crystal behavior in AAO as observed in 
optical photographs and transmission spectra.  The color of the sample and the diffraction peak position in the transmission 
spectra could be easily controlled by using a chemical post-etching step.  Similarly, AAO membranes with conical holes were 
fabricated.  The conical holes were produced by repeating and alternating anodization at 40V and chemical etching with 5% 



                                                                                               

NASF SURFACE TECHNOLOGY WHITE PAPERS 
                                                                84 (5), 1-14 (February 2020)                                                             
 

 Page 5 
 

phosphoric acid solution at 20-30°C.  Nano-sculpting of AAO membranes with hierarchical pore structures was also 
accomplished.  Three different successive cyclic anodization steps were applied, first a cycle with a double-profiled cycle and 
lastly, a series of triangular cycles.  SEM images of the resulting AAO membrane showed hierarchical and multi-modulated pore 
structures consisting of three stacked porous layers.  Chemical etching led to periodically perforated pores (nanopores with 
nanoholes). 
 
Organosilane modification of AAO 
 
Organosilane modification of AAO, i.e., chemical 
modification using silanization, is a simple and effective 
method of controlling the wettability and adsorption 
properties of AAO (Fig. 5).  Wide varieties of 
substituted silanes are commercially available, and 
their attachment has a profound effect on the 
properties of AAO.  Some of these silane modifiers are 
widely used as coupling agents or linkers to immobilize 
other biomolecules, polymers, nanoparticles, DNA cell 
and suspended lipid bilayers on AAO surfaces. 

 
Silane-coated surfaces have also been used to 
suspend lipid bilayers over the pores of AAO 
membranes functionalized with a grafted 
polymer layer (Fig. 6). 
 
Preparation of biometallic Au-Pd nanotubes has 
also been demonstrated using this approach.  
Accumulation in the wet stage and solidification 
of nanoparticles upon drying promoted the 
formation of multiwall metallic nanotubes inside 
the AAO.  In a different approach, AAO 
functionalized perfluorotriclosilane was reported 
to help minimize the adhesion between the pore 
wall and polyacrylate nanofibers formed using 
pressure impregnation and photo crosslinking 
inside nanopores  

 
Accumulation in the wet stage and solidification of nanoparticles upon drying promoted the formation of multiwall metallic 
nanotubes inside AAO.  In a different approach, AAO functionalized with 1H, 2H perfluor-decyltrichlorosilane was reported to 
help minimize the adhesion between the pore wall and polyacrylate nanofibers formed using pressure impregnation and photo-
crosslinking inside nanopores. 
 
Our group has recently demonstrated multifunctional and multilayered surface modification of AAO nanopores with distinctly 
different internal and external surface properties.  The multilayered surface functionalities were successfully fabricated by 
combining a series of anodization and silanization cycles with different silanes, for instance, pentafluorophenyldimethyl-
chlorosilane (PFPTES), (3-aminopropyl) triethoxysilane (APTES) and N-triethoxysilylpropyl-(0-polyethyleneoxide) urethane 
(PEG-silane), achieving a range of functionalities and wettabilities (Fig. 7). 
 
This approach also enabled control over the thickness of individual layers inside the pore matrix, and to selectively bind gold 
nanoparticles on amino functionalized layers.  Selective transport experiments with hydrophobic and hydrophilic molecules on 
pores with hydrophobic and hydrophilic layers subsequently verified the effectiveness of our modification approach and showed 
an elegant approach to tune chemical separation properties of AAO membranes (Fig. 8).  
 

 
Figure 5 - Common schematic route of silanization used for surface 
modification of AAO membranes. 

 
Figure 6 - Silanization of a hydrolylated AAO surface with isocyanatopropyl 
triethoxysilane and subsequent immobilization of amino-terminated DNA. 
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Figure 7 - (a) Schematic of the opening of an AAO membrane wth different silane functionality on the very top of the membrane 
and the inside of the pores. (b) Schematic of anodization and silanization cycles to produce an AAO membrane with multiple 
silane layers. 
 

In contrast, fusion of lipid vesicles inside AAO 
nanopores has been achieved using silane-
coated membranes, as illustrated in Fig. 9(a).  
Pioneering work led to multi-lamellar lipid 
nanotubes by exposure of the AAO to multi-
lamellar vesicles or extruder deposition (Fig. 
9(b)).  By the latter technique, the wall 
thickness of the result, can be controlled.  The 

formation of these architectures can be confirmed by means of spin-labeling electron paramagnetic resonance(EPR), solid state 
NMR spectroscopy and fluorescence microscopy using fluorescent lipids. 
 
A different approach involved a deposited tethered lipid bilayer membrane inside AAO channels.  The lipid bilayer membrane 
was prepared following step-by-step techniques inside the pores with the last step being polyethylene glycol (PEG)-triggered 
fusion on the surface-attached liposomes.  The pore bottom of AAO was first gold-coated and functionalized with an 
undecanethiol, whilst the pore walls were modified by (3-aminopropyl) triethoxysilane (APTES).  The  system was incubated with 
liposomes which were then triggered to fuse using PEG.  The authors demonstrated the importance of incorporating the lipid 
membrane inside the pores to prevent membrane dewetting.  These studies showed that, by integration of lipid bilayers and 
nano-pore structures, it is possible to design sensitive biomimetic nano-channel-based sensing devices and use them to study 
protein membrane interactions. 
 
Layer-by-layer deposition 
 
Layer-by-layer deposition is a simple, versatile and inexpensive technique, which involves construction of polyelectrolyte 
multilayer films by alternate dipping of a substrate into polyelectrolyte solutions of alternating charge (Fig. 10(a)).  The film 
thickness can be easily controlled within a nanometer scale.  The resulting layers can be further functionalized with biomolecules 
or nanoparticles.  The most popular polyelectrolytes used for deposition are polyacrylic acid (PAA), polyallylamine hydrochloride 
(PAH), polystyrene sulfonate (PSS) and polydiallydimethiylammonium chloride (PDADMAC). 
 
The selectivity of Mg+2 rejection can be enhanced by increasing the charge of the terminated PAH layer by means of increasing 
ionic strength in the PAH deposition solution. 
   
This process is followed by immobilization of antibodies on the carboxylic groups of the PAA layers using carbodiimide coupling 
(Fig. 10(b)).  The resulting coating resisted nonspecific protein adsorption.  Charged polyelectrolytes on AAO membranes also 
allowed the immobilization of citrate-stabilized gold nanoparticles on PEMs under retention of the nanoparticle catalytic activity. 
            

 
Figure 8 - Reaction scheme of AAO membrane with n-alkanoic acid. 
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Figure 9 - (a) Top: Structure of the AAO membrane with an underlying Au layer as a host for a self-assembled lipid bilayer; 
Bottom: Enlarged view of the pore bottom showing the self-assembled lipid bilayer along the pore wall on polymer-function-
alized surfaces; (b) Schematic of single lipid nanotubes (LNT’s) propagating inside an AAO pore by capillary action. 

 
Figure 10 - (a) Schematic of an AAO membrane pore modified by adsorption of two polyelectrolytes of opposing charge; (b) 
schematic of of an AAO membrane pore modified by adsorption of polyelectrolytes followed by carbodiimide coupling of an 
antibody. 

 
Comparative study with application of click chemistry in nanoparticles 
 
Here, we compare click chemistry with more traditional chemistries in the pharmaceutical, industrial and medical areas.  Click 
chemistry is a class of biocompatible small molecular reactions commonly used in bioconjugation, allowing the joining of 
substrates of choice with specific biomolecules and a reporter molecule.  Not limited to biological conditions, the concept of a 
click reactions has been used pharmacological and various biomimetic applications.  However, they have been notably useful in 
the detection, localization and qualification of biomolecules. 
 
The term “click chemistry” was coined K.B. Sharpless in 1998, and was first fully described by Sharpless, H. Kolb and M.G. Finis 
of the Scripps Research Institute in 2001.   
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In order for this technique to be useful in biological systems however, click chemistry must run at or near biological conditions 
which produce little and ideally no toxic byproducts, have preferably single and stable products under the same conditions, and 
proceed quickly to high yield one-pot synthesis.  The objective of this strategy is to improve the efficiency of a chemical reaction, 
such as the Standinger reaction, a chemical reaction of an azide with phosphine or phosphite: 
  
                                                  R3P + RN3  3P + NR + N2. 
 
The Huispen 1,3 dipolar cycloaddition is a chemical reaction between a 1,3 dipolar and a dipolarophite to form a five-membered 
ring.  The earliest 1,3 dipolar-cycloadditions have been modified and optimized for such reaction conditions. 
 
Research in the field concerns not only understanding and developing new reactions and repurposing and reunderstanding 
known reactions. The research also seeks to expand the methods used to incorporate reaction partners into living systems, 
engineering novel reaction partners, and developing applications for bio-conjugation.  
 

 
Figure 11 - Schematic of the usage of click chemistry during nanoparticle synthesis and its targeting in vivo. 
 
During development of the nanoparticles, click chemistry is generally used to attach biological ligands to the surface of 
nanoparticles (Fig. 11).  An antibody is one of the more favored ligands to increase bonding to a specific cell line. 
  
In 2017, Liu, et al. developed a folate-receptor targeted surface, for enhanced Raman scattering (SERS) nanoprobes based on 
click chemistry.  They synthesized hollow gold nanoparticles to enhance the Raman signals, and modified them with azide-
labeled 5,5-dithiobis 2-nitrobenzoic acid (DTNB), a Raman active molecule, by an interaction between thiol and the gold surface. 
The azide groups on the surface of nanoparticles were then conjugated to folate bicyclo derivatives, a kind of strain-promoted 
alkyne by click chemistry.  The signals were not observed in the case of using azide-modified nanoparticles without folate or 
folate-saturated KB cells, showing that click chemistry enabled easy conjugation of folate to the nanoprobe without perturbation 
of its Raman imaging property. 
 
In the same year, Chen applied click chemistry to enhance the targeting efficiency of nanogels to overcome multi-drug resistance 
(MDR).  The synthesized biodegradable nanogel was composed of hydroxyethyl-methacrylamide-oligoglycolates-derivatized 
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poly(hydroxyethyl methacrylamide-co-AzEMAm)-Gly-HEMAm), and doxorubicin (DOX) was loaded in it.  After gelation, the 
surface of the nanogel-containing azide groups was decorated with folic acid (FA)-polyethylene glycol (PEG)-BCN via copper-
free click chemistry (Fig. 12).  The nanogel backbone has pH-sensitive hydrazine linkages between the methacrylamide polymer 
and DOX, which can lead to the fast release of DOX in cancer cells. 
  
The nanogel showed a faster cellular uptake in the FA receptor-positive cell line than in the FA receptor-negative cell line due to 
receptor-mediated endocytosis.  Demonstrating the successful conjugation of FA-PEG to nanogels by click chemistry, DOX was 
rapidly released in cytosol with the low pH environment and accumulated in the nuclei.  Furthermore, the FA-modified nanogel 
showed a lower resistance index compared to other non-targeted formulations, and efficient killing of DOX-resistant cells was 
observed, bypassing the drug efflux pumps of MDR. 
 

 
Figure 12 - Modification of SERS nanoprobes with folate by copper-free click chemistry between azide and BCN for cancer cell 
imaging.  
 
Drug delivery 
 
A range of nanoscale materials has been explored in recent years for drug delivery applications to address the problems 
associated with conventional drug therapies, such as limited drug solubility, poor biodistribution, lack of selectivity and 
unfavorable pharmacokinetics.  Among them are nanoporous and nanotube carriers, due their unique features, such as low 
fabrication costs, controllable pore /nanotube structure, tailored surface chemistry and high surface area. 
 
Implantable systems for local delivery of therapeutics, based on porous platforms fabricated by electrochemical processes 
including pSi, AAO and TNT have been widely explored.  Good mechanical stability, chemical inertness, biocompatibility, 
controllable pore size and pore volumes, along with tunable surface chemistry, have made AAO to be an excellent platform for 
loading large amounts of drugs and facilitating their controlled release. 
 
To address the problem of sustained release of poorly soluble drugs from implants, Simovic demonstrated extended drug 
release based on applying a thin plasma polymer film on the top of AAO membrane after drug loading (Fig. 13(a)).  A plasma 
polymer layer with different thicknesses deposited on AAO allowed control over the pore diameter and hence the rate of drug 
release (Fig. 13(b)).  It was therefore possible to achieve favorable zero order release kinetics from AAO implants by controlling 
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the deposition of a plasma polymer layer.  More recently, this group explored using AAO as therapeutic implants for the elution of 
drug nanocarriers using several polymer micelles as model nanocarriers. 
 

 
Figure 13 - (a) Schematic of plasma polymer modification of an AAO platform loaded with drug or drug nanocarriers (polymer 
micelles) to achieve controlled and extended drug release; (b-e) SEM images at the top surface of the AAO porous layer modifier 
with allylamine plasma polymer using deposition times of (b) 0 sec; (c) 50 sec; (d) 200 sec and (e) 300 sec.  The scale bars in 
the inserts are 200 nm; (f) controlled release of model drug vacomycin from plasma-modified AAO during 500 hr of drug release. 
 

 
Figure 14 - Schematic of an electrically-responsive electropolymer-coated AAO membrane showing the reversible change of 
pore size (and the drug release rate) between oxidation and reduction states. 
 
The concept of switchable drug release from AAO has been recently demonstrated by Jeon, designing an electrically responsive 
AAO membrane based on an electropolymerized dodecylbenzenesulfonate-doped polypyrrole (PPy/DBS) coating on the outer 
part of the AAO membrane.  The pore size of the PPy/DBS AAO membrane could be reversibly actuated by the electrochemical 
state and pulsatile release of the model protein drug (FITC-BSA) (Fig. 14).  Considering these results, accurate drug dosage 
control, tailored to a specific patient state would be possible, which is relevant to emergency therapy of acute angina pectoris 
and migraine, hormone-related diseases and metabolic syndromes. 
   
Summary and conclusions 
 
Over the past several years, significant progress has been made regarding structural engineering and surface modification of 
nanoporous AAO materials.  Much of this progress has been application-driven.  In this review, we have drawn together 
innovative approaches on controlling and designing the structural growth of AAO with different sizes, arrangements, structures, 
geometries and pore architectures.  Access to these structures is achieved by changing anodization conditions such as current, 
voltage and the type of electrolyte during the electrochemically self-ordering of AAO. 
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An excellent consistency between experimental results and theoretical predictions of the interpore distance was observed for the 
highest studied anodizing time and the highest ethanol content in the anodizing electrolyte. 
 
We introduced the recent application of click chemistry in nanoparticle research.  During modification of biological ligands on the 
surface of nanoparticles, the intrinsic properties and functions of both ligands and nanoparticles need to be preserved.  Click 
chemistry is suitable for these purposes and is used to attach ligands to nanoparticles easily. 
 
In this review paper, we have shown: 
 

• Applications for nanostructured materials for biomedical-separation-sending and electronics, 
• Pores of AAO membranes modified by adsorption on two polyelectrolytes of opposing charge, 
• Electrically-responsive electro-polymer-coated AAO membranes showing reversible change of pore size between 

oxidation and reduction states, 
• Silanization with AAO silane multilayers and  
• Polyelectrolytes of pores in AAO  membranes modified by adsorption of two polyelectrolytes coupling of an antibody. 

 
Researchers are also pushing the boundaries of molecular separations using AAO with pores of controlled shape and size, 
internal surface modification, and are exploring the effect of external parameters, such as pH, flux, concentration gradient and 
ionic strength. 
 
Fabrication of complex AAO nanostructures combined with even greater control over surface functionality is expected to lead to 
unique nanostructures and nano-devices with unprecedented functional properties for the next generation devices, including the 
exploration of their application with a focus on different research areas ranging from medicine to material science and 
electronics. 
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