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RADIOLITICALLY SYNTHESIZED HYBRID NANOSYSTEMS FOR BIO-NANO-

TECHNOLOGIES 

A. Krkljes, SERBIA 

 

Summary 

 
In this report a review of the main results and the studies carried out under the scope of the IAEA CRP 

project: Nanoscale Radiation Engineering of Advanced Materials for Potential Biomedical Application is 

presented. In particular two topics are discussed: radiation synthesizing of Ag nanoparticles in hydrogels for 

potential biomedical application and decoration of carbon nanotubes with Ag clusters by gamma irradiation.  

1. CURRENT STATUS OF THE WORK ON NANOTECHNOLOGY WITH APPLICATION 

OF IONIZING IRRADIATION FOR SYNTHESIZING OF Ag NANOPARTICLES IN 

HYDROGELS FOR POTENTIAL BIOMEDICAL APPLICATION 
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1.1. The aim of the work 

The aim of the work is systematically developing synthetic strategies for incorporation of nano-Ag 

in hydrogel networks by gamma irradiation, using liquid filled cavities in hydrogels as 

nanoreactors (template synthesis), and exploring favourable characteristics of radiation technology 

for nanoscale engineering of materials especially for biomedical application such as easy process 

control and the possibility of joining synthesis and sterilization in one technological step. The 

radiation technique does not require any extra substances, and does not need any further 

purification. The incorporation of template technologies with the synthesis techniques such as 

gamma ray irradiation methods is expected to produce more elaborated Ag nanoparticles and more 

diversified nanoelevated Ag suitable for biomedical applications. Although gamma irradiation has 

proven to be a powerful tool for synthesis and modification of materials, not so many studies have 

been reported concerning the radiolytic formation of metal nanoparticles in hydrogel matrix. 

 

The chosen hydrogels, being previously synthesized or crosslinked by gamma irradiation, are 

suitable for various applications in reconstructive surgery, including wound dressing, tissue 

expanders etc. Nano-Ag is successfully incorporated in hydrogel matrix such as PVA, and 

poly(BIS-co-HEMA-co-IA) copolymer hydrogel, as has been reported by KACAREVIC-

POPOVIC Z. and co-workers (2007)
1
 and KRKLJES A. and co-workers (2007)

2
. It was shown that 

PVA

 radicals have sufficient reducing ability to produce Ag nanoparticles in swollen polymer 

matrix. Further work on antibacterial properties of these materials is in progress. In addition, 

developing of thermal responsive and pH responsive hydrogel nanocomposites is in progress. 
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1.2. Synthesis of nanocomposites 

The processes of hydrogel formation are essentially due to monomer polymerization or 

crosslinking of preformed polymers. A great variety of methods to promote crosslinking have 

indeed been used to prepare hydrogels including chemical and physical methods. Among these, 

high-energy radiation, in particular gamma rays and electron beam, can be used to polymerize 

unsaturated compounds. This means that water-soluble polymers can be converted into hydrogels 

using high-energy radiation. Rosiak and coworkers have presented a successful methodology of 

hydrogel dressing production, FECHINE and co-workers (2004)
3
, based on high-energy radiation. 

These hydrogels are prepared through irradiation of poly(N-vinyl-2-pyrrolidone) (PVP) aqueous 

solutions. Hydroxyl radicals formed during water radiolysis react with PVP generating 

macroradicals. One of the resulting reactions from these radicals is recombination leading to 

crosslinks. 

 

 

poly(N-vinyl-2-pyrrolidone) 

 

poly(vinyl alcohol) 

 

poly(N-

isopropylacrylamide) 

 

bisomers (R=H or CH3; 

R1=ethylene or propylene 

groups) 

 

itaconic acid 

 

2-hydroxyethyl 

methacrylate 

Fig. 1: Reactants used in the synthesis of the investigated systems. 

Reactants used in the synthesis of the investigated systems in this work, and their general chemical 

structure are shown in Fig. 1. 

 

The gels were polymerized or crosslinked by gamma irradiation radical copolymerization or 

crosslinking. The reaction mixture was degassed prior to polymerization and placed between two 

glass plates, sealed with a spacer. The solutions were irradiated in a 
60

Co radiation source, under 

ambient conditions, to absorbed dose of 25 kGy. In order to remove any uncrosslinked polymer 

molecules, the hydrogels were immersed in deionized water, which was changed every day, for one 

week. 

 

Ag/hydrogel nanocomposites were prepared by swelling the crosslinked polymer samples with 

water solutions of AgNO3 and 2-propanol. Swelling of Ar-saturated gels was carried out in tightly 
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closed containers for 48 h at room temperature in the dark (longer swelling period had no effect). In 

the second step, Ag
+
 ions were reduced in hydrogel using electron transfer reactions from radical 

species formed in water radiolysis. Gamma irradiation was performed in 
60

Co radiation facility, at 

room temperature, until achieving complete reduction of Ag
+
 ions. 

 

1.3. Characterization of nanocomposites 

Absorption spectra of Ag/hydrogel nanocomposites were recorded in the wavelength range from 

300 to 800 nm using Thermo Scientific Evolution 600 spectrophotometer. 

 

Transmission electron microscopy (TEM) measurements were performed using a JEOL 100CX 

instrument, which has an operating voltage of 100 kV. 

 

The X-ray diffraction (XRD) measurements of the Ag/hydrogel nanocomposites were performed 

on Bruker D8 Advance Diffractometer (Cu K1 radiation,  = 0.1541 nm). 

 

For the swelling studies, the xerogel discs were immersed in an excess of Kokubo's Simulated 

Body Fluid (SBF) solution, KOKUBO and co-workers (1990)
4
, with the pH value of 7.1, to obtain 

equilibrium swelling at 37 
o
C. SBF is an acellular simulated body fluid that has inorganic ion 

concentrations similar to those of human extracellular fluid. 

 

The release of Ag
+
 ions from Ag/hydrogel nanocomposites was determined by atomic absorption 

spectroscopy, by Philips-Pyu Unicam SP 9 AAS spectrophotometer. 

 

1.4. Results and discussion 

 The primary products of water radiolysis are shown in Eq. (1): 

 

 H2O → eaq

 (2.7), OH


 (2.7), H


 (0.6), H2 (0.45), H2O2 (0.7).    (1) 

 

The numbers in parentheses represents the respective G values. The G value for a given irradiated 

system is the absolute chemical yield expressed as the number of individual chemical events 

occurring per 100 eV of absorbed energy. Thus the G (eaq

), G (OH


), etc. are the number of 

solvated electrons, hydroxyl radicals, etc., formed per 100 eV of absorbed energy. In the presence 

of alcohol, the OH

 and H


 radicals abstract hydrogen from the alcohol to produce an alcohol 

radical. It is well known that the radiation crosslinking of polymer (POLYM) molecules is mainly 

induced by OH

 radicals in aqueous medium (with the G value of irradiation-induced 

intermolecular crosslinking 0.48): 

 

 2 POLYM (H) + 2OH

 → POLYMPOLYM (crosslinked polymer) + 2H2O.  (2) 

 

Under the given experimental conditions the Ag
+
 ions are reduced with strongly reducing hydrated 

electrons, 2-propanol radical and the polymeric radicals, formed by H atom abstraction from 

polymer chains by hydroxyl radicals: 

 

 nAg
+
 + n eaq


 / (CH3)2C


OH/ POLYM


→(Ag)n.      (3) 
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After the gamma irradiation, the yellow colored Ag/polymer hydrogel nanocomposites were 

obtained. Yellow color is characteristic of silver nanoparticles, as shown for Ag/PVP hydrogel 

nanocomposite on Fig. 2. 

 

 
FIG. 2. Photograph of PVP hydrogel (left) and Ag/PVP hydrogel nanocomposite (right). 

 

Reduction of Ag
+
 ions in different types of investigated hydrogel matrix yielded the typical surface 

plasmon of Ag nanoparticles for all investigated systems, with no broad absorptions at wavelengths 

longer than the particle plasmon band, as shown in Fig. 3. Irradiation of AgNO3-loaded hydrogels 

resulted in a strong sharp absorption band centered around 400–430 nm. No significant change in 

the UV–Vis characteristics of the Ag nanoparticles formed in these hydrogels with compositions 

was observed. The sharp absorption pattern indicates that the particle size distribution is quite 

narrow. 

 

The absorption pattern of the xerogel of the same samples, obtained by the evaporation of the water 

under vacuum, showed the sharp absorption centered at the similar wavelength range. In the dry 

polymer matrix (xerogel) of all polymer compositions, the signal not only increased in intensity 

compared to the hydrogel, but also shifted as a consequence of change in dielectric properties of 

surrounding environment (Fig. 3, example for Ag/PVA hydrogel and xerogel nanocomposites). 

 

 

 

 

  

FIG. 3. The appearance of the surface plasmon band in the investigated nanocomposite systems. 
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To probe into the morphologies and size of Ag nanoparticles, TEM micrograph of Ag nanoparticles 

are shown in Fig. 4. It is obvious that these Ag nanoparticles like in all investigated systems 

assume spherical-like morphologies in appearance at nanoscale levels. 

 

 

FIG. 4. TEM images of AgNPs formed in PVP hydrogel. 

The XRD patterns of PVP and Ag/PVP nanocomposite are presented in Fig. 5. The XRD pattern 

for Ag/PVP nanocomposite, as well as in all investigated nanocomposite systems, exactly matched 

the 111, 200, 220, 331 and 222 Bragg‘s reflections from crystal planes of face centered cubic (fcc) 

structure of silver.  

 

FIG. 5. XRD patterns of PVP and Ag/PVP nanocomposite. 

The Sherrer diffraction formula was used to estimate the crystalline domain size (d):  

 

 d = k λ / β cos θ         (4) 

 

where k = 0.9 is constant for the cubic structure, λ = 0.1541 nm is the X-ray wavelength, β is the 

peak angular width and θ is the diffraction angle. The crystalline domain size for all systems was 

found to be about 5-10 nm. 

 

Swelling of the crosslinked polymers in chosen solvent is the most important parameter for 

swelling studies. Moreover, preliminary studies in buffered solution of pH similar to the pH of 

biological fluids are very important for the application of hydrogels as biomaterials. In general, a 

fundamental relationship exists between the swelling of a crosslinked polymer and solvent. The 
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intake of xerogels, and Ag/xerogel nanocomposite, were followed for a long period of time in SBF 

solution at 37 oC. Example of plotted swelling curves is presented in Fig. 6. 
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FIG. 6. Swelling curves of PVP and Ag/PVP nanocomposite in SBF solution. 

As can be seen from Fig. 6, swelling capabilities of PVP hydrogels (xerogel) and Ag/PVP hydrogel 

(xerogel) nanocomposite are increased by time, reaching constant swelling (equilibrium swelling) 

after a certain period of time. Another observation is that the swelling of the gels is slightly greater 

for the gel containing Ag nanoparticles, like in all investigated systems. 
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FIG. 7. Release of silver from Ag/PVP hydrogel nanocomposites. 

Sustained, steady supply of active silver is important property of dressing material. From Fig 7. and 

Fig 8. it can be seen that the release of silver ions (Ag
+
) from nanocomposite systems is continuous 

during long period of time which means that investigated hydrogel nanosystems meet that criteria. 
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FIG .8. Release of silver from Ag/PNIPA hydrogel nanocomposites. 

The in vitro study of pure hydrogels biocompatibility showed neither evidence of cell toxicity nor 

any considerable hemolytic activity. Moreover, incorporation of itaconic acid (IA) even increased 

cytocompatibility of pure hydrogels. Furthermore, the microbe penetration test showed that neither 

Staphylococus aureus nor Escherichia coli passed through the pure hydrogel dressing. 

 

1.5. Conclusion  

 

Obtained results indicated that gamma irradiation is suitable for in situ generation of Ag 

nanoparticles in investigated hydrogel matrix by radiolytic products of water. X-ray diffraction 

analysis confirms the face centered crystal structure of Ag nanoparticles as well as their nanometric 

size. Swelling properties of synthesized hydrogels, pure and Ag/hydrogel nanocomposites, 

investigated in the SBF (simulated body fluid) solution at 37 
o
C exhibits that Ag/hydrogel 

nanocomposite systems have higher equilibrium swelling compared with pure hydrogel. The 

release of silver ions (Ag
+
) from nanocomposite systems is continuous during long period of time 

which means that investigated hydrogel nanosystems meet criteria of sustained, steady supply of 

active silver. 
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Potential Biomedical Application‖, The Open Conference Proceedings Journal 2010, in 

press, corrected proof. 



 

 

183 

 

 

WORK PLAN 

 Second year 

Investigation of antibacterial properties of radiolyticaly synthesized Ag/hydrogel 

nanocomposites accordingly to standard protocols. 

 Third year 

Synthesis of Au nanoparticles in previously obtained Ag-hydrogel nanocomposites by 

gamma irradiation. Investigation of biological potential of synthesized AuAg-hydrogel 

nanocomposites. 

 Collaboration with the participants of CRP. 
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2. FUNCTIONALIZATION OF CARBON NANOTUBES WITH SILVER CLUSTERS BY 

GAMMA IRRADIATION 

J. Cveticanin, A. Krkljes, Z. Kacarevic-Popovic, O. Neskovic 

 

Since their discovery in1991 by Iijima, carbon nanotubes (CNTs) have attracted great interest in 

most fields of science and engineering due to their unique physical and chemical properties. These 

properties allow them to be applied for a wide range of applications. The major areas of CNTs 

research are the polymer composites and biomedical materials and devices including biosensors, 

drug and vaccine delivery vehicles. For the purpose of application of CNTs and also regarding their 

genotoxicity, functionalization of CNTs takes an important place. 

 

Considerable research efforts have been devoted to the fabrication of Ag nanoparticles supported 

on CNTs. For the development of new functional materials, γ-irradiation was proven to be a 

powerful tool. As have been previously shown, the Ag nanoparticles can be easily prepared by the 
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reduction of metal ions with irradiation. Generally, irradiation induced reactions exhibit the 

following advantages: the products are free of residual initiators or catalysts and reactions can be 

conducted at low temperatures and in gaseous, liquid or even solid-state phases. Moreover, γ-

irradiation grafting is an efficient and easy method for producing aninorganic–organic materials 

interface and modifying the surface to form functional composites. The usage of irradiation has 

been proven as an efficient method to functionalize CNTs with Ag. This study demonstrates the 

functionalization of CNTs with Ag nanoparticles, achieved via anchoring of the polymer to the 

surface of CNTs and simultaneous reduction of Ag
+
 ions under the irradiation. The polymer used in 

this work was the commercially available polymer, poly(vinylalcohol) (PVA). This paper reports a 

simple and efficient one-step method of producing a hybrid of uniformly dispersed Ag 

nanoparticles supported on CNTs without acid purification or using any surfactant or 

polyelectrolyte to functionalize the tubes. The aim of this work was to investigate the potential of 

two different chemical routes and reduction ability of different reduction species produced under 

the irradiation. In general, this work is a part of systematic investigation of potential of radiation 

technology for nanoengineering of materials, because for nanoscience to become true 

nanotechnology, there is a need for development in the engineering science of processing at the 

nanoscale. 

 

 

FIG. 1. The schematic overview of the formation mechanism of Ag/PVA/CNTs under γ-irradiation. 
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FIG. 2. TEM images of as-prepared Ag/PVA/MWCNTs synthesized by e aq
− and PVA• (a); PVA• radicals only (b). 
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FIG. 3. (a) STM image(76nm×76 nm) of SWCNTs, (b) STM image(47nm×47 nm) of Ag/PVA/SWCNTs (synthesized by e 

aq
−  and PVA•), (c) STM image(69nm×69 nm) of Ag/PVA/SWCNTs (synthesized by PVA• radicals only). 
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