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A bstract: Radiation engineering represents an important tool in “nanobiotechology”. The possibility 
of manipulating photons and electrons alongside the possibility of manipulating macromolecules and 
biomolecules offers to the scientist and technologist an irresistible convergence of experimental tools 
for the generation of new or improved functional biomaterials. The versatility and the untapped 
potential of this approach may contribute in understanding, developing and exploring the role of 
nanobiomaterials in emerging research fields, such as biomolecules detection and/or delivery. In this 
short review, after an introductory part that describe the motivation of this research, we present some 
of the approaches we developed in the recent years for the synthesis and characterization of smart 
hydrogels for controlled delivery of proteins and for radiation engineering of nanostructured hydrogels 
that possess electrochemical activity and some novel optical properties.

1. INTRODUCTION

The pattern and establishment o f world economic stability, growth and development is 
rapidly changing and major transformations appear to be led more by economical and social 
threats than by market opportunities. Sustainability and fragility of the world economies are 
being tested and need to be backed by strong knowledge-based technologies for growth. 
There will be a rise in communication needs; there will be a rise in lifestyle development and 
the urge o f improved health, safety and security will drive this development. In this highly 
complex scenario, with perceived limited economical (as well as energy) resources, research 
for 21st Century is necessarily taking inspiration from identifiable public needs to translate 
these into tangible market driven opportunities, thus providing inspiration for setting up the 
ground-breaking science themes o f future research programmes. The human being becomes 
the centre o f the technology with more and more invisible material systems and devices 
‘around-the-body’, ‘on-the-body’ and ‘in-the-body’.

There are four factors, which can be shown to be compelling public needs and hence credible 
market drivers over the next 10-20 years:

(i) an ‘ageing’ and obese population and their materials and technology needs;
(ii) an emotional population and the accelerating progress towards a more personal, 

customised, individualised product environment: “the experiential world”;
(iii) an intelligent, connected, ambient population e.g. the move towards a smarter, lighter, 

conformable constructed environment,
(iv) the search for socially acceptable energy harvesting, storage and management: “the 

terawatt challenge”.
Nanoscalar and nanostructured materials can be seen as the ‘innovation toolkit’ o f properties 
and effects for the 21st Century scientists, as they have being changing over these last years 
the world o f possible in terms o f materials colour, optical effects, mechanical, electronic, 
magnetic, self assembling, conductive properties, etc. Thus, they are offering new 
opportunities to benefit several application fields: textiles, coatings, polymers, biomaterials,
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delivery systems, electronic materials, lifestyle, ambient intelligence, construction materials 
for houses and fast transportation.

The key to success is how best to integrate these new materials into functional systems for 
maximum impact and value. Availability o f suitable manufacturing processes becomes critical 
for highly customised, low volumes, high quality (high margins) productions.

High energy radiation processes, and particularly those that exploit (focused) electron beams, 
may have an unique opportunity to displace conventional processes for achieving important 
goals in terms o f controlled structures generation at the nanoscale, thus changing definitively 
the reputation o f radiation processing as niche technology whose capital costs and safety 
implications always require overwhelming justification.

“Nanobiotechnology” is probably the most important area o f convergent technology for the 
foreseeable future, as it will produce and enable a huge range o f consumer and societal 
benefits in nutrition, obesity, preventative & assistive healthcare. M any large multinational 
companies are investing heavily in this area (BASF, Evonik, Bayer, DSM, Intel, Du Pont, 
P&G, J&J, S&N). In order to be able to effectively contribute in this area truly 
interdisciplinary teams are required: material science and process engineering may have to 
learn methods from electronic engineers, e.g. for direct assembly o f nanostructured materials 
(through digital fabrication technologies), thus enabling independent control o f material 
structural composition and dimensions. Chemists and engineers have to take the challenges 
from medical and life sciences and the inspiration from biology. In the following, a brief 
resume o f the research activity o f the “Radiation Processing and Future M aterials” research 
group at the University o f Palermo.

2. STIMULI-RESPONSIVE HYDROGELS FOR ON-OFF RELEASE OF PROTEINS

Biomaterials are a widespread class o f materials used at the interface with the human 
body in the design o f edible, injectable, implantable or extra-corporeal therapeutic or 
diagnostic devices. Among all known biomaterials, synthetic hydrogels can be considered as a 
milestone thanks to many favourable properties, above all their high water content, 
resemblance to human soft-tissues and non-immunogenic properties. These water swollen 
insoluble matrices can be suitable for a variety o f functions. W hen acting as passive substrates 
they play the role o f water-absorbents, drug reservoirs and polymeric scaffolds as in wound 
healing, controlled delivery and tissue-engineering, respectively. The presence o f specific 
functional groups or the entrapment o f enzymes and/or any other molecular recognition 
compounds (antigens, antibodies, nucleic acids, etc.) has been proven to enable hydrogels to 
respond to different possible environmental stimuli. Thereafter, they have been proposed as 
chemo-mechanical actuators in smart delivery, sensors, bio-MEMS or artificial muscles. For 
their perceived “intelligence”, coupled to the possibility o f being, (micro)molded, inkjet 
printed, layered as thin films, made as micro/nanoparticles or as micro(nano)structured 
scaffolds, hydrogels have been put at the centre o f research emphasis in nanobiotechnology 
[1-2].

Synthetic hydrogels in our laboratories have been produced starting from different water- 
soluble monomers (hydroxyl ethyl methacrylate and glycidyl methacrylate) or polymers 
(poly-N-vinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), a,p-Poly(N-2-HydroxyEthyl)- 
DL-Aspartamide-co-gylicidyl methacrylate) and employing two different irradiation
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techniques (gamma rays or electron beams), and selecting irradiation conditions in order to 
obtain a final product with the desired properties in terms o f crosslinking yields, physico
chemical behaviour, mechanical properties drug release behaviour [3-7].

More recently we have developed a new family o f a,p-Poly(N-2-Hydroxyl-Ethyl)-DL- 
Aspartamide (PHEA) graft-copolymers able to be converted into pH/EF-sensitive hydrogels 
by gamma-irradiation induced crosslinking [6, 8]. Often the strategy followed for the purpose 
is the functionalisation with at least two different functional groups, one providing the ability 
to crosslink under mild irradiation conditions, e.g. double bonds, and the other conferring 
stimulus-sensitivity to the crosslinked network. In our approach PHEA is functionalised with 
maleic anhydride. PHEA is chosen as polymeric backbone due to its favourable toxicological 
profile. Maleic anhydride is a cyclic anhydride bearing a double bond, thus, the nucleophilic 
substitution o f PHEA’s hydroxyl groups on maleic rings provides both carboxyl groups 
(EF/pH-sensitivity) and double bonds (crosslinking ability) on the same side chain. The 
substituted hydroxyl groups o f PHEA are replaced by carboxyl groups on short lateral 
branches, therefore the water-solubility o f the precursor should not be impaired, even at high 
derivatisation degrees. The presence o f double bonds allows the crosslinking reaction through 
Y-irradiation (or with UV-rays) at a low total absorbed dose, thus reducing the possibility of 
polymer backbone degradation under irradiation. Varying the functionalisation degree (DD = 
25%, 50%, 80%) o f the polymeric precursors, it has been possible to obtain different 
networked structures by gamma-irradiation (but also by UV irradiation), either in the presence 
or in the absence o f a radical initiator (ammonium persulphate). In order to identify the best 
irradiation conditions, M A graft-copolymers concentration in water was varied as well as the 
integrated irradiation dose, whereas both the dose rate (2 kGy/h) and the irradiation 
temperature (5 °C) were maintained constant.

Irradiation o f the aqueous solutions o f the precursors, PHEA-M A-a (DD=25%) and PHEA- 
MA-b (DD=50%), in the absence o f initiator, led to macroscopic gelation only in 
correspondence to both the highest concentration o f polymer in water (120 mg/ml) and the 
highest irradiation dose (40 kGy) in the range investigated. Therefore, for both precursors it is 
Cp =120 mg/ml and Dg=40 kGy. The corresponding insoluble fractions were 42% and 75%, 
the corresponding hydrogels named after A-120-40 and B-120-40, respectively. A t visual 
inspection formed hydrogels appear soft, transparent and colourless. Conversely, PHEA-MA- 
c (DD=80%) precursor solutions did not form macroscopic hydrogels in any o f the 
experimental conditions investigated, just a white deposit at the bottom of the glass vial. It is 
likely that for its high substitution degree (DD=80%) the PHEA-MA-c precursor undergoes to 
extensive chain aggregation through intra-molecular bonding, thus leading to a hard and 
incoherent solid.

The influence o f the addition o f ammonium persulphate (APS) (10 mg/ml) to the 
polymer/water solution prior to irradiation was also investigated. The presence o f APS, 
generating sulphate radical ions in water, which directly or indirectly cause chain propagation, 
is expected to reduce both Cp* and Dg. In fact, the gelation dose, in the presence o f 
ammonium persulphate, decreased to 5 kGy and Cp* lowered to 60 mg/ml for both PHEA- 
MA-a and PHEA-M A-b precursors. Gel fractions, in this case, are fairly high at the gelation 
dose (90% and 81% for PHEA-M A-a and PHEA-MA-b, respectively), then decrease in 
correspondence to 10 kGy (71% and 63%) and restore the value presented at 5 kGy at 25 kGy 
(89% and 80%). These two last systems have been selected for further characterisation and 
named after A-60-25-APS and B-60-25-APS. Prolonging the irradiation to 40 kGy did not 
appreciably affect the gel fractions. This trend, observed for both PHEA-M A-a and PHEA- 
MA-b precursors at the Cp*, is typically caused by the different competing/forcing effects
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during irradiation, i.e. chain scission occurring in the polymer chain, thus decreasing the 
probability and percent degree o f gelation.

Increasing the derivatisation degree o f PHEA, i.e. for PHEA-MA-b precursors opposite to 
PHEA-MA-a, the yield o f crosslinking slightly decreased in all the conditions investigated, 
which may be unexpected in consideration o f the fact that, increasing the DD value, the 
concentration o f double bonds increases, which should be the most susceptible sites to the 
radical attack promoted by y-irradiation. This result is likely to be due to the proximity of 
double bonds in the same polymer chain, leading to intra-molecular crosslinks which do not 
contribute to macroscopic gelation, or to associative phenomena that may change conditions 
o f crosslinking formation.

The produced hydrogels have been characterised through potentiometric titration, FTIR, 
dynamic-mechanical rheological tests as well as for their swelling behaviour in different 
conditions and their ability to incorporate and release different active ingredients, such as 
molecular drugs and proteins with different dimensions. Finally, cytotoxicity tests have been 
performed. Hereafter we present and discuss some o f the obtained results.

In particular, swelling behavior has been studied starting from freeze-dried samples and 
rehydrating them into different phosphate buffer solutions with the same ionic strength (0.1 
M) at different constant temperatures until a plateau was reached. In figure 1 equilibrium 
rehydration ratios (plateau values) at 5±1°C are reported.

p H

Fig. 1: Equilibrium rehydration ratio as function of pH for different PHEA-MA hydrogels variants.

All systems displayed remarkable pH-responsiveness with the only exception o f the 
A-60-25-APS, due to the formation o f a tight polymeric network with all carboxyl groups 
close to chemical crosslinks. All other hydrogels displayed minimum rehydration ratios at pH 
2.5 and highest swelling values at pH 7.4, where carboxyl groups dissociation is most 
favoured. Furthermore, it is observable that B-type systems show lower swelling values at 
acidic pHs and higher swelling values at neutral and alkaline pHs, as it would be expected by 
the more acidic character and the relatively lower crosslinking density o f PHEA-MA-b 
networks.
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On-off deswelling experiments in response to pulses o f electrical stimulation have been also 
carried out for A-120-40 and A-60-25-APS. Hydrogel samples were placed into cylindrical 
cells contacting two diametrically opposite carbon strips electrodes previously adhesively 
bonded to the inner surface o f cell. The porous bottom of the cell ensures the contact between 
the hydrogel and the aqueous medium. The cell was kept immersed in a bath at a controlled 
temperature. The samples were previously brought to their “equilibrium” swelling within the 
cell in the bath before the application o f any electric stimulation. The swelling medium for the 
purpose o f the reported experiment was a NaCl 0.2 M aqueous solution. Samples were 
subjected to a constant voltage o f 5 V, at 25 °C ± 1° C for 1 h, then mildly centrifuged to 
remove the excess water and weighed within the cell by removing the electric contacts. 
Samples were, then, placed for 1 h in the bath without any applied voltage. Results are 
reported in terms o f relative swelling ratios (w/w0), i.e. the ratio between the weight o f the 
hydrogel at time t and the weight o f the hydrogel at time t = 0. In figure 2 repeated 
swelling/deswelling cycles under an on-off applied constant voltage for the two A-type gels 
are displayed. Both hydrogels showed a partially reversible contractile behaviour. The 
magnitude o f the gel response, as well as reversibility, decreases with time and with 
increasing number o f cycles as the gels fatigue, particularly A-120-40, that is the less tough 
hydrogel. Nevertheless, electrochemical degradation o f the A-120-40 can be a further 
explanation for the observed only partial reversibility.

t (h)

Fig. 2 : Electric field responsive behaviour of PHEA-MA hydrogels.

Model proteins with a characteristic size o f 3-4 nm have been incorporated into the 
hydrogels and released into either o f two phosphate buffers at pH 2.5 and 6.8. Depending on 
the polymer average network mesh size o f the hydrogel used as delivery device, complete 
retention o f the protein was observed at pH 2.5, when the hydrogel was mostly shrunk, and a 
sustained release with no burst effect was shown at pH 6.8, when the gel was highly swollen 
(see Figure 3). Further, UV-vis absorption studies proved that the hydrogel was able to protect 
the protein from denaturation that occurred at acidic pHs. Absence o f cytotoxicity o f the 
insoluble portions o f these hydrogels have been also recently demonstrated.
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Fig. 3 : On-off release of a protein from a PHEA-MA hydrogel.

3. RADIATION ENGINEERING OF SOFT (BIO)NANOCOMPOSITES FOR SENSING

Hydrogels and conducting polymers are two o f the most promising types o f polymers 
being used in emerging bionanotechnological applications. Both hydrogels and conducting 
polymers are stimuli responsive materials whose dynamic characteristics are reasonably well 
understood. Conducting polymers (CPs) also undergo chemical and physical changes in 
response to a modification o f their electronic properties, through the application o f electric 
stimuli, such as the imposition o f appropriate electrical potentials, or in the presence of 
specifically interacting molecules or biomolecules.

Despite o f the promising functional attributes o f both classes o f polymers, hydrogels and CPs, 
there are several limitations that mitigate their prom pt use in practical applications and/or 
devices. In the case o f hydrogels stimuli are not readily transmitted throughout the structure, 
essentially due to the absence o f a long-range ordered structure or due to the low electronic 
conductivity, when they are designed to be responsive to electric stimuli. Quite often, volume 
changes induced by the stimulus cannot be equally transmitted across the material, due to the 
intrinsic heterogeneity o f the network structure. Hence, response times for anything other than 
micro/nanostructures are quite long.

In the case o f conducting polymers the possibility to produce materials in a wide range of 
geometries and with appropriate mechanical properties is limited by conjugation: CPs tend to 
be insoluble in m ost organic solvents or infusible because they decompose before melting. As 
a result they are essentially used as a thin layers, when either electrochemically grown onto 
rigid (conductive) substrates or assembled as Langm uir-Blodgett thin films or through self
assembly technologies.

For all these reasons the design o f conducting polymers-hydrogels nanocomposites, that can 
synergistically combine the properties o f both class o f materials has been conceived [6, 9-12]. 
In particular, polyaniline has been selected as model conductive polymer: it is a mixed 
oxidation state polymer composed o f reduced benzenoid units and oxidized quinoid units. It
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can exist in different oxidation states ranging from the completely reduced, colorless 
leucoemeraldine base state (LB) to the completely oxidized, violet pernigraniline base (PB) 
state. These two forms are both insulating. The half oxidized, blue emeraldine base state is a 
semiconductor and is composed o f an alternating sequence o f two benzenoid units and one 
quinoid unit. Emeraldine base (EB) can be transformed into the conductive, green emeraldine 
salt (ES) by acid doping reactions. This process is a non-redox doping where the imine 
nitrogen atoms o f the polymer are protonated to give a polaronic form where both spin and 
charge are delocalized along the entire polymer backbone (see Scheme 1). O f course, the 
emeraldine salt can be reverted to the “undoped” base form by a treatment with an alkali. 
Processability o f PANI is limited.

The synthesis o f hydrogel nanocomposites was performed via a two step process: (i) “in situ” 
chemical oxidative polymerization o f aniline in the presence o f a polymeric steric stabilizer 
among the followings: poly(N-vinyl) pyrrolidone (PVP), polyvinyl alcohol (PVA) or chitosan 
followed by (ii) high energy irradiation o f the obtained PANI particle dispersion, upon further 
addition o f PVP or PVA, in order to induce chemical cross-linking (see Scheme 2). High 
energy irradiation will so stabilize the PANI dispersion, generating in-situ an highly water 
swollen transparent and conductive matrix that, in virtue o f the high water content, would not 
detrimentally affect the electro-optical properties o f the PANI.

Blue Protonated Pernigraniline Violet Pernigraniline Base

Green Protonated Emeraldine Blue Emeraldine Base

Scheme 1: Different redox and protonation states of polyaniline
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‘SOFT NANOCOMPOSITES” MANUFACTURE:
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Scheme 2: Conceptual design of hydrogel-PANI nanocomposites

Depending on the nature o f the polymeric steric stabilizer a specific morphology o f PANI 
nanoparticles in the aqueous dispersion can be obtained: either nanorods or nanoparticles For 
example, in figure 4 AFM  morphologies o f different PANI particles produced are shown.

Fig. 4 : AFM morphology of PANI nanorods as obtained in the presence of PVP, on the left, and PANI 
nanoparticles as obtained in the presence of PVA, on the right.

In figure 5 re-hydration ratio curves as function o f immersion time in the three buffers 
for the pure (not containing PANI particles) PVP and PVA hydrogels and for the 
corresponding PANI/PVP and PANI/PVA hydrogel nanocomposites (as obtained through 
gamma irradiation) are reported. Pure matrix materials presented always considerably lower 
rehydration ratios with respect to the corresponding composite hydrogels, although the 
kinetics o f re-hydration were quite similar and in all cases plateau values were reached within 
the first 48 h o f immersion. Higher R.R. values may be due to the formation o f a looser 
network in the presence o f the conducting polymer particles. Radicals generated by water 
ionization with y-irradiation, and responsible for PVP or PVA crosslinking, could be partially 
depleted by reaction with the emeraldine, that being a semi-oxidised form o f PANI, may act 
as radical scavenger. Furthermore, in our systems persulfate anions used to initiate chemical 
oxidative polymerisation o f PANI are likely to be still present during irradiation and they may 
also promote chain scission reactions
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Fig. 5: Re-hydration ratios in different pH buffers for the PANI/PVP and PANI/PVA composite hydrogels,
compared to pure PVP and PVA hydrogels.

Cyclic voltammetry has been applied to evaluate the redox properties o f the PANI 
particles produced. Both aqueous dispersions and PANI hydrogels present the same peak 
potentials in the voltammetric curves, indicating that particles reactivity in unaffected by 
gelation; however, smaller peak currents in the hydrogel composite reveal a much lower 
mobility o f PANI nanoparticles after network formation. Also DC conductivity, as measured 
from impedance spectroscopy, was very similar for systems with and without PANI, being 
essentially attributable to migration o f free ions in the aqueous phase. The lightly higher a dc 
values observed for the PANI composites could be ascribed to a contribution from conducting 
the PANI-PE nanoparticles , which are known to have very low percolation concentrations

when in its conductive form o f emeraldine salt, but only when PANI-ES is produced in the 
form o f small nanoparticles, such as in the presence o f PVA, as shown in figure 5 [8,9]. Also 
for this property the behavior was the same for the aqueous dispersion and the hydrogel, thus 
proving that upon gelification nanoparticle morphology is not altered.

240 320 370 420 470 520
wavelength (nm)

Fig. 6 : Fluorescence band from PVA-PANI hydrogels.
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The development o f a conductive polymer-hydrogel composite may be considered as a 
part o f a general “nanocomposite” functional hydrogels platform that may offer some specific 
advantages: (i) it can address the problem o f conjugated oligomers and polymers poor 
processability, without impairing conductivity due to the intrinsic conductivity o f the water 
swollen matrix; (ii) the physical and mechanical properties o f the composite may be varied 
from a soft and spreadable paste to a tough and flexible membrane, by tuning the matrix 
crosslinking degree and density; (iii) the hydrogel matrix can be transparent, thus it can only 
minimally interfere with the optical and electro-optical properties o f the conductive polymer;
(iv) the hydrogel matrix can ensure high permeability to gases, vapors and liquids, therefore, 
it can be regarded as a good vehicle o f doping agents; (v) biocompatibility o f devices can be 
pursued from the material design, forming a biocompatible active material through high 
energy radiation processing, thus avoiding initiators and crosslinkers, in a typical bottom-up 
approach.

4. FINAL REMARKS

Hydrogels have already demonstrated great potential for biological and medical 
applications, especially in wound healing and biomolecules drug delivery. The ability to 
engineer these hydrophilic polymers with adequate smart material properties is hampered 
though by lack o f control o f molecular weight, chain configuration, and polymerization 
kinetics, regardless the production methodology chosen.

Radiation synthesis o f new stimuli responsive hydrogels has significant potential in future 
biomedical and nanotechnology applications if  it will prove to be able to overcome some of 
above problems more effectively than through alternative methodologies. Dimensional 
control o f hydrogels at the nanoscale, e.g. through radiation induced intra-molecular 
crosslinking, may be one possible approach as it reduces the extent and effect o f network 
heterogeneities that are at the basis o f slow responsiveness.

Both dimensional control and functionality may be also achieved by applying the typical 
strategy o f composite materials, where two or more very different materials will be coupled to 
exploit their synergic properties. Therefore, the already demonstrated concept o f a radiation 
engineered conductive polymer/hydrogel nanocomposite, where high energy radiation 
processing enables, “in situ” and at low temperature, the formation o f a highly water 
swellable hydrogel matrix that incorporates the conducting polymer nanoparticles, as they 
were produced in their parent aqueous dispersion, without the recourse to initiators or 
crosslinkers (thus, avoiding undesired aggregation induced by changes o f chemical 
composition, temperature), can be brought forward to prove its usefulness in the detection of 
relevant biomolecules for diagnostic purposes.

Furthermore, the incorporation o f functional hydrogels into microdevices or the use of 
nanolithography to engineer nanogels or nanocomposite nanogels in order to provide them 
with an “organized” structure at the nanoscale will offer a winning methodology for 
fabricating improved biomaterial based systems for diagnostic and therapeutic applications.
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