Working Document

Report of the 1st RCM on

"Nanoscale radiation engineering of
advanced materials for potential
biomedical applications"

Vienna, AUSTRIA

30 March - 3 April 2009

1

Working Document

Working Document

2

Working Document

Working Document
FOREWORD

There are critical needs for advanced materials in the area of biomaterial engineering,
primarily in generating biomaterials of enhanced specific functionalities, improved
biocompatibility, and minimal natural rejection but with enhanced interfacial adhesion. These
can be achieved by introduction of proper functionalities at the nanoscale dimensions and
radiation techniques are uniquely suited for such a task, due to their favorable characteristics,
and in most cases, not possible by other methods of synthesis. Accordingly, many of the
developing and developed Member States have an interest in creating advanced materials for
various health-care applications using a wide array of radiation sources and their broad
expertise.
The proposal for this CRP was formulated based on the requests and information received
from the member states and the conclusions and recommendations of the Consultant’s
meeting on “Advanced Materials on the Nano-scale Synthesized by Radiation-Induced
Processes”, held on 10-14 December 2007, in Vienna. Based on these conclusions, this CRP
aims to support MS to develop methodologies for the use of radiation in the synthesis,
modification, and characterization of nanomaterials - nanogels, nanoparticles, nanovehicles,
nanoporous membranes, and surfaces with enhanced biocompatibility for potential biomedical
applications, such as cell-sheet engineering and artificial tissue construction; diagnostics and
imaging; and drug delivery. Additionally, this CRP facilitates networking between radiation
technologists and biomedical scientists for the development of such applications.
The CRP generated a huge interest, but due to funding constrains, many good proposals had
to be rejected. The first RCM of the CRP was convened in Vienna on 30 March - 03 April
2009. It was attended by 14 representatives and two observers. The participants presented and
discussed the status of the field, the needs for further research, and various application
possibilities. The work plan formulated demonstrates the numerous opportunities of radiation
technology applications. A network for potential collaboration was also proposed.
This meeting report presents the objectives of the research project and activities needed to
achieve them. Additionally, the conclusions reached at this meeting are presented. In the first
part the summaries of the status of the work in participating institutions is given together with
the work plan for the next 12-18 months, while the second part consists of the full reports of
the participants. Participants from Iran and the USA were unable to attend this meeting, but
the participant from Iran made her report available for inclusion into this report.
The IAEA wishes to thank all participants of the Meeting for their valuable contributions. The
IAEA officer responsible for this Research Coordination Meeting was Agnes Safrany of the
Division of Physical and Chemical Sciences.
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1. BACKGROUND

EXECUTIVE SUMMARY

Nanoparticles and nanostructures are not entirely new, while the ability of
humans to work, measure and manipulate at the nano-scale is new. Radiation
technologies, already established in materials processing, have properties uniquely
suited for the creation and characterization of new functional materials on the
nanoscale.

For example, low energy ion beam enables the fabrication of 3D structures, while
high energy ion beam is used for preparation of ion-track membranes and nanowires.
Membranes containing a single pore, or any number of pores up to 109 pores/cm2 of
highly uniform pore size are already commercially available. By further modification
there are endless possibilities for creating track membranes with special properties
and functions. These membranes may also be used as template materials for the
synthesis of micro- and nanostructures, in the form of wires or tubules. Magnetic,
conducting and superconducting nanowires and nanotubules, single or in array have
been manufactured this way. These processes are well developed in Japan, the USA,
Germany, France and some other Member States (MS).
Generation of nanoparticles using radiolytic techniques has been known for several
decades now. Strategies to produce nanoparticles of metallic and semiconductor
materials were developed and production of metallic core-shell or alloyed metallic
nanoparticles is possible. Radiation technique offers unique advantages by creating a
vide range of species with redox levels not achievable by other means. Moreover, by
adjusting the dose and dose rate, a better control and fine-tuning of the particle size
and size distribution is possible.

The use of pulsed irradiation to synthesize polymer nanogels was initiated in Poland,
accepted and further developed in laboratories in Germany, Hungary, Kazakhstan,
Malaysia, and others. Properties of polymer nanogels, as compared to single
macromolecules or non-crosslinked nanoparticles are: stability of shape and size,
ability to react to external stimuli, ability to host small molecules and to release them
in a controlled way, ability to form non-flat, structured surfaces and stability against
degradation. These properties make them ideally suited in health-care applications, for
example: in diagnostics as carriers of contrast agents or markers, in therapy as stimuliresponsive coatings for drug- or gene delivery, encapsulation and wound healing.
These nanogels can be additionally functionalized by coupling with suitable
biomolecules for targeting and imaging, can be used as additives to synovial fluids
and intravenous drug carriers.
Nanoscale grafting of environmental sensitive hydrogel onto a surface of cell culture
dishes (by gamma or electron irradiation), enables the harvesting of these cells by a
simple change in the temperature or pH of the cell-culture media. In this way, no
proteolytic enzymes are needed that often damage the cells, and cells can be harvested
in a continuous sheet form. Such cell-sheets overcome the limitations of conventional
tissue engineering methods such as the use of single-cell suspension injection, and
have already shown good results in regenerative medical applications in Japan. Skin
and corneal defects have been treated with transplantable cell sheets fabricated on
these surfaces. Severe heart failure was also treated with cell sheets fabricated from
1
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patient’s own skeletal myoblasts. With further improvements of stimuli-responsive
culture surfaces reconstruction of more complex tissues will be possible, leading to
treatments of a wider range of diseases. This process generated a huge interest in a
number of MS, which are now exploring various routes (US, Turkey, Hungary,
Poland, Italy, and others) for preparation of surfaces suitable for cell sheet
engineering and requested the guidance and coordination of their efforts from the
IAEA.
The International Atomic Energy Agency’s Industrial Applications and Chemistry
Section of the Division of Physical and Chemical Sciences, Department of Nuclear
Sciences and Applications, has recognized the challenges and opportunities of these
new scientific and technological developments, organized several Technical and
Consultant’s Meetings and published a TECDOC entitled “Emerging applications of
radiation in nanotechnology”.

The objectives of this CRP was formulated based on the requests and information
received from the member states and the conclusions and recommendations of the
Consultant’s meeting on “Advanced Materials on the Nano-scale Synthesized by
Radiation-Induced Processes”, held on 10-14 December 2007, in Vienna.
2. CRP OVERALL OBJECTIVE

The overall objective of this project is to support MS on the use of radiation in
the synthesis, modification, and characterization of advanced materials by nanoscale
control of their properties. This is in line with the objective of the project 2.5.2.2., to
enhance Member State capabilities in applying radiation technology for advanced
materials development and processing natural polymers into value added products.
2.1. Specific Research Objectives

The purpose of this project is to coordinate the research in MS on the use of
radiation in the synthesis, modification, and characterization of advanced materials by
nanoscale control of their properties, specifically:

1. to develop radiolytic methodologies for synthesis of nanoparticles and nanoporous
membranes, as well as to synthesize and modify nanoparticle surfaces by attaching
organic ligands,
2. to radiation synthesize polymeric, inorganic and hybrid nanocarriers, providing for
controlled loading and improved releasing rate of drugs,

3. to fabricate new stimuli-responsive surfaces by radiation induced grafting on the
nanoscale for cell-sheet engineering with improved cell-matrix interactions and cellfunction control.
The participant groups will address and contribute to one or more of the above topics.
2.2. Expected Research Outputs

1. Methodologies to prepare and characterize nanogels; nanoparticles and nanoporous
membranes, as well as to synthesize and modify nanoparticle surfaces by attaching
organic ligands by radiation.
2. Methodologies to radiation synthesize polymeric, inorganic and hybrid
nanocarriers, providing a controlled loading and improved releasing rate of drugs.
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3. Demonstration of novel functional surfaces for cell-sheet engineering fabricated by
utilizing advanced radiation technology, towards improved cell-matrix interactions
and cell function control.
4. Publication of the results under the IAEA Radiation Technology Series.

3. CURRENT STATUS OF R&D ON NANOSCALE RADIATION
ENGINEERING OF ADVANCED MATERIALS IN PARTICIPATING
LABORATORIES
3.1. ARGENTINA

Summary
Radiation-initiated polymerization and cross linking of a monomer solution, in
suitable organic solvents, offers rapid and simple, in situ preparation of custom-made
solid polymers.

Methacrylate based microspheres or porous monolith solids, depending on monomer
concentration, can be prepared by radiation-induced polymerization of mainly
diethylene glycol dimethacrylate (DEGDMA) in organic solvents. Different solvents
reach monodisperse microspheres of defined diameter, most of them in the range of
0.5 to 4.6 µm. In recent years, the material requirements emerging from the field of
nanotechnology were extended to control structures at nanosize level. Radiation
technology has the potential to deliver enough energy to perform chemical reaction at
limited spatial subnanometric regions becoming an interesting tool to prepare new
functionalized nanomaterials.
The development of new applications needs the fine-tuning of material properties
such as particle diameter and/or functionalization. Thus, different strategies should be
analyzed in order to produce nanoscale range particles.

In addition to size, functionalization is an important feature to render the versatility
enough as to develop future applications. Therefore for the first year of this RCP it
was proposed to stabilize nanostructured protein complexes which are highly instable
in solution to reach functional nanoparticles using radiation technology. These
materials can be useful in the development of diagnostic biomedical analysis.
Work Plan

Detailed Work Plan for the first year, including proposed methods or techniques:

Nanoparticles of protein complexes will be performed by radiation crosslinking and
polymerization to produce hybrid protein-polymethacrylate particles.

Different conditions, such as protein/monomer ratio, different proteins, presence of
different chemical additives will be studied.

Chemical ligands such as fluorescein will be coupled covalently in order to follow
synthesis and characterization.

Micro and nanospheres will also be analyzed by SEM, FT-IR, size exclusion
chromatography, light scattering and related techniques.
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Proteins with potential use in diagnostic such as polyclonal antibodies will be also
used.
Collaborations:

For the potential collaboration please see attached Collaboration Table.

3.2. BRAZIL
Summary

Papain is used as an ingredient in various enzymatic debridement preparations.
Those paste-like preparations are based on water solution and usually are sterilized by
radiation. As a consequence, there is a major decrease in papain activity. Papain
containing preparations are used in chronic wounds treatment in order to clean and
remove the necrotic tissue. However FDA (2008) is taking an action against such
products due to severe adverse events reported in patients which were submitted to
papain treatments. Thus, the main goal of this proposal is to develop encapsulated
papain containing membranes based on hydrogels and silicone rubber in an attempt to
achieve a controllable distribution of size and delivery profile, a toxicity reduction
and provide stability towards radiation processing through nanoencapsulation with
cyclodextrins, which may also provide protection to the enzyme against radiation
induced radiolysis.
Work Plan

Encapsulation and Nano-encapsulation of Papain Active Sites to Enhance
Radiolityc Stability and Decrease Toxicity
Objectives:
- To develop a papain and cyclodextrin complex to investigate the radyolitic stability
and toxicity;
- Evaluate the effects of the media over the complex stability exposed to ionizing
radiation.
- To improve stability towards radiation processing by nanoencapsulation with CDs;
- To develop membranes based on hydrogels to achieve a major reduction in toxicity.
- To control the release by fitting the size of particles.
Specific Goals

- To establish the methodology for assessing papain stability;
- To determine the stability of papain in aqueous, gel and dry formulations;
- Evaluate the effect of media over papain stability
- To determine the stability of the papain gel, aqueous solution and dry formulations
exposed to ionizing radiation;
- To determine the stability of the papain/CD complex in aqueous, gel and dry
formulations.
- To determine the stability of the complex exposed to ionizing radiation;
- To prepare the gel containing the CD/papain complex;
4
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- Evaluate the radiation effect over the papain aggregates size;
- Evaluate the aggregates particle size in the papain release from the complex.
Expected Outputs
- Development of methodologies to synthetize and characterize nanogels based on
papain complexed with CD;
- Demonstration of the application of such complex for topical use on the treatment of
wounds from bed sores;
- Publication of the results under the IAEA Radiation technology series.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.3. CHINA
Summary

In the past two decades, nanoparticles have attracted much attention for their
novel properties and potential application in most fields. Now, in the field of
nanoscience and nanotechnology, the largest activity has been focused on the
synthesis of new nanoparticles with different sizes and new shapes, which have strong
effects on their widely varying properties. Among the numerous synthetic methods,
ionizing irradiation, which is simple and can take place at normal temperature and
pressure, even at low temperature, is a powerful method for preparing metals, alloys,
metal oxides, metal chalcogenides, metal halides and insoluble sulphate nanoparticles.
However, so far, most nanoparticles synthesized by ionizing irradiation are spherical.
Therefore, much effort should be paid in the syntheses of nanoparticles by ionizing
irradiation to realize their potential application in biomedical fields.

In aqueous solution, small-pore and large-pore mesoporous BaSO4 microspheres have
been successfully synthesized by γ-ray irradiation in N2 and N2O atmospheres,
respectively. This is the first report about the synthesis of large-pore mesoporous
BaSO4 microspheres. The experiment results showed that the shape of the building
blocks of the mesoporous microspheres could be adjusted by the reductive species
with different potentials, and then led to the formation of different pore structures.
Thus, a practical and convenient method to control the pore size of BaSO4
microspheres was found. Because BaSO4 is inert in many chemical reactions, is
harmless to human health and the microspheres with different pore size have different
ability in the mass exchange, the mesoporous BaSO4 microspheres may be considered
as promising candidates for catalyst (containing enzymes) carrier or drug delivery for
gastroscopy. In the following work a series of BaSO4 microspheres with different size
and pore size will be synthesized and assembled on suitable substrates. Then, the
microspheres and their assemblies will be used in the studies of the immobilization of
nanoparticles/medicines/enzymes, (bio)catalytic reactions and so on.
In water-in-oil microemulsions, a series of Cu2O nanoparticles have been synthesized
by γ-ray irradiation. Their shape and size were well controlled by the yield and
properties of eaq, dose rate, and absorbed dose. Meanwhile, the yield and properties of
eaq were easy to be adjusted by the ω value (molar ratio of water to surfactant), the
anions, the structure of the surfactant, and the viscosity of water pools. Because of
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photocatalytic ability in visible light, Cu2O nanoparticles may be used in the field of
sterilization. In addition, Cu2O nanoparticles could also be used to detect L-tyrosine.
Moreover, the different crystal plane has different activity. Therefore, the morphology
control of Cu2O nanoparticles is important and necessary in the fields of
photocatalysis and biochemical analysis. In the following work, more conditions
(such as the addition of peroxide, the viscosity control of water pools, change of oil
phase, and so on) will be used to adjust the yield and properties of eaq, and further
control the morphology of Cu2O nanoparticles. Furthermore, the effect of morphology
on the photocatalysis and biochemical recognition properties of Cu2O nanoparticles
will also be studied in detail.
Work Plan

First year: Aqueous circumstance: controlled syntheses of porous BaSO4
microspheres with different size and pore size; self-assembly of porous BaSO4
microspheres with different size and pore size, and their optic nature.
W/O microemulsions: more conditions (such as the addition of peroxide, the viscosity
control of water pools, change of oil phase, and so on) will be used to control the
yield and property of eaq, and further controlled the morphology of Cu2O.

Second and third year: Aqueous circumstance: deposition of metallic nanoparticles or
immobilization of medicines/ enzymes in the mesoporous BaSO4 microspheres, and
their applications in biomedical field, (bio)catalytic reactions and so on.

W/O microemulsions: effect of morphology on the photocatalysis and biochemical
recognition properties of Cu2O nanoparticles; other nanoparticles synthesized in W/O
ME controlled by the yield and property of eaq (such as Pd-Co alloy, and so on) for
catalytic use.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.4. EGYPT
Summary

Nanoparticles can be used in biomedical applications, where they facilitate
laboratory diagnostics, or in medical drug targeting nanoparticles based on a core
consisting of iron oxides that can be targeted through external magnets. Polyvinyl
alcohol/Polyacrylic acid nanoparticles were prepared using gamma rays. The prepared
PVA/AAc nano copolymers were treated with Fe2+/ Fe3+ solution followed by
ammonia solution to obtain PVA/AAc-Fe3O4 nanoparticle ferrogel. Characterization
of the PVA/AAc-Fe3O4 nanoparticle ferrogel was carried out using XRD, TGA, DSc ,
TEM and AFM. The use of magnetic field sensitive nano-ferrogels as a drug carrier
was investigated. It was found that the release of drug in absence of the effect of
magnetic field is mostly slow than that under the influence of magnetic field. On the
other hand, development of nanoparticles within radiation grafted polymeric surfaces
using electroless plating technique was investigated. Surface modification of
polypropylene films (PP) was carried out via radiation induced graft copolymerization
of 4-vinyl pyridine (4VP) and acrylamide (AAm) to enhance the adhesion ability of
6
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the PP surface for electroless deposition of copper. The produced grafted films were
characterized by studying their FTIR and thermal stability. The prepared grafted films
were copper-plated by electroless deposition using the Pd as a catalyst to initiate the
redox reaction. The influences of catalytic activation method parameters on the
plating rate have been studied. The electrical characteristics of the copper plated films
in comparison with grafted films were studied. The results showed the high adhesion
of the deposited copper film to the grafted PP film as well as high electrical
conductivity.
Work Plan

The plan for the first year includes:

1-Preparation of nano scale gel, or composite materials using ionizing radiation.

2-Studying the effect of different parameters like irradiation dose, dose rate, solvent
polymer concentration surfactant, etc on the properties and structure of obtained
nanomaterails.

3- Determination of the factors affecting and controlling the dimensions , size and
shape of prepared nano materials.
4- Investigation and characterization of prepared nonomaterials using different
techniques like atomic force microscope (AFM), Transmission electron microscope
(TEM), Scanning electron microscope (SEM), TGA, DSC, XRD, Dynamitic
scattering analyzer, .. etc.
5- Possible application for the prepared nanomaterials in medical and industrial
applications as a carrier for drug delivery system or in tissue engineering will be
considered .
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.5. FRANCE
Summary

World Health Organization (WHO) estimates that the number of new cases of
cancer could increase by 50% to reach 15 millions in 2020, compared to 10 millions
in 2000. Cancer is the result of an anarchistic cellular proliferation. In a diagrammatic
way and according to their phenotype, cancer cells can: i) divide without respecting
the signal controls of the carrying organization, ii) lose their "social" relations with
close cells, iii) invade adjacent tissues gradually, iv) cause new vascularization and
create an essential support for the survival of the tumor mass, and v) migrate for
creating new colonies, ie metastasis. One of these processes, called tumour
angiogenesis, has been considered as an important target for cancer therapy and
diagnosis. There are huge challenges for the development of new and more effective
therapies and the development of new technologies to diagnose cancer at an earlier
stage.

It is well established that magnetic or super-paramagnetic (SMP) nanoparticles (NPs)
are of great interest for biomedical applications. These systems can be used to
7
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increase the signal intensity in Magnetic Resonance Imaging (MRI), to vectorize
carrier under magnetic field or to induce hyperthermia under microwave irradiation.
Usually, cancer treatments are based under chemotherapies or/and radiotherapies
which generate harmful side effects. To overcome these drawbacks, hyperthermic
cancer treatment appears as a new promising approach. This therapy is based on the
finding that some cancer cells are more sensitive to elevated temperatures (upper than
41°C) than their healthy counterparts. The development of new carriers based on SMP
NPs which can image and treat cancer at the same time is needed.
Our project focuses on the synthesis of dispersed SPM NPs into biocompatible
polymer nano-carriers. In order to increase biological selectivity, these novels systems
will be targeted to angiogenesis tumor process. To achieve this aim ion irradiation
will be used with a twofold objective: i) to endow a hydrophobic poly(vinylidene
fluoride) (PVDF) polymer with hydrophilic properties such as to allow the
immobilization of a specific peptide and ii) to tailor both the spatial distribution and
the size dispersion of the encapsulated SPM NPs.
Work plan

The structure of the work plan consists of a series of scientific and technical
objectives of comparable importance. These objectives can only be addressed within
an interdisciplinary approach that combines the complementary expertise within the
domains of colloidal, polymer chemistry, irradiation science and biochemistry.
1) The first objective is to use the ion irradiation to functionalize the PVDF polymer
such as to immobilize specific peptides for targeting tumor angiogenesis process.

2) The second objective is the synthesis of super-paramagnetic NPs and their
incorporation within a polymer matrix.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.6. HUNGARY
Summary

Drug-eluting stents have several advantages over bare metal implants. They
eliminate restenosis, reduce the side-effects and enhance the endothelization of the
stent. However in some cases dangerous inflammatory and allergy reactions and late
stent thrombosis were reported that have rather high rate of mortality. These problems
were addressed by introduction of new drugs, stent designs and coatings, however the
risks were not eliminated completely.

Earlier a protective hydrogenated amorphous carbon thin film coating was developed
for stents. The optimal parameters of the radio frequency chemical vapor deposition
process and implant surface pre-treatment were determined that provided a layer
having good adhesion and the required elasticity to withstand the mechanical
deformation during the expansion of the implant. The coating has a high level of C-H
bonds that serve a good basis for the binding of the polymer during the radiation
initiated polymerization process.
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Highly interconnected porous polymers were prepared by radiation initiated
polymerization and cross-linking. The porous properties of the material were found to
be easily controllable by the solvent type and process parameters like dose, dose rate
and monomer concentration. The addition of co-monomers to the mixture allowed the
modification of the surface properties of the porous polymer. Surface
functionalization was also introduced by grafting of functional monomer to the
polymeric surface.
The objective of this research is to develop a novel biocompatible porous polymer
coating for biomedical implants by radiation induced polymerization that is capable of
holding and eluting drugs and has a functionalized surface promoting the cell growth
after the release of the drug. This would be achieved by the preparation and nanoscale
surface functionalization of a porous polymer thin film on the implant or base layer
surface by radiation initiated polymerization.
Work Plan

The work plan for the first period include the determination of the optimal
preparation parameters for porous polymer layer having the required mechanical
characteristics (adhesion, elasticity), structure (pore size distribution) and surface
properties (biocompatibility, haemocompatibility, functional groups) on wires made
of material used in medical implants with and without the base layer coating.
Collaboration

For the potential collaboration please see attached Collaboration Table.

3.7. INDIA
Summary

Nanotechnology is the emerging technology that deals with processing,
manipulating and manufacturing devices and products at the microscopic scale of
molecules or atoms with structures smaller than 100 nanometers. Government of India
spending on R&D in nanotechnology has gone up by an order of magnitude in last 5
years through various national and international programs. High energy gamma
radiation and electron beams could be a useful tool to create innovative and newer
nano-materials for various applications in medical field for treatment and detection
purposes. Considereing its certain advantage for producing nano-materials, radiation
technology will play a crucial role in development of such materials. Research and
development in the area of nano-particles on polymer films, hydrogels, silica particles
and their nano-clusters using radiation technology could be a possible route for
development of new functional nano-materials. There are several groups working on
nanomaterials in BARC in engineering materials, radiation chemistry and biological
sciences. In this presentation, work being carried out at Radiation Technology
Development section of BARC will be discussed on topics related to development of
polymer matrix for supporting nanomaterials, Hydrogels containing silver
nanoparticles for antibacterial properties, SiO2 supported Silver nanoparticles for
catalytic properties and polysulfone based new polymer matrix for encapsulation of
nanoparticles. The proposed work plan under present CRP entitled “Synthesis,
9
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characterization and applications of radiation processed nanomaterials for use in
detection of some biologically important molecules” will be discussed.
Workplan

The study will include radiation synthesis and characterization of nano
materials including nanoparticles and clusters of silver, gold and copper in different
shapes and sizes encapsulated in matrices suitable for detection and estimation of
molecules of biological importance. Radiation formation of mixed nano-metal clusters
and their suitability for biomolecules detection will also be explored.
Collaboration

For the potential collaboration please see attached Collaboration Table.

3.8. IRAN
Summary

Poly (lactic acid) (PLA) is a high strength, high modulus natural based thermoplastic
polymer having potential environmental and medical applications where,
biodegradability and safe elimination of polymer are required. PLA is a bioabsorbable
material which means it could gradually break down to its monomeric units which
then are metabolized and eliminated from the body. These properties make this
polymer a good candidate for biomedical applications such as fracture fixation
devices like pin and screw, resorbable sutures and controlled-drug release systems. In
spite of many good properties of PLA which makes it a preferred choice for
substitution with petroleum-based polymers, existence of a few weaknesses in some
aspects such as thermal stability, barrier properties and toughness require a
modification. The goal of this research work is to enhance the performance of PLA
films by incorporation of nanosized particles such as layered silicates. PLAnanocomposite films are prepared by solution casting method. Radiation induced
crosslinking is performed in order to improve thermal and mechanical properties of
the PLA-nanocomposites. Irradiation of the samples is carried out in a gamma-cell at
various doses ranged between 5-30 kGy. The effects of gamma radiation dose,
multifunctional monomer level and organoclay content on the thermal stability,
mechanical properties and morphology of the nanocomposites are investigated.
Biodegradability of the PLA–nanocomposites is characterized by in-vitro enzymatic
test at 37°C according to standard methods.
Work Plan:

• Preparation of poly (Lactic Acid) films containing various level of
multifunctional monomer by solvent casting method.
• Solution casting of poly (Lactic Acid) - organoclay nanocomposite films
containing different amounts of nanoclay on glass plates.
• Irradiation of neat PLA and nanocomposite films under various γ-ray doses (530 kGy).
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• Characterization of the prepared films by Fourier transform infrared (FTIR)
spectroscopy, stress-strain test, differential scanning calorimetry (DSC),
transmission electron microscopy (TEM), X-ray diffraction (XRD) and
thermal gravimetric analysis (TGA).
• Determination of optimum dose, multifunctional monomer and organoclay level
for obtaining higher mechanical properties and thermal stability.
• Study on the biodegradability of the nanocomposite films by in vitro
experiments.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.9. ITALY
Summary

Radiation engineering represents an important tool in “nanobiotechology”.
The possibility of manipulating photons or electrons if coupled with the expertise 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 nanomaterials. In order to describe the expertises of the
research group in the field of radiation synthesis of materials for biomedical
application and bionanomaterials, in particular two recent research projects have been
shortly described regarding: (i) Stimuli-responsive hydrogels for on-off release of
proteins; (ii) Radiation engineering of soft nanocomposites for sensing. In particular,
this second project was aimed to the radiation synthesis of hydrogels incorporating
conductive polymers nanoparticles and it can be considered as a part of a general
“nanocomposite” functional hydrogels platform that can offer some specific
advantages: the immobilization of conducting polymers nanoparticles that can be used
to either directly detect biomolecules of medical interest (such as radical oxygen
species as a sign of inflammation from a wound bed) into a biocompatible matrix.
Due to the optical transparency of the hydrogel and its high permeability the hydrogel
matrix is the ideal immobilization medium for these nanoparticles to develop optical
sensors. The conducting polymer nanoparticles can also be used to chemically
immobilize onto them specific receptors for the development of optical biosensors.
Furthermore they may act as a template for the generation of nanodiagnostic devices
or nanocomposite nano or microgel for drug delivery.
Work Plan

Aim of the research will be to produce nanocomposite nanogels (and/or
microgels) with a nanometric smart core or tag, that is a PANI nanoparticle, able to
respond to changes in its environment varying an electrical and/or optical property in
a measurable fashion, embedded into a water-swellable crosslinked shell, that may act
as an immobilisation/incorporation medium of bioactive substances, either for specific
molecular recognition events (diagnostic function) or to be released upon targeted
site-recognition (therapeutic function). Planned research activities will include the
followings:
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- Conducting polymers aqueous nanocolloids, and specifically polyaniline PANI
nanocolloids, will be generated and their morphology and dimensions controlled by
the choice of different water-soluble biocompatible polymeric surfactants.

- Colloidal suspension of nanoparticles will be subjected to electron beam irradiation
to induce chemical crosslinking of the polymeric surfactant that is used to stabilise
their aqueous dispersion in order to build-up a crosslinked water-swellable
biocompatible matrix or outer shell layer, by varying the dilution of the dispersion.
- The produced nanostructured hydrogel films or micro/nanogels will be tested as the
sensing element of a chemical sensor or a biosensor for the detection of relevant
medical parameters (e.g. detection of radical oxygen species in a wound bed).
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.10. KOREA, REPUBLIC OF
Summary

Polymer hollow spheres have stimulated increasing interest because of their
widely medicinal, biological, and industrial applications, including nano- and
microreaction vessels, targeted drug delivery, controlled release and macromolecule
encapsulation. To date, significant progress has been made in the design and
fabrication of polymer hollow spheres. Polymer hollow spheres are prepared from
spherical-particle templates, such as silica colloids as hard templates followed by the
removal of the sacrificial core through calcination or solvent etching. Nanoscale
polymer hollow spheres were prepared and used for biosensor applications. There
could be four major steps in the preparation of hollow structures by templating against
hard particles:(1) preparation of hard templates, (2) functionalization/modification of
template surface (3) coating the templates with designed materials (4) selective
removal of the templates to obtain hollow structures. Step 3 is generally regarded as
the most challenging because it requires robust methods for efficiently precipitating
shell materials on substrates with sizes in the nano-/micrometer range. Incompatibility
between the template surface and shell material can be overcome by
functionalizing/modifying the template with special functional groups or
characteristics, for example electrostatic charges, before applying subsequent coating/
deposition of shell materials.
Radiation induced coating of conducting polymer on the surface of silica were
employed for two important reasons; precise control of thickness of the polymer layer
and for producing porous and pure shells for the biomedical applications

Work Plan

In this proposal will be prepared:

- nanoporous hollow spheres of polymers
- metal nanoparticles embedded electrospun polymer nanofibers
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- stimuli responsive nanogels through radiation induced methodologies. The new
materials are expected to find application such drug delivery, biocatalysis and
biosensors

In the first part, spherical particles of silica will be prepared with adequate sized using
Stober’s method (sol-gel synthesis). The spherical silica particles will be coated with
a layer of conducting polymer using gamma radiation induced polymerization.
Gamma radiation method is selected for the polymerization due to several reasons.
Uniform layer formation, very thin layer (to the nanometer scale) formation, pure
polymer deposition ( because radiation method of initiation of polymerization does
not require additives such as initiator et.) etc. In the next stage, the template will be
removed to obtain nano hollow spheres of conducting polymer. Suitable porogens and
Cross-linkers would be used to produce stable and nanoporous hollow spheres. The
materials are expected to find applications in drug delivery etc

In the subsequent periods, electrospun polymer nanofibers will be loaded with
functional moieties and decorated with metal nanoparticles. The composites
comprising of electrospun nanofibers and metal nanoparticles composites will be
utilized as biocatalysts.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.11. MALAYSIA
Summary

Polymeric nanogels are becoming more and more important due to extensive
development of drug and bio actives for immobilization delivery purposes. Currently
both hydrophilic and hydrophobic core nanogel are produced in Malaysian Nuclear
Agency. Hydrophilic nanogel is produced by using inverse micelles irradiation of
polyethelyne glycol diacrylate (PEGDA). The hydrophobic nanogel is produced via
irradiation of acrylated form of palm oil. These nanogels will be used to immobilize
bio actives such as curcumin, tyhmoquinone, oryzanol and chitosan. Preliminary
investigation by using dynamic light scattering (DLS) of the sizes shows that nanogel
with sizes below 100nm can be obtained.
Work Plan

Year 1: Preparation of nanogel:

•
Determination of best formulation for synthesis of nanogel (effect of
concentration, dose rate etc)
•
Determination of best dose for synthesis of the nanogel
•
Development of method for sample collection and purification procedures
Evaporation and dialysis
Year 2: Analysis of nanogel:

•
•

Study of chitosan amount immobilized in nanogel
CHNS analysis to determine quantities of amine group
13
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•
Immobilization of chitosan in PEGDA nanogel
•
Precipitation of nanogel in chitosan and drug solution
•
Measurement of nanogel size using dynamic light scattering and TEM
Year 3: Characterization of bioactive compounds loading properties:

•
Calculation of model bioactive compounds entrapment efficiency
•
Study of bioactive compounds release profile
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.12. POLAND
Summary

Nanogels, consisting of three-dimensional polymer networks that swell but do
not dissolve in aqueous media, have been produced by irradiation processes of
hydrophilic polymer solution. The nanogels of interest have been designed as stimulisensitive systems, able to modulate drug release in response to pH, temperature, ionic
strength, electric field, or specific analyte concentration changes. For these systems,
release can be designed to occur within specific areas of the body.
The advantage of using radiation for synthesis of the systems mentioned above mainly
involves the absence of most of the toxic ingredients, the possibility of freely
choosing the synthesis temperature and the possibility to realize the synthesis in one
step. As a consequence, there is no need to remove any residues and, in some cases,
sterile product will be obtained. The properties of the produced nanogel can be
tailored by controlling the irradiation dose and dose rate, the solution concentration
and the irradiation temperature. Additionally, versatile nanogels, and multicomponent materials have been obtained by multi-step processes.
Work Plan

During the first stage of realization of the Project we would like to
initialize/continue studies on the following topics:
1) Radiation synthesis of nanogels

a.
Two-step synthesis as a way to nanogels of independently chosen
molecular weight and dimensions
Polymeric nanogels can be conveniently synthesized using radiation technique. A
modified, two-step procedure will be designed and tested, allowing for synthesizing
nanogels of independently chosen mass and dimensions.

b.
Influence of irradiation method on the nanogel structure as studied by
experiments and Monte-Carlo simulations

We will be studying formation of nanogels under different conditions: simultaneous
generation of all the radicals and slower, sequential generation. We would like to
prove, at first by simulations and subsequently by experiments, that one can influence
the nanogel topology by proper choice of radical generation method.

c.
Kinetic studies on elementary reaction steps in radiation-induced
polymerization and cross-linking
14
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Most of radiation-induced processes in polymeric systems, such as polymerization,
cross-linking, grafting, degradation, including processes applied for synthesizing
hydrogels in the macro, micro and nano scale, consist of several elementary reactions.
The knowledge on the kinetics of these steps may help us in understanding and in
controlling the process.
d.
Synthesis, properties and radiation-crosslinking
complexes based on hydrogen-bond interactions

of

interpolymer

One of the obstacles limiting the potential broad and versatile use of hydrogen-bonded
interpolymer complexes is their lack of stability when subjected to changes of
external conditions like pH, ionic strength or temperature. In our work we will try to
reach this goal by using radiation technique.
2) Stimuli-sensitive polymer nanolayers synthesized by radiation grafting

We will try to obtain grafted thin layers of various thermosensitive polymers
on a number of surfaces, using ionizing radiation. The obtained products will be
subsequently tested for their suitability for cell cultures and for inducing temperaturecontrolled cell detachment.
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.13. SERBIA
Summary

The research activities are related to radiolytic synthesis of polymer based
nanocomposites with noble metal nanoparticles. Different architecture of polymer
matrix gives two types of nanocomposites, nanocomposites with uncrosslinked
polymer matrix and nanocomposites with crosslinked polymer matrix (hydrogels). We
have developed radiolytic methodologies for synthesizing of noble metal
nanoparticles (Ag and Au) polymer nanocomposites. Ag-PVA nanocomposites were
prepared by reduction of Ag+ ions in aqueous PVA solution by steady state gamma
irradiation, followed by solvent evaporation. Au nanoparticles were synthesized in
PVA solution and PVA hydrogel matrix by steady state gamma irradiation. Obtained
results of characterization indicated that it was possible to tune the optical properties
of Au nanoparticles in nanocomposite system by changing the polymer matrix
architecture, dielectric properties of surrounding medium and the pH value of initial
solution. Although gamma irradiation has been proven to be a powerful tool for
synthesis and modification of materials, not many studies have been reported
concerning the radiolytic formation of metal nanoparticles in hydrogel matrix
(template synthesis). We are systematically developing synthetic strategies for
incorporation of nano Ag and nano Au in hydrogel networks by gamma irradiation for
antibacterial purposes, using liquid filled cavities in hydrogels as nanoreactors. The
chosen hydrogels, being previously synthesized or crosslinked by gamma irradiation,
are suitable for various applications in reconstructive chirurgy, including wound
dressing, tissue expanders etc. Nano Ag is successfully incorporated in hydrogel
matrix such as PVA, and poly(bBIS-co-HEMA-co-IA) copolymer hydrogel. Further
work on antibacterial properties of these materials is in progress. In addition,
developing of thermal responsive and pH responsive hydrogel matrix is in progress.
15
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Objective of the project proposed under CRP: radiolitically synthesized hybrid
nanosystems for bio-nano-technologies: developing of radiolytic procedure for
synthesizing of hydrogel based nanosystems using steady state gamma irradiation for
in situ synthesizing of Ag nanoparticles in previously radyiolitically synthesized
hydrogels. These systems should be suitable for control releasing rate of Ag cations
for antibacterial purposes.
Work Plan

First year: Synthesis of polymer and copolymer hydrogels of PVA, PVP,
NIPAAm, PHEMA and IA by gamma irradiation. Synthesis of Ag nanoparticles in
the previousely obtained hydrogels. Characterization of obtained nanocomposites by
swelling measurements in SBF, spectroscopy and microscopy. Study of the release
rate of the Ag ions by plasma mass spectrometry (ICP-MS)
Second year: Investigation of antibacterial properties of radyolyticaly synthesized Aghydrogel nanocomposites

Third year: Synthesis of Au nanoparticles in previously obtained Ag-hydrogel
nanocomposites by gamma irradiation. Investigation of antibacterial properties of
synthesized AuAg-hydrogel nanocomposites
Collaborations

For the potential collaboration please see attached Collaboration Table.

3.14. THAILAND
Summary

The research is based on chitin-chitosan, which is a second most naturally
occurring abundant to cellulose. Chitosan has been paid more interest as a bioadditive material because it exhibits biocompatibility, bioactivity, and
biodegradability due to its bio-copolysaccharide structure with many functions. From
the past until now, chitosan was developed for plant-growth promoter and
antibacterial activity by using gamma radiation and chemical separation method. It
was also developed in term of bio-additive for surface functionalization onto
polyethylene film by radiation grafting method. The effect of the chitosan solution
phenomena and radiation response on the grafting yield was also studied. The water
soluble chitosan based natural antioxidant is successfully prepared. Currently,
chitosan was developed as a radiation stabilizer additive in medical plastic. The use of
gamma radiation and any other high energy radiation for initiating chitosan nanoscale
is performed. In the present work, an antioxidant-conjugated onto gamma-generated
chitosan nanoparticle for radiation sterilized medical plastic and chitosan nanoparticle
for drug delivery system are proposed.
Work Plan

The systematic preparation of chitosan nanoparticle based on gamma
irradiation will be carried out. The work will be divided into two main parts, i.e. (i)
physical modification, i.e. gamma irradiation process, and (ii) chemical modification
16
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one. For (i), chitosan nano-scaled particle will be generated by gamma-ray irradiation.
The characterization is not only the molecular weight reduced but also the feature and
the size of the particle formed. The experiment will be also extended to study the
effect of chitosan feature on the formation of nanoparticle via gamma irradiation. In
the case of (ii), chitosan nanoparticle obtained will then be modified by chemical
conjugating with appropriated molecules. Natural antioxidant and/or light stabilizer
molecule will be anchoring onto that of chitosan nanoparticle to serve as a part of free
radical scavenger. The deoxycholic acid according to our previous work is still used
as a part of hydrophobic to serve as a compatibilizer with polyolefin matrix based on
like-dissolved-like concept. In addition, the molecular design of this chitosan
nanoparticle will also be expanded to use as a drug delivery system. In this issue, the
hydrophobic and hydrophilic groups will be conjugated onto nanoparticle chitosan.
Self-assembly of this conjugated molecule will form in aqueous system. The
hydrophobic core will serve as the cage for drug loading and the hydrophilic will be
the part of water soluble to carry the loaded drug through the aqueous system.
Collaborations
(1)
(2)
(3)
(4)

The works will be collaborated with the countries as follow,
Korea : Nanoparticle chitosan for antibacterial activity
China : Nanoparticle for antibacterial activity
Malaysia : Nanoparticle synthesis and characterization
Brazil : Nanoparticle synthesis and characterization

3.15. TURKEY
Summary

The scope of this research contract on radiation formation of nanostructures can
be grouped under two headings, all related to the final application of developed
systems for health-care.
The first part concerns the preparation of well defined nanoscale polymeric brushes
on cell culture devices that would allow easy detachment of cell sheets grown on
these surfaces. The monomer used for grafting namely NIPAAm, has temperature
responsive behavior which cause the graft chains to undergo large volume changes
upon small temperature differences for the non-invasive, non-destructive release of
surface grown cell sheets.

The second part of the project is related to the synthesis of molecularly imprinted
polymeric matrices with the ultimate aim of using them as recognitive systems, drug
delivery systems. The nanoscale cavities to be produced during radiation-induced
crosslinking of functional polymers around the template will be the key factor in
controlling the performance of these systems in molecular imprinting.
As for the first part of our work, we combined γ-radiation and RAFT polymerization
for the preparation of graft copolymers with well-defined and smart surface
properties. Renewable and natural based intelligent cellulosic surfaces that respond to
several stimuli (i.e. temperature and pH) and clean themselves have been prepared via
this facile and powerful combination. In this study, we prepared novel thermoresponsive cellulose surfaces of poly(N-isopropylacrylamide) (PNIPAAm) and pHresponsive cellulose surfaces of poly(acrylic acid) (PAA) via γ-initiated RAFT graft
polymerization technique. The response of these surfaces to changing temperature and
17
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pH values were investigated by following the changes in the contact angle of water.
To our knowledge, this is the first study published so far utilizing the γ-initiated
RAFT polymerization technique in order to prepare an intelligent flat polymeric
surface.

Radiation induced molecular imprinting of D-Glucose onto poly (2-hydroxyethyl
methacrylate) matrix was achieved to create three-dimensional cavities to recognize
and bind d-glucose. The optimization of imprinting capability of matrices was
achieved by investigating the effects of various parameters such as the type and
amount of crosslinking agent, type of solvent, template to monomer ratio and total
absorbed dose. Crosslinking agents with increasing chain lengths and different
flexibilities were used in an attempt to elucidate the impact of relevant imprint
parameters on the effectiveness of imprinting technique. The absorbed dose varied
from 1 to 15 kGy. Cavity sizes of MIPs were measured by positron annihilation
lifetime (PAL) experiments. Control matrices were synthesized with exactly the same
composition in the absence of D-glucose. Separation of d-glucose has been shown to
be successfully achieved in HPLC columns filled with MIPs whereas no separation
was observed for non-imprint matrices.
Work Plan

•
RAFT-mediated gamma-induced grafting of poly(N-isopropyl acrylamide)
and Poly(acrylic acid) onto polystyrene and polyethylene terephthalate surfaces, their
characterization and investigation of their responses to environmental stimuli.

•
Radiation-induced formation of nanogels of poly(N-vinyl pyrrolidone) and
poly(ethylene oxide) for aqueous solutions through preformed nanosized coils.

•
Preparation
biomolecules.
Collaborations

of

molecularly

imprinted

monoliths

for

separation

For the potential collaboration please see attached Collaboration Table.
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4. MAIN RESEARCH OBJECTIVES AND COUNTRIES INVOLVED

19

Working Document

Working Document
5. CONCLUSIONS

Radiation engineering represents an important tool in nanobiotechnology. The
possibility of manipulating photons or electrons if coupled with the expertise 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
nanomaterials. The versatility and the untapped potential of this approach may contribute in
understanding, developing and exploring the role of nanobiomaterials in emerging research
field of nanomedicine.
For nanoscience to become nanotechnology there is a need for breakthroughs in the
engineering of processing and manufacturing methodologies on the nanoscale.
Nanotechnology in its present state is still largely nanoscience and is relegated to single
experiments done in batch mode in the laboratory. The radiation technology could enable
novel approaches to solving the problems of placement, high throughput as well as integration
across multiple length scale.

The low wavelength and high energies involved with ionising radiation (gamma, e-beam, ion
beams) make this method suitable both for top-down or bottom-up approaches in
nanotechnologies. The availability of a range of wavelengths (energies) and their precise
control make the ionising radiation a powerful tool in nanostructuring of surfaces, subsurfaces
or bulk of the materials.
The advantage of using ionising radiation in aqueous systems is creation of the strongest
oxidising and reducing species in water. This has been shown to be a very efficient way of
preparing polymeric nanogels of designed size, shape and chemical composition as well as
nanoparticles in the form of metallic clusters, salts, etc. that can be used for different
biomedical applications.

The use of radiation technology for nanobiomedical applications will have positive
environmental effect. It would reduce bulk consumption of material resources, reduce waste
and produce energy efficient devices. Engineering of nanodevices using highly focused high
energy ion beams could result in formation of new externally controlled devices.
Radiation technology has the potential to deliver enough energy to perform chemical
reactions, chemical bond creation and breaking at limited spatial regions down to subnanoscale level. This heterogeneous energy delivery gives the advantage of single-molecule
modification without additional expensive and harmful reactive chemical reagents.

Radiation processing has the unique ability to create reactive species in confined regions and
thus enable independent control of material systems chemical composition and dimensional
control of the thereby obtained structures. Stable nanostructured composites can be obtained
by chemical crosslinking of thermodynamically highly instable systems, or by internally
crosslinking of single macromolecules in solution, thus fixing their conformation.
The controllable energy deposition through the matter creating spurs of excited and ionic
species is a unique feature of ionizing radiation. Therefore radiation technology has the
potential to be applied to produce unique nanostructured materials.
In the past two decades nanostructures, such as nanogels, nanoparticles, nanostructured
surface, nanoporous membranes, nanoscale hollow spheres and fibers, have attracted much
attention because of the novel properties as the possible usage in medical, biological, and
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industrial applications, including nano- and microreaction vessels, targeted drug delivery,
controlled release and macromolecule encapsulation. Among the different methods, radiation
synthesis is a clean, simple technique that can be applied at any temperature and pressure.
Moreover, in the course of irradiation the sterilization can be realized simultaneously which
meets the request of medical applications.
6. RECOMMENDATIONS

The incorporation of radiation engineered nanogels or nanoparticles into microdevices
or the use of nanolithography to engineer nanogels in order to provide them with an
“organized” structure at the nanoscale will offer a winning methodology for fabricating either
new or improved biomaterial based systems for diagnostic and therapeutic applications.
Accelerators with highly focused electron beams should be available for three-dimensionally
controlled structural modification of materials at the nanoscale. Therefore, all efforts should
be made by both the Participants and the Agency in order to promote a technological upgrade
of existing irradiation facilities and/or increase availability of such facilities among the
Participants.
Characterization of radiation prepared nanostructured materials is of great importance for the
evaluation of its applicability in biomedical applications. Therefore the cooperation between
the participant countries for using the available equipment and instrumentations, facilities for
synthesis and characterization of such prepared nanostructured materials is strongly advised.
It is highly recommended that the bilateral cooperation and regional agreements under IAEA
programmes for achieving scientific visits, training fellowships and experts to and from well
developed Centres to be established and utilized for product development.

The participants recommend to the IAEA to organize the next RCM in the fourth quarter of
2010 in Paris, France, to be hosted by Ecole Polytechnique. An alternative host could be
Malaysian Nuclear Agency, Kuala Lumpur, Malaysia.
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GRAFTING OF POROUS POLYMERS FOR BIOLOGICAL APPLICATIONS
E.E. Smolko1 , M. Grasselli2
Comisión Nacional de Energía Atómica, Buenos Aires, Argentina
2
Dpto. LaMaBio, Dpto. de Ciencia y Tecnología, Universidad Nacional de Quilmes, Bernal,
Buenos Aires, Argentina
1

Abstract: Research on application of radiation processing to polymers is mainly focused by the
National Atomic Commission (CNEA). The Agricultural and Industrial Applications Laboratory Unit
operates at the Ezeiza Atomic Center since the end of 1980s. Since 1997 a new research group headed
by Dr. O. Cascone and Dr. M. Grasselli, devoted to downstream processing of proteins from the
University of Buenos Aires, was involved in the implementation of grafting techniques in
collaboration with Dr. E. Smolko from CNEA. In 1999 Dr. M. Grasselli moved to the Universidad
Nacional de Quilmes where he continued working on application of gamma radiation to materials for
biotechnological process.
1.

INTRODUCTION

The main idea of our research is to add new functionalities to polymeric membranes
currently used in filtration processes. The addition of specific ligands to the internal surface of
these materials gives them the particular retention properties of selected substances. In this
case, the goal is the use of these new materials for the recovery of specific proteins from
biological liquors. In the following years new specific applications on biological science were
added.
Thus, gamma radiation from a Cobalt-60 source was applied to develop the following
materials:

1. Grafting of commercial polysulfone and polyethersulfone membranes to obtain
materials with specific adsorptive capacity to proteins.
2. Grafting of polyethylene membranes to obtain materials with a particular adsorptive
capacity by molecular imprinting synthesis.
3. Grafting of synthesized HDPE to develop polymeric supports for bacteria
immobilization applied to bio-catalysis process.
4. Radiosynthesis of porous polymethacrylate solids for analytical separation processes
5. Radiosynthesis of hydrogels confined into macroporous membranes to develop an
extracorporeal bioartificial liver.
6. Simultaneous grafting of nanoporous track-etched membrane.

2.
GRAFTING OF COMMERCIAL POLYSULFONE AND POLYETHERSULFONE
MEMBRANES
Adsorptive membranes to recover specific proteins were developed by modifying
commercial polymeric membranes by a simultaneous grafting technique.

The main monomer used for grafting was glycidyl methacrilate (GMA) because of its pendent
reactive epoxy group, which can be modified in further chemical reactions, giving multiple
possibilities to develop specific adsorptive properties to selected target molecules.
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Grafting of macroporous membranes, in hollow fiber shapes, was developed using a low
monomer concentration and a dose rate around 1 kGy/h. Porous materials expose a large area
to the solvent, thus grafting yield (expressed in g %) is relatively high for the monomer
solutions of low concentration. Additionally, the homopolymer formation is low and easily
removed [1](Grasselli et al, 1999). The grafting was achieved in the internal surface, which
has the advantage to not swell the membrane, keeping the initial shape. It is one of the main
differences from grafted macroporous membranes achieved by pre-irradiation methods.
Taking into account the low grafting yield, around 5 to 30 %, and the high surface areas of the
trunk polymeric membranes (1 to 15 m2/g, for different polymer shapes), membranes have
coating polymethacrylate layers of thickness in the submicron range.
In order to analyze the adsorption behavior of these membranes to diverse proteins, different
chemical ligands were immobilized onto the grafted membranes. Ligands range from small
molecules electrostatically charged, such as the sulfonic groups [2], and the chelation groups
such as iminodiacetic acid [3], and pseudo specific protein ligands such as triazinic dyes [4].

Changing the initial monomer concentration it is possible to control the density of ligand
immobilised however grafting yields higher than 50 % do not improve the adsorption capacity
to proteins [1]. On the other hand, copolymerization of different monomers has strong effects
onto membrane properties and can be managed to alter the water permeation and adsorptive
capacity.

For low hydrophilic ligands, such us triazinic dyes, major improvements in the specific
protein adsorptive capacity were obtained by increasing the proportion of a hydrophilic
monomer such as dimethyl acrylamide into the grafted copolymer [5,6]. In the case of highly
hydrophilic ligands such as sulfonic groups, the addition of diethyleneglycol dimethacrylate
to the copolymer reduces the swelling of the grafted layer and improves the flowing
properties of macroporous membranes [7].
Grafted membranes were ensembled in a cartridge and were successfully applied to the
purification of proteins of real samples such us milk, whey and calostrum. Recently
adsorptive membrane technology was tested for the recovery of Lactoferrin from whey [8]
and also Lysozyme from egg white with a very high productivity [7].

Highly specific adsorptive membranes can also be used for analytical proposes in the
detection of desired proteins of medical interest. In this sense polysulfone macroporous flat
membranes were also surface grafted using GMA. The protein Thioredoxin was immobilized
by different chemical ligands (iminodiacetic acid and phenyl arsanilic acid) in the grafted
membranes and discerns the protein orientation through specific enzymatic analysis and
antibody recognition [9]. In a further step a quimera recombinant protein (ThiorredoxinGlutamic acid decarboxilase) of clinical diagnosis interest, was successfully immobilized and
stabilized in these modified materials [10].
3.
GRAFTING OF POLYETHYLENE MEMBRANES TO OBTAIN MATERIALS
WITH A PARTICULAR ADSORPTIVE CAPACITY BY MOLECULAR IMPRINTING
SYNTHESIS
The technique of free radical polymerization with the addition a target molecule and
monomers, rich “imprinted” polymers with specific adsorption properties for the chosen
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molecule, is known as “molecular imprinting polymerization”. Our goal was to combine this
technique with surface grafting polymerization induced by gamma rays in order to produce
adsorptive custom-made membranes.

Using as a target molecule a ternary complex of a peptide, a metal ion and vinyl pyridine, an
imprinted polymeric membrane was achieved (see Fig 1). An imprinted layer to Bacitracin A
was performed grafting with diethylenglycol dimethacrylate as crosslinker [11]. The material
shows higher selectivity adsorption to Bacitracin than to similar molecules. Surface
imprinting by radiation induced grafting onto membranes opens the possibility of improving
selectivity of adsorptive materials.

Bacitracin

γ-rays

PE

PE

Fig. 1: Scheme of simultaneous imprinted surface grafting of PE by gamma rays in an aqueous solution

4. GRAFTING OF SINTHERIZED HDPE TO DEVELOP POLYMERIC SUPPORTS FOR
BACTERIA IMMOBILIZATION APPLIED TO BIOCATALYSIS PROCESS

This method of polymers modification was recently extended to the obtainment of
hydrogels supported on superporous open-cell polyethylene (average pore sizes from 60 to
200 microns) for bacteria immobilization [12] (Fig 2). PolyGMA surface grafted onto HDPE
was hydrophilized by a ring opening reaction with ethylendiamine. Now, the modified HDPE
is able to be loaded with bacteria in the micron-scale hydrogel that covers all the internal
polymer surface (Fig 3).
This biocatalyst composed of grafted PE and bacteria was applied to increase the efficiency of
catalytic processes with whole cells in the synthesis of nucleoside [13] and the production of
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bacteriocins through fermentation of immobilized lactic bacteria (Britos and Grasselli,
unpublished results).

Fig. 2: SEM pictures of macroporous PE and GMA grafted PE

4 µm

Void
volume

Hydrogel

PE

Bacteria

Fig. 3: TEM picture of immobilized bacteria onto macroporous grafted PE (12000x)

5. RADIOSYNTHESIS OF POROUS POLYMETHACRYLATE
ANALYTICAL SEPARATION PROCESSES

SOLIDS

FOR

Other solid structures as polymeric microspheres and monolithic porous solids also were
developed in collaboration with Dr. Agnes Zafrany, on the basis of the exposition of
monomer solutions in polar solvents to ionizing radiation [14]. Synthesis of these
macroporous polymers was the subject of an Argentine patent [15]. Its application to develop
microextractors for capillary electrophoresis is being developed along with Dr. Vizioli in the
Dept. of Analytical Chemistry of UBA [16, 17]. In situ radiosynthesis of porous monoliths
and following ligand immobilization is a simple technique to have on-line microextractors.
Specific peptides can be concentrated on-line and further released and analyzed by capillary
electrophoresis. The main advantages of this technique are the simplicity of preparation, its
homogeneity and no-frit requirement for the support retention into the column.
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Fig. 4: Schematic representation of the monolitic microextractor into a capillary electrophoretic column

6.
RADIOSYNTHESIS OF HYDROGELS CONFINED INTO MACROPOROUS
MEMBRANES TO DEVELOP AN EXTRACORPOREAL BIOARTIFICIAL LIVER
Hydrogels have been used for many years to confine mammalian cells to be used in
different prototypes of artificial organs. However it lacks enough mechanical resistance for
many applications. Together with the Institute of Experimental Medicine of the Italian
Hospital of Buenos Aires we are involved in the development of an extracorporeal
bioartificial liver, based on a module of a hollow fiber membrane reactor. Our approach was
to combine the intrinsic advantage of this module (high cell loading, compactness, etc.) with
the biocompatibility properties of hydrogels.
The high energy and penetration of gamma radiation allows you to generate free radicals and
induce polymerisation of monomers even in the void volume of porous structures. Thus, it is
possible to prepare hydrogels by radiation-initiate polymerization of a monomer solution
confined into a macroporous structure of a hollow fiber membrane reactor giving
homogeneous embedded hydrogels [18].
We are currently measuring the mass transfer properties (to different solutes, gases and
macromolecules of clinical interest) of the synthesized confined hydrogels to have bioprocess
parameters, which could be able to design a prototype.
7.
SIMULTANEOUS
MEMBRANE

GRAFTING

OF

NANOPOROUS

TRACK-ETCHED

Swift heavy ions bombardment is a well-established technique to produce micro and
nanopores onto polymeric films. However, new challenges are being focused to the
introduction of functionalities through chemical wall modifications. One promising technique
is the use of radical remnants of the traces to induce polymerization; in this way Mazzei and
col., are developing this strategy [19].
Given the excellent results in our laboratory in surface modification of polymers by a
simultaneous grafting technique induced by the gamma radiation, were conducted preliminary
studies on their possible application to the modification of nanopores. Our group showed the
first results on controlled nano-scale modification by this technique recently [20].
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ENCAPSULATION AND NANO-ENCAPSULATION OF PAPAIN ACTIVE SITES
TO ENHANCE RADIOLITYC STABILITY AND DECREASE TOXICITY
A.B. Lugão, G.H.C. Varca, F. Paiffer, M.B. Mathor, P. S. Lopes, S. Rogero, J.R. Rogero
Comissão Nacional de Energia Nuclear (CNEN)
Instituto de Pesquisas Energeticas e Nucleares (IPEN)
Sao Paulo, Brazil

Abstract: Papain is used as an ingredient in various enzymatic debridement preparations. Those

paste-like preparations are based on water solution and usually are sterilized by radiation. As a
consequence, there is a major decrease in papain activity. Papain containing preparations are used in
chronic wounds treatment in order to clean and remove the necrotic tissue. However FDA (2008) is
taking an action against such products due to severe adverse events reported in patients which were
submitted to papain treatments. Thus, the main goal of this proposal is to develop encapsulated papain
containing membranes based on hydrogels and silicone rubber in an attempt to achieve a controllable
distribution of size and delivery profile, a toxicity reduction and provide stability towards radiation
processing through nanoencapsulation with cyclodextrins, which may also provide protection to the
enzyme against radiation induced radiolysis.

1.

INTRODUCTION

Papain is a proteolytic enzyme obtained from the Carica papaya L. and its mechanism
of action occurs through a caused protein molecules dissociation resulting in chemical
debridement. Its catalytic centre is formed by a triad composed by amino acid residues known
as Cis 25, His 159 e Asn 175 and the interaction among these compounds is responsible for its
catalytic mechanism over the substrate (Sangeetha and Abraham, 2006).

Its usage dates a long time in the past for wound healing purposes. The enzyme therapeutic
value is recognized in difficult recovery wound treatments, where a wide area has been
affected and a quick debridement is required (Alvarez et al., 2002). It’s relevant to note that
the application of products at these specific sites require effective sterilizing methods.
The enzyme safety use was confirmed using human keratinocytes and in vitro stratum
corneum. Its effectiveness was proven by the analysis of the human stratum corneum
components disarray through biophysical methods (Lopes et al., 2008)..

Recently, the Department of Health and Human Services of the Food and Drug
Administration (FDA) imposed restrictions to papain applications once several adverse effects
related to topical papain products were reported raising serious safety concernments regarding
these products. Cases of anaphylaxis, anaphylactic shock and hypersensitivity were reported
and now such products require an approval of this organization prior to their
commertialization (FDA, 2008).
Such restrictions have raised the importance of finding new alternatives to solve these
concernments and therefore obtain an adequate product or reduce the undesirable reactions of
the commercially available papain containing formulations. Among other biophysical
methods, radiation may not only represent an effective sterilizing method but an alternative to
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enhance biomolecules intrinsic characteristics and reduce their toxicity, once previous studies
pointed out the irradiation technology ability in reducing the allergenicity of certain foods
(Byun et al., 2002).

Ionizing radiation is known as the best method to destruct pathogens and deteriorating
microorganisms (WHO, 1999) and its usage is increasing gradually worldwide. Gamma
radiation is capable of sterilizing a product once the substance is exposed to gamma rays,
through a 60Co radioactive source. Such rays induce the covalent bonds cleavage due to a
direct impact over the molecules and after reaching the water molecules, it is also capable of
disrupting them leading to a free radicals release which may be harmful to other molecules
(Eagle, et al., 2005). Ionizing radiation has also been proposed to control the clusters size,
which may reduce the aggregates formation, leading to an enhanced enzymatic activity and
also conferring a longer stability. In such way, the complex formation between cyclodextrins
and papain may be explored at a nanotechnological level, which would hold more activity and
less toxicity due to the low concentrations.
However, such technique may not only lead to benefits to the exposed molecules once bond
cleavages and conformational changes are frequently observed as a result of the radiation
impact, which could decrease the bioactivity of the assayed compounds (Lee et al., 1999).

2.

METHODOLOGY

Powder samples

Papain samples of 1 g were weighted in an analytical scale Acculab ATILON model
ATL-124-I, and conditioned, being protected from sun light and excessive moist.
Aqueous medium

An aqueous solution was prepared containing 0.8% (w/v) papain, 0.16% (w/v) cistein
and 0.2% (w/v) EDTA solubilized in distilled water under light agitation.
Phosphate buffer

The enzyme was diluted in phosphate buffer (pH 6) containing cistein and EDTA, in
order to obtain a 0.8% (w/v) papain phosphate buffer solution.
Radiation exposition

The samples were exposed to gamma radiation, using 60Co as a radioactive source in a
gammacell 220 Irradiator from Atomic Energy of Canada Limited (AECL), Ottawa Canada,
at the Radiation Technology Center (CTR), IPEN CNEN/SP using the respective doses of 5,
15 e 25 kGy. During the exposition period the samples were maintained at 8ºC.
Activity Assay

The activity experiment was performed using the Nα-Benzoyl-DL-arginine pnitroanilide hydrochloride (BAPA) as a specific substrate. A papain catalyzed triple
hydrolysis of such substrate releases the ρ-nitroaniline, a yellow substance able to be
estimated colorimetrically, proportional to the active papain present. The substrate was
solubilized in DMSO and diluted in phosphate buffer to obtain a concentration of 1 x 10-3 M.
Aliquots of 120 µL were used. The samples were diluted in phosphate buffer (pH 6.0)
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containing cistein in order to reach a final concentration of 240 µg/mL and aliquots of 100 µL
were used for the experiment. The enzyme was activated for at least 20 minutes in such
solution prior to the beginning of the experiments.

The samples and the substrate solution were added to a 96 well microplate and
submitted to incubation in a MARCONI® Model MA 159BB water bath at 40ºC for 45
minutes. At 0, 15, 30 and 45 minutes a 30% acetic acid (50 µL) solution was added to the
respective well in order to cease the hydrolysis. The ρ-nitroaniline amount released was
estimated at 405 nm using a LGC® model LM-LGC microplates reader. All experiments
were performed in triplicate.

Work Plan for 3 Years - General Goals

- To develop a papain and cyclodextrin complex to investigate the radyolitic stability and
toxicity;
- Evaluate the effects of the media over the complex stability exposed to ionizing radiation.
- To confer stability towards radiation processing by nanoencapsulation with CDs;
- To control de size of protein/Cd complexes

- To develop membranes based on hydrogels to achieve a major reduction in toxicity.
- To control pore size in order to improve the release profile;

- Evaluate the radiation effect over the papain aggregates size;

- Evaluate the aggregates particle size in the papain release from the complex.
Specific Goals

- To establish the methodology for assessing papain stability;

- To determine the stability of papain in aqueous, gel and dry formulations;

- Evaluate the effect of media over papain stability

- To determine the stability of the papain gel, aqueous solution and dry formulations exposed
to ionizing radiation;
- To determine the stability of the papain/CD complex in aqueous, gel and dry formulations.
- To determine the stability of the complex exposed to ionizing radiation;
- To prepare the gel containing the CD/papain complex;

- Control the papain aggregates particle size using radiation;
- Control the gel porous size by radiation exposition.
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Expected Outputs

- Development of methodologies to prepare and characterize nanogels based on papain
complexed with CD;
- Demonstration of the application of such complex for topical use on the treatment of wounds
from bed sores;
- Publication of the results under the IAEA Radiation technology series.
Preliminary Results
Phosphate buffer

The activity values that correspond to the papain containing phosphate buffer solutions
are described in table 1. Activity losses of 10.46%, 16.49% and 20.51% were observed after
exposition to radiation doses of 5, 10 and 25 kGy (Fig. 1), respectively, if compared to the
control sample, which presented an increase in the enzymatic activity of 17.96% over the
experiment period (Fig. 2).

100
Relative activity loss (%)

90

82,18

76,15

80
70
60

Water
Buffer

50
40
30
20
10

Gel

29,5
9,79

0

0
0

0

10,46

5

16,49
5,64
15

20,51 22,52
12,07
25

Radiation dose (kGy)

Fig. 1: Percentage of the relative enzymatic activity loss of each medium after exposition to the selected
radiation doses.

Powder samples

After the radiation exposition the activity measurements revealed that the tested
samples presented similar values as the control sample (Table 1). No significant activity loss
was observed at the tested radiation doses.
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Fig. 2: Percentage of relative enzymatic activity values of each medium during the experiment.

Aqueous solution

The papain aqueous solutions suffered an activity loss of 29.5% at 5 kGy, 76.15% at
10 kGy and 82.18% kGy (Fig. 1). A decrease of 9.79% of papain activity was observed for
the control sample. The activity values are expressed in table 1.
TABLE 1 RELATIVE ENZYMATIC ACTIVITY VALUES (USP/ML-1) OF EACH MEDIUM DURING THE
ASSAYED CONDITIONS

3.

Sample

0 kGy

5 kGy

15 kGy

25 kGy

Powder

240

240

240

240

Aqueous sol.

216.5

169.2

57.24

42.76

Phosphate buffer

283.1

258

243.5

233.8

Gel

255.12

241.5

226.1

201

DISCUSSION

Papain holds a remarkable role in wound care due to its debridement properties
(Pieper and Caliri, 2003), which induce the granulation tissue formation, decrease the
exudates as well as reduce the bacterial burden (Falanga, 2002). However, such effects rely
directly on the enzyme activity.
Protein formulation requires a careful planning, once these bioactive molecules undergo
different degradation processes which may take place with ease under unusual conditions. Not
only the media and excipients play an important role in such process, but all the stages
involved form production to final product storage, once they are able to cease or induce the
degradation pathways (POLIZZI et al., 2007).
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For wound care purposes, the medium must not only facilitate the maintenance of the
biological activity, essential to the final product efficacy, but provide an adequate
applicability and acceptance by the consumers.

Among other factors, the radiation effects on proteins are also known to cause a deep impact
on protein stability, which in general lead to total or partial inactivation. Such effects are a
result of their contact with residual compounds generated by the radiation process that may
lead to specific degradation processes according to the respective product formed, once these
molecules present less sensitivity to its direct effects (CADOT et al., 1999).

The powder samples presented an extra advantage against the radiation exposition undesirable
effects over the other pharmaceutical forms tested, mainly due to its low water content, which
decreases the irradiation products formation such as free radical, which are known to cause a
deep impact on the enzyme stability (DAVIES et al., 1987). Thus no changes in the activity
profile were observed under the tested conditions. Such information is important once some
preformulations may not tolerate radiation exposition, so they can be manufactured
aseptically and the papain can be irradiated prior to its addition to the formula without
affecting the final product integrity.
As observed in figure 1, the media with high water content presented a decrease in activity if
compared to the powder sample. The main reason for this fact is that proteins in aqueous
mediums are more likely to undergo degradations pathways, once the radiation effects on the
water molecules often produce compounds, such as oxygen radicals, that in solution interact
with these biomolecules and lead to oxidation (DAVIES et al., 1987).
This information not only corroborates the results obtained but it also clarifies why activity
loss is dose dependant. As the radiation dose increases, a longer exposition period is required
to reach such dosage, increasing extending the compound formation and their contact time,
leading to activity loss. Considering such information all samples were assayed at the end of
the last radiation dose.

The papain aqueous solution offered the lowest protection of the tested mediums (Figure 2)
due to several limitations. The pH, essential to enzyme activity is not stable and a natural
unfolding mechanism present in the enzyme that exposes its actives sites and leads to
inactivation is favored in this specific medium (ZHUANG, et al., 1991). Therefore, this
particular medium does not afford the sterilizing radiation.

Despite the fact that the phosphate buffer solution is an aqueous environment, such medium
was able to significantly retain the enzymes activity if compared to the other mediums (Table
1.). Several advantages were observed in this formulation, such as pH stability, combined
with the EDTA metal kelant action and the high cistein content, essential to papain activation,
which not only enhanced the activity of the enzyme but also offered an protection against
oxidizing agents.
Under the assayed conditions and concentrations, the viability of the gamma radiation process
was directly related to the medium. Therefore, an adequate medium selection seems to be
essential for such process application. The phosphate buffer and powder samples did afford
efficiently the sterilizing radiation side products, helping the maintenance of the enzymatic
activity.
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FORMATION OF NANOPARTICLES CONTROLLED BY THE YIELD AND
PROPERTIES OF THE γ-GENERATED RADICALS
Q. Chen
Department of Applied Chemistry
College of Chemistry and Molecular Engineering
Peking University,
Beijing
P.R. China
1.

RADIOLYTIC SYNTHESES OF INORGANIC NANOPARTICLES IN SOLUTIONS

1.1.

Introduction

In the past two decades, nanoparticles have attracted much attention because of their
novel properties. Among the numerous synthetic methods, ionizing irradiation, which is
simple and can take place at normal temperature and pressure, even at low temperature, is a
powerful method for preparing metals, alloys, metal oxides, metal chalcogenides, metal
halides and insoluble sulphate nanoparticles [1-5]. In this method, dose rate is always used to
affect the shape, component and size of the synthesized nanoparticles [6, 7]. In addition, to
eliminate the effect of ·OH on the formation of nanoparticles, alcohol (such as isopropyl
alcohol) is always added and a lot of reductive radicals with wide range of reduction
potentials are generated. At the same time, these radicals transformed from ·OH can also
reduce the reactant, which have been used to control the growth of nanoparticles [8].
However, so far, most nanoparticles synthesized by ionizing irradiation are spherical. In our
previous work, “solid” BaSO4 microspheres, mainly consisting of quasi-spherical
nanoparticles, have been synthesized by precipitating Ba2+ ions with SO42− ions, which were
generated from the reduction of K2S2O8 in the presence of EDTA under N2 atmosphere by γirradiation [5].
1.2.

Preliminary Result

According to the results of N2 adsorption-desorption isotherm experiment, the “solid”
BaSO4 microspheres synthesized under N2 atmosphere are mesoporous and the diameter of
the pores is about 4 nm, which is not easy to be found by SEM (Figures 1A and 1C). While
under N2O atmosphere, most of the synthesized BaSO4 microspheres have obvious large-pore
mesoporous structure (Figure 1B) and the pore size is in the range of 20−60 nm (Figure 1D).
This is the first report about the synthesis of large-pore mesoporous BaSO4 microspheres. The
results of fragment analysis show that the former is constructed by quasi-spherical nanoparticles and few irregular nanorods (Figure 2A), while the latter mainly consist of irregular
nanorods and there is a small angle between the building blocks (Fig. 2B), leading to the
radial arrangement of the nanorods. The generation of BaSO4 has been confirmed by XRD,
XPS and SAED (selected area electron diffraction) analysis.
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Possible mechanism: eaq−, one of the radiolytic product of water, is transformed to ·OH (Eq.
1) under N2O atmosphere, and then be eliminated by EDTA, leading to
the generation of EDTA

A

B

C

D

Fig. 1: SEM images of the BaSO4 microspheres synthesized under different atmospheres by γ-irradiation: (A
and C) N2 taken from ref. 5); (B and D) N2O.

A

B

Fig. 2: TEM images of the fragments of BaSO4 microspheres synthesized under different atmospheres by
irradiation: (A) N2; (B) N2O.

eaq + N 2O → • OH + OH − + N 2
−
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•

OH + EDTA → EDTA • + H 2 O

(2)

2−

(3)

→ SO 4 + SO 4− •
S2 O8 + eaq 

(4)

EDTA • + S2 O8
2−

−

2−


→ SO 4
2−

radical (Eq. 2); it may be the EDTA radicals that play a key role in the reduction of S2O82−
(Eq. 3). While under N2 atmosphere, eaq− is the main reductive species (Eq. 4). Because the
reduction potential of eaq− is -2.9 V, much lower than that of EDTA radicals, the reduction
rate of S2O82− under N2 atmosphere is much faster than that under N2O atmosphere. The
slower reduction rate favors the formation of nanorod. The experiment results showed that
the shape of the building blocks of the mesoporous microspheres could be adjusted by the
reductive species with different potentials, and then led to the formation of different pore
structures. Thus, we found a practical and convenient method to control the pore size of
BaSO4 microspheres.
1.3.

Possible usage

1.4.

Plan in the following 3 years

Because BaSO4 is inert in many chemical reactions, is harmless to human health and
the microspheres with different pore size have different ability in the mass exchange, the
mesoporous BaSO4 microspheres may be considered as promising candidates for catalyst
(containing enzymes) carrier or drug deliver for gastroscopy.

First year: controlled syntheses of porous BaSO4 microspheres with different size and
pore size; self-assembly of porous BaSO4 microspheres with different size and pore size,
and their optic nature.

Second and third year: deposition of metallic nanoparticles or immobilization of medicines/
enzymes in the mesoporous BaSO4 microspheres, and their applications in biomedical
field, (bio)catalytic reactions and so on.

2. RADIOLYTIC SYNTHESES OF INORGANIC NANOPARTICLES IN WATER-IN-OIL
MICROEMULSIONS
2.1. Introduction

In the field of nanoscience and nanotechnology, the largest activity has been focused
on the synthesis of new nanoparticles with different sizes and new shapes, which have
strong effects on their widely varying properties [9]. Among the numerous synthetic
methods for preparing nanoparticles, water-in-oil (W/O) microemulsions or reversed
micelles can provide us with a particularly attractive microreactor, where the morphology
of nanoparticles can be well controlled [9-11]. Generally, in routine chemical methods,
surfactant, cosurfactant, anion, and ω value (molar ratio of water to surfactant) can only
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affect the shape of nanoparticles via their effect on the structure of the microemulsion (the
rigidity of the interface, the size of the water pool, etc.) or via the adsorption action of the
surfactant on the surface of the nanoparticles [9, 12-19].

The combination of ionizing irradiation and W/O microemulsion has become a novel and
important method in the synthesis of nanoparticles. By far, Ag [20-23], Cd [24], Pd [24],
Cu [24], Cu2O [25], CdS [26-28], ZnS [27], and PbS [29] nanoparticles have been
synthesized by this means. However, most of the synthesized nanoparticles are spherical
[20-24, 27-30]. Additionally, the size [22, 27] and shape [26] control of the obtained
nanoparticles always depends on the structure of the microemulsions merely, which is just
similar to the routine chemical methods. It is worth exploring whether the shape and size
can be controlled by ionizing irradiation, and the mechanism.
According to the results of pulse radiolytic investigation on the microemulsion system,
when a microemulsion is irradiated, eaq− can be mainly generated from the scavenging of
excess electrons, which are produced originally through the radiolysis of oil, by water pool
[31-36]. In addition, the radiolysis of water in the water pool can also generate eaq− directly,
but it is less important [31-36]. As the ω value increases, the yield of eaq− usually increases
except in the cationic surfactant based microemulsions [31-36]. In the SDS based
microemulsion, Kapoor et al. [22, 24] have used this regularity to explain the radiolytic
synthesis of Ag, Cd, Pd and Cu nanoparticles. In the same microemulsion, they also studied
the reductions of Tl+, Co2+ and Ni2+ by pulse radiolysis and found that the rate constants for
the reductions of these cations by eaq− were much lower than those in aqueous solution [23].

Our more systematic work demonstrated that the effects of the ω value, anion (the
counterion of Cu2+) and the structure of surfactant on the yield of eaq− play a key role in the
radiolytic reduction of Cu2+ in nonionic surfactants based microemulsions [37]. It is also
suggested that the morphology of nanoparticles may be controlled by the yield of eaq− [37],
which was confirmed by our further investigation [38]. Here, it should be pointed out that
the above results are remarkably different from the mechanism of ω value, anion and
surfactant only affecting the morphology of nanoparticles synthesized by routine chemical
methods as mentioned above.

According to the above illustration, the syntheses of nanoparticles controlled by the yield
and reactivity of eaq− were unique and different from the routine chemical method.
However, up to now, this method only exhibits its advantage in the radiolytic reduction of
Cu2+.The further work in this field is necessary, which will not only contribute a new way
to understand the formation of nanoparticles and to prepare nanoparticles with special
morphology and function, but also extend the application of ionizing radiation in the area of
nanotechnology. At the same time, the generation, migration, and quenching of electrons
can also afford us some structural information of microemulsions.
2.2.

Preliminary Result

In Triton X-100-based microemulsions, the presence of diglycol (1.6 %) could
transform the shape of the Cu2O nanocrystals, the radiolytic reduction product of
Cu(NO3)2, from octahedron to polyhedron with more complex structure (Figure 3), which
is guessed to be dodecahedron. More detail proofs and more clear SEM images will be
obtained in the following experiment.
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Fig. 3: SEM and TEM images of complex Cu2O polyhedrons synthesized by
kGy; dose rate: 40 Gy/min).

2.3.

Possible usage

2.4.

Plan in the following 3 years

-irradiation. (Absorbed dose: 40

Because of photocatalytic ability in visible light, Cu2O nanoparticles may be used in
the field of sterilization. In addition, Cu2O nanoparticles could also be used to detect Ltyrosine. Moreover, the different crystal plane has different activity. Therefore, the
morphology control of Cu2O nanoparticles is important and necessary in the fields of
photocatalysis and biochemical analysis.

First year: more conditions (such as the addition of peroxide, the viscosity control of
water pools, change of oil phase, and so on) will be used to controlled the yield and
property of eaq−, and further controlled the morphology of Cu2O

Second and third year: effect of morphology on the photocatalysis and biochemical
recognition properties of Cu2O nanoparticles; other nanoparticles synthesized in W/O ME
controlled by the yield and property of eaq− (such as Pd-Co alloy, and so on) for catalytic
use.
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DEVELOPMENT OF NANO-PARTICLES WITHIN POLYMERIC MATERIALS
PREPARED BY GAMMA RADIATION AND THEIR POSSIBLE PRACTICAL
APPLICATIONS
E.S.A. Hegazy, A.E. Ali, H. AbdEl-Rehim, M. Mohammady, A.S. Abdel Aal
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Cairo
Egypt

Abstract: Nanoparticles can be used in biomedical applications, where they facilitate laboratory

diagnostics, or in medical drug targeting nanoparticles based on a core consisting of iron oxides that
can be targeted through external magnets. Polyvinyl alcohol/Polyacrylic acid nanoparticles were
prepared using gamma rays. The prepared PVA/AAc nano copolymers were treated with Fe2+/ Fe3+
solution followed by ammonia solution to obtain PVA/AAc-Fe3O4 nanoparticle ferrogel.
Characterization of the PVA/AAc-Fe3O4 nanoparticle ferrogel was carried out using XRD, TGA, DSc
, TEM and AFM. The use of magnetic field sensitive nano-ferrogels as a drug carrier was investigated.
It was found that the release of drug in absence of the effect of magnetic field is mostly slow than that
under the influence of magnetic field. On the other hand, development of nanoparticles within
radiation grafted polymeric surfaces using electroless plating technique was investigated. Surface
modification of polypropylene films (PP) was carried out via radiation induced graft copolymerization
of 4-vinyl pyridine (4VP) and acrylamide (AAm) to enhance the adhesion ability of the PP surface for
electroless deposition of copper. The produced grafted films were characterized by studying their
FTIR and thermal stability. The prepared grafted films were copper-plated by electroless deposition
using the Pd as a catalyst to initiate the redox reaction. The influences of catalytic activation method
parameters on the plating rate have been studied. The electrical characteristics of the copper plated
films in comparison with grafted films were studied. The results showed the high adhesion of the
deposited copper film to the grafted PP film as well as high electrical conductivity.

1.

INTRODUCTION

Nanomaterials have recently become one of the most active research fields in the areas
of solid state physics, chemistry and engineering. There are several reasons of this. One is the
need to fabricate the new materials on an ever finer scale to continue decreasing the cost and
increasing the speed information transmission and storage. Another, is that nanomaterials
display often and enhanced properties compared to traditional materials, which opens up
possibilities for new technological applications. The current trend of developing
nanostructured materials has motivated an increasing need for novel nanostructure design and
assembly for a variety of biomedical applications. Magnetic particles ranging from the
nanometer to micrometer scale are being used in an increasing number of industrial and
medical applications. Magnetic nanoparticles offer attractive and versatile applications in the
field of biotechnology, such as DNA and RNA separation, cell separation, drug delivery
system magnetic resonance imaging and hyperthermia [1-6]. For these applications, magnetic
iron oxides such as Fe3O4 or gamma-Fe3O4 are employed as a magnetic phase because they
are stable and harmless to the living bodies. However, the surface properties of the particle
that control the reactivity, in some cases, limit desired technological applications. It is
necessary to develop novel nano- structures and functionalized surfaces, in order to achieve
the unique mechanical, physical, chemical, and biomedical properties. To make them bind to
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a biological entity, their surfaces are usually modified with an appropriate compound such as
polyethyleneglycol (PEG) or streptavidin. Polymers like poly-L-lysine, dextran, and recently
chitosan have been used as a stabilizer (coating agent) for iron oxide nanoparticles so as to
improve the nanoparticle's biocompatibility and injectability.

In recent years, there has been a growing interest in the applications of metallized polymer
films for electronic industries such as integrated circuits, packing, printed circuit boards,
sensors, etc.1-Electroless plating of Copper is characterized by a selective reduction of Cu
ions only at the surface of a catalyzed substrate immersed into aqueous solution and continued
deposition on that substrate through the catalytic activation of the deposit itself.2-Generally,
this autocatalytic reaction can be applied to plate the polymer surface with thin film of copper.
Before the metallization process, pretreatment for a particular surface is generally inevitable.
Activation of the surface takes place by generation of catalytically active sites using
commonly chosen Pd particles procedures. Pd in the atomic state is a powerful catalyst which
able to lower the activation energy of initiation reaction of electroless plating and to allow the
deposition of any autocatalytic metal. These Pd sites are usually produced by a sequence of
wet chemical surface conditioning steps involving acidic solution of SnCl2 and PdCl2
solution.
2.

EXPERIMENTAL

2.1. Preparation of (PVA-AAc)/Fe3O4

Poly vinyl alcohol (PVA) and acrylic acid nano-gels that prepared by radiation were
mixed with Fe+2/Fe+3 and stirred for 30min. The prepared (PVA-PAAc/ Fe3O4) composites
was filtrated and dried in air.
2.2. Loading of drug into ferrogel

The prepared gels were immersed in a saturated aqueous solution of theophylline at
room temperature 25ºC until equilibrium, washed with distilled water, removed from the
solution , dried and kept in sealed polyethylene bag in refrigerator.
2.3. Apparatuses to Study the Effect of Magnetic Field

The apparatus which used to measured the effect of magnetic field on the swelling and
drug release of sensitive hydrogel is shown in Fig.1
2.4. Electroless plating process

The grafted PP films were activated either in the presence or absence of prior
sensitization by SnCl2, through the immobilization of the Pd catalyst for the subsequent
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electroless plating of Cu. For surface activation in the presence of the SnCl2 sensitization, the
grafted PP films were firstly sensitized by soaking in an aqueous acidic solution of 0.1 SnCl2
for 3 min, followed by rinsing with doubly distilled water. It was subsequently immersed in an
aqueous solution containing 0.1 g/l PdCl2 for 5 min and then rinsed with water. For surface
activation in the absence of SnCl2, the grafted PP films were immersed directly in the PdCl2
solution. The surface-activated PP films have been metallized using electroless copper bath
containing 5 g/l CuSO4 as a source of Cu ions, EDTA 30 g/l as a complexing agent, 10-15 g/l
NaOH as pH adjustor (pH 13), and 15 ml/l HCHO as a reducing agent. The plating rate was
determined gravimetrically by weight gain on PP surface after metallization process.

Fig. 1: (1) coil (2) water inlet (3) water outlet (4) gel sample (5) closed test tube (6) Water medium.

2.5. Electrical Characteristics

DC conductivities of the prepared thin films were measured under controlled equilibrium
conditions in the temperature range from 80°C down to –60°C. The used electrometer was a
Keithly Solid-State electrometer model 610.
X-Ray Diffraction patterns were obtained with a XD-DI series, Shimadzu apparatus using
nickel-filter and Cu-Ka target.
Morphology of metallized films was investigated using SEM (Joel, Superprob 733- Japan)
combined with energy dispersion microanalyzer (INCA, Oxford instrument, UK).

Magnetization properties were measured by Vibrating Sample Magnetometers (VSM) (LDJ,
model 9600) measures the magnetic properties of materials by vibrating a sample at a constant
frequency between a set of sense coils.
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3.

RESULTS AND DISCUSSIONS

3.1. Characterization of PVA/AAc- and PVA/PAAc-Fe3O4 nanoparticles
3.1.1. FTIR

To prove that Fe3O4 nanoparticles were modified by PVA/PAAc, FTIR measurements
for PVA/PAAc-Fe3O4 was performed. Fig. 2 shows the FTIR spectra of pure Fe3O4 and
PVA/AAc-Fe3O4 nanoparticles). As for the IR spectrum of the PVA/AAc-Fe3O4 nanoparticles,
the O–H stretching vibrations were observed around 3400 cm-1 . The strong absorption band at
1717 cm-1 was observed and can be attributed to the carbonyl group stretching in the –COOH
groups. The peak value around 2900 cm-1 corresponding to the CH2 bending, These bands
indicate that Fe3O4 is coated PVA/PAAc copolymer.

Fig. 2: FTIR for Fe3O4 (a) and PVA/PAAc-Fe3O4 (b).

3.1.2. Amount of PVA/PAAc bound on Fe3O4 nanoparticles

The TGA of the naked and PVA/PAAc-bound Fe3O4 nanoparticles is shown in Fig. 3.
The TGA curve of Fe3O4 shows that the weight loss over the temperature range from30 oC to
600 oC is about 10%. This might be due to the loss of residual water in the sample. On the other
hand, for PVA/PAAc -bound Fe3O4, below 200 oC, the weight loss of the nanocomposite is
quite small (10%) because of the removal of absorbed physical and chemical water. Then the
principle chains of PVA/PAAc begin to degrade at about 250 oC and the final temperature of
decomposition is around 550 oC, the weight loss is significant (45%). There is no significant
weight change from550 oC to 600 oC, implying the presence of only iron oxide within the
temperature range. Accordingly, it revealed that PVA/PAAc indeed could be bound to Fe3O4
magnetic nanoparticles. From the percentage weight loss in the the TGA curve, the amount of
PVA/PAAc bound on Fe3O4 nanoparticles was estimated. The average mass content of
PVA/PAAc in nanoparticles by TGA was about 45-50%.
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Fig. 3: TGA Curve for Fe3O4 (a) and PVA/PAAc-Fe3O4 (b).

3.1.3. DSC study

It can be seen from Fig. 4 that for naked Fe3O4 no significant peak appeared in the DSC
curve. However for, PVA/PAAc -bound Fe3O4 the endothermic peaks at 220 and 240 oC
correspond melting point of PVA and PVAchains interact with PAAc. This means that the
Fe3O4 is bounded with PVA/PAAc copolymers.

Fig. 4: DSC curves. for Fe3O4 , PVA/PAAc -bound Fe3O4 and PVA.

3.1.4. XRD study

Figure 5 shows the XRD patterns for the naked Fe3O4 and PVA/PAAc -bound Fe3O4
nanoparticles. Six characteristic peaks for Fe3O4 at (2 0= 30.1o, 35.5 o, 43.1 o, 53.4 o, 57.0 o and
62.6 o) are observed for both samples. These peaks are consistent with the database in JCPDS
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file (PDF No. 65-3107) and revealed that Fe3O4 particls are in nanoscale (according to Fe3O4
(JCPDS [85-1436]) and -Fe2O3 (JCPDS [04-0755])) [7].
3.1.5. Magnetization measurements

The magnetization of ferromagnetic materials is very sensitive to the microstructure of
particular sample. If a specimen consists of small particles, its total magnetization decreases
with the particle size owing to an increase in the dispersion of the exchange integral which
finally reaches the superpara-magnetic state, when each particle acts as a big ‘spin’ with
suppressed exchange interaction between the particles[8]. The magnetic properties of the
ferrogels was studied with VSM at ambient temperature, at Varieties of magnetization forces
H,. Fig. 6, shows almost zero coercivity [9] and remanence, which reveals the
superparamagnetic properties of the nanoparticles. This indicates that these ferrogels exhibit
super-paramagnetic characteristics. The magnetization measurements confrms that the
prepared ferrogels consist of nanoparticles small enough to exhibit superparamagnetic
behavior.

Fig. 6: The magnetization-magnetic field curve for PVA/PAAc -bound Fe3O4.
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3.1.6. TEM

Fig.7 shows TEM images of PVA/PAAc -bound Fe3O4 powders. The morphology of
the coated particles are moderately spherical. It is clear that the coated Fe3O4 particles are in
nano size range and monodispersed with an effective mean diameter of about 50-60 nm.
Another direct way to determine particle size is the application of AFM supplied with analysis
software

Fig. 7: TEM images of PVA/PAAc -bound Fe3O4 powders.

3.1.7. AFM

Atomic force microscopy is extensively used for imaging surfaces ranging from microto nanometer scales, with the objective of visualizing and characterizing surface textures and
shapes. Fig.8 shows AFM images of PVA/PAAc -bound Fe3O4 powders. This image
indicated that the prepared PVA/PAAc -bound Fe3O4 powders are in nanoscale.

Fig .8: shows AFM images of PVA/PAAc -bound Fe3O4 powders.
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An additional original software for complete image analysis, was used to analyzed the
obtained image and deduce all the analysis parameters such as particle size. Fig. 9 shows the
size particle distribution of PVA/PAAc -bound Fe3O4. It is clear that the size of more than
75% of prepared PVA/PAAc -bound Fe3O4 is about 50nm.

Fig. 9: shows the size particle distribution of PVA/PAAc -bound Fe3O4.

3.2. Magnetic-Responsive and Drug Release from Ferrogel

Environmental sensitive hydrogels (smart hydrogels) with controlled drug release
have been received great attention in the field of medicine, pharmaceutics, and biomaterials
science. These hydrogels provides advantages over conventional therapeutic dosage forms by
having higher delivery efficiency, site-specific delivery, controlled dose, and elimination or
reduction of harmful side effects to the patients. By thesewide advantages of the hydrogels, a
number of researches have been successfully proposed to integrate active drug molecules and
host materials, where to manipulate drug release desirably. In this connection the prepared
ferrogel of different Fe3O4 content were loaded with theophylline drug. The effect of
magnetic field on the amount of drug released from ferrogel was investigated. Fig. 10 shows
the effect of magnetic field on release of drug, from Fe3O4 / (PVA/AAc) polymer metal
composite It is clear that the amount of release of theophylline drug was increased with time
this due to the high responsive of Fe3O4 / (PVA/AAc) polymer to magnetic field.
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Fig. 10: shows the effect of magnetic field on release of drug, from Fe3O4 / (PVA/AAc) polymer metal
composite.

3.3. Development of nanoparticles within radiation grafted polymeric surfaces

Development of nanoparticles within radiation grafted polymeric surfaces using
electroless plating technique. Surface modification of polypropylene films (PP) was carried
out via radiation induced graft copolymerization of 4-vinyl pyridine (4VP) and acrylamide
(AAm) to enhance the adhesion ability of the PP surface for electroless deposition of copper.
Factors affecting grafting process such as suitable solvent, comonomer composition and
concentration and irradiation dose have been optimized. The produced grafted films were
characterized by studying their FTIR and thermal stability. The prepared grafted films were
copper-plated by electroless deposition using the Pd as a catalyst to initiate the redox reaction.
3.3.1. Electroless plating

The influence of the grafting degree or concentration of grafted polymer onto PP
surface on the electroless plating rate has been studied. Fig. 11 shows the effect of grafting
degree on the electroless copper plating rate. It is obvious that increasing the grafting degree
enhance the plating rate. This can be explained by increasing of N-species content on
polymeric surface resulting in higher absorption of Pd amount which in turn raises the plating
rate due to increasing of catalytic active sites.
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Fig. 11: Effect of activation time on the plating rate.

Fig. 11 also shows the influence of activation method on the elecroless plating rate. In this
study, the grafted films were activated either via Sn-free process or via the conventional twostep process. In the two-step method, the polymer surface was first sensitized by SnCl2, and
then activated in the PdCl2 solution. SnCl2 is the reducing agent that supplies electrons for the
reduction of Pd2+ to Pd metal. However, during the Sn-free activation process, the Pd catalyst
is attached on grafted films as Pd-N complex.
Pd+2 + Sn+2

Pd0 + Sn+4

The effect of activation time on the amount of Pd absorbed on grafted films in Sn-free process
is shown in Fig.12. The [Pd]/ [N] ration increase with the activation time up to about 10 min
and then level off. The Pd2+ ions are complexes initially with N- atoms as discussed above.
When the available sites are saturated, other Pd2+ are chemisorbed on the immobilized once
through the Cl- ions which are attracted by the polarized charge (+δ) of the Pd2+ ions
previously chemisorbed. These additional Pd2+ ions are less tightly bonded on the PP surface
and are more susceptible to removal by rinsing or extraction in aqueous medium. Thus,
prolonged activation does not result in the adsorption of more Pd species on the modified
grafted film.
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Fig. 12: Effect of grafting degree on plating rate using Sn-free activation (

) and two-steps activation ( ).

3.3.2. Adhesion measurements:

Regardless the applied activation method, the adhesion strength between the electrolessly
deposited metal and the polymer substrate is one of the primary concerns for the
microelectronic applications. Figure 13 shows the effect of grafting on the adhesion strength.
The adhesion of electrolessly deposited metal on grafted PP surface can be described in terms
of the microscopic interactions at the metal graft polymer interface and is related to the sum all
intermolecular interactions. The nitrogen atoms in grafted materials can interact directly with
electrolessly deposited copper to form Cu-N bonds. The enhancement of adhesion with degree
of grafting accounts for three reasons namely firstly, increasing of surface roughness with
increase of graft concentration, secondly, strong interaction of nitrogen moieties of the grafted
chains with Pd and Cu, and thirdly the spatial distribution of the graft chains on the PP surface
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Fig. 13: Adhesion strength between metallized films and the polymeric materials.

3.3.3. Conductivity measurements

Figure 14 shows the conductivity of copper metallized films in comparison with
grafted materials. It is obvious that the conductivity of grafted materials enhanced with
grafting degree due to the increase of grafted groups concentration, which, in turn, will
increase the concentration of conductive functional groups like NH2. For the metallized
materials, the higher conductivity is attributed to both of electrolessed copper film and the
ionic groups. In addition, such conductivity increases with grafting degree due to increasing
of the metalized layer thickness as a result of increasing rate of metallization with grafting
degree.

Fig. 14: Electrical resistivity measurements of grafted (

3.3.4. Surface morphology:

) and metallized films ( ).

Surface Morphology of the PP films was investigated before and after metallization
Figure 15 (a and b). It is clear that dense, void free and adhesive deposit is obtained onto the
PP graft-copolymerized with 4VP/AAm. The copper metal is deposited as a uniform layer
over PP surface confirming the advantage of surface modification by radiation grafting. Such
good properties of deposit make such films an excellent candidate for electronic applications.
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Fig. 15: SEM of (a) pure PP and (b) metallized films.

4.

CONCLUSIONS

Polyvinyl alcohol/Polyacrylic acid nanoparticles were prepared using gamma rays. The
prepared PVA/AAc nano copolymers were treated with Fe2+/ Fe3+ solution followed by
ammonia solution to obtained PVA/AAc-Fe3O4 nanoparticle ferrogel. Application of
magnetic field sensitive nano-ferrogels as a drug carrier were investigated . It was found that
the release of drug in absence of the effect of magnetic field is mostly slow than that under the
influence of magnetic field. On the other hand new polymer supported thin conductive copper
film was produced by electroless plating of surface modified polypropylene sheets.
Modification of PP surface was achieved via radiation induced grafting of 4VP/AAm onto its
surface. Factors affecting electroless plating were also optimized. The deposited thin copper
film is dense and void free possesses good adhesion and has good conducting characteristics.
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INTRODUCTION

The more recent research activity of the Irradiated Polymers team focused mainly on
nanostructures membranes for nanofiltration and nanofluidic systems in biomedical and
energy fields. The so called track-etched membranes were made by chemical revealing of
tracks induced from swift heavy ions irradiations in collaboration with the CIRIL laboratory
(GANIL, France). The background experience of the tem about electron-polymer interaction
allowed us to predict the behavior of the radio-induced grafting, namely radiografting, inside
ion-tracks. It was the necessary to adapt our detection tools to chemical modification of picomole range and to nanometer scale architecture of these membranes. Consequently, we
resorted to the use of high-cost techniques such as small angle neutron scattering to be able to
characterize accurately polymer membrane nanopores. In parallel, more accessible techniques
like gas permeation have been developed for a rapid evaluation of nanopore radii. The
labeling of introduced chemical functionalities with fluorescent probes was a very effective
mean to visualize very few amounts of molecules by confocal microscopy and to localize, for
the first time, the radiografting inside the etched tracks. The study of such nanostructures has
enlarged our perspectives and collaborations. Indeed, it pushed us to electrodeposite metallic
nanowires and to create conductive polymer nanotubes to study the conduction in
nanochannels of such systems (Biosensors and optoelectronic applications) and to study the
ionic conduction in nano-channels filled of hydrogen (Polymer Electrolyte Membrane Fuel
Cell application). More recently, since January 2007, we are developing a subject on another
kind of polylmer device on which we are applying our known-how in radiografting. It is about
the functionalized fluoropolymer nanoparticles for medical imaging.
In the following, I describe in more details some of the recent works being carried out at our
laboratory on the irradiated polymers.
PART 1

1.
SURFACE SPECIFIC PEPTIDE IMMOBILIZATION ON RADIOGRAFTED
POLYMERS AS POTENTIAL SCREENING ASSAYS FOR ANTIANGIOGENIC
IMMUNOTHERAPY

This work is carried on in collaboration with the group of Andréas Bikfalvi (INSERM
E0113). The aim of the project is to fabricate smart materials able to modulate the
angiogenesis. For this reason, two complementary aspects are studied. First, starting from the
analysis of the interactions between the VEGF and its vascular receptors, we performed the
conception, the synthesis and the biological evaluation in vitro and then in pre-clinical studies
of original cyclopetites. We are focusing now on one of these peptides, called cycloVEGI.
These works are protected by a patent (LSI-Université de Bordeaux 1 &2). Second, we have
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studied the radiografting of these cyclopetites, either by electron irradiation and by swift
heavy ion irradiation, on biocompatible PVDF polymers [1-3].

Angiogenesis is a key process of cancer development and metastasis. Its inhibition is
an important and promising strategy to block tumor growth and invasion. One of these
approaches, based on antiangiogenic immunotherapy, is the recognition of a specific region of
an angiogenic growth factor, called VEGF-A, by monoclonal antibodies. Thus, we aimed to
design a novel assay to screen potential monoclonal antibodies directed against VEGF-A. In a
first approach, we chose to perform covalent coupling of angiogenesis active cyclopeptides
onto biocompatible thermoplastic transparent PVDF films and to fully characterize the
chemical structure, the surface state and the biochemical properties of the synthesized
devices. Immobilizing such peptides onto a solid support may be of great interest for the
design of reusable assays in order to screen potential monoclonal antibodies for antiangiogenic therapy. To date, general screening of antibodies has mainly used ELISA assays.
These common assays present some disadvantages: (i) epitope sites of adsorbed biological
molecules could not be completely accessible for antibodies, (ii) adsorption is a specific
process which can induce contamination and increase artifacts, (iii) the tests are not reusable
which increase the cost of the assays with synthetic targets. To overcome these drawbacks, we
focused our approach on the synthesis of a novel device based on a polymeric support which
presents epitope sites in optimum accessibility. Moreover, biological molecules of interest are
covalently bound to the support to decrease possible contamination and to undergo harsh
chemical conditions required to break antibody–antigen complex. Several growth factors have
been involved in angiogenesis regulation. Among them, VEGF-A (vascular endothelial
growth factor) is a key regulator of both physiological and pathological angiogenesis. Studies
have demonstrated that inhibition of VEGF-A activity on its type 2 receptor (VEGFR2 or
KDR) results in suppression of tumour growth in vivo. Some of the important residues for the
interaction between VEGF-A and its receptor have been investigated. These residues are
clustered within region 79–93 of VEGF forms a β-hairpin. This amino acids sequence and its
structural conformation could allow to access specific antiangiogenic therapies. Based on
these considerations, in collaboration with the group of the group of Andréas Bikfalvi, we
designed a series of cyclic peptides in order to mimic the VEGF-A b-hairpin. Surprisingly,
several cyclopeptides inhibit the VEGF-VEGFR2 binding. They exhibited a good affinity for
the KDR receptor and also inhibited endothelial cell proliferation and in vivo angiogenesis.
One of the most potent among these original derivatives is a 17-mer cyclopeptide, called
cycloVEGI (vascular endothelial growth factor inhibitor).
Electron beam radiation created radical sites on PVDF films without adding any toxic
chemicals. These primary radicals and some induced peroxides were used as initiators for
acrylic acid polymerization. Under our experimental conditions, surface grafting was
favoured. Functionalization of PVDF-g-PAA films with peptides via a spacer arm was
possible by performing two subsequent coupling reactions. EDC was used as coupling agent.
Spacer arm saturation of the film surface was achieved for 25 mol% yield meaning that one
spacer arm on four carboxylic acids were covalently bound. Peptide immobilization resulted
in binding 10 times less leading to a final 3 mol% yield. Binding densities are governed by
their individual space requirements. Each chemical step has been followed by FTIR in ATR
mode, NMR using HR MAS technique and XPS. From XPS results, a layer of peptide
covered PVDF-g-PAA film surface. The amounts of covalently immobilized peptide were
determined using indirect UV spectroscopy on supernatant reaction solution. Yields were
correlated with high resolution NMR results. The peptide/antibody recognition validated our
system showing the conservation of peptide tridimensional structure with a positive response
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to specific antibodies. Because of the covalent protein linkage to PVDF films, a simple
cleaning with immunoaffinity chromatography buffer allows the films to be reused.
2.
NANOPOROUS
β-PVDF
FUNCTIONALIZED PORES [4]

MEMBRANES

WITH

SELECTIVELY

Swift heavy ion irradiation of polymers offers many applications depending on ion
species, specific energy and fluence. Irradiation of polymer films allowing nanoporous
membranes to be elaborated is an application field in growth. For this aim, poly(vinylidene
fluoride) (PVDF) in β-phase is particularly interesting due to its biocompatibility and
excellent chemical stability. However, PVDF hydrophobicity restricts possible applications in
aqueous media such as those for biological applications. Different methods can be used to
modify membranes surface. We prove by electron paramagnetic resonance study that, for
PVDF membranes, radicals formed all along ion-tracks are very stable and remain
significantly present around pore-walls after track etching. These radicals allow us to initiate
acrylic acid polymerization and specific pore functionalization. This latter feature has been
evidenced by confocal scanning laser microscopy (CSLM). This technique provides three
dimensions images of structures or objects labeled by fluorescent molecules beforehand.
Laser causes fluorophores excitation and the consecutive fluorescence of the focal volume
(voxel) is measured. Three dimensional scanning of this voxel provides 3D images. Before
irradiations, b-PVDF films are toluene-extracted for 24 h. PVDF films were electron
irradiated using a Van de Graaff accelerator (absorbed dose of 100 KGy, under He
atmosphere). Swift heavy ion irradiations were performed at the GANIL, Caen. Films were
irradiated with Kr ions (10.37 Mev/amu, fluence 107 and 5x108 cm-2) under He atmosphere. In
two cases, samples were stored at -20 °C under N2 atmosphere until chemical etching and
radiografting.

Fig. 1: Images of labeled PVDF-g-PAA films modified with ethylenediamine before grafting. Images are xzplan (cross-section) reconstructions of series of xy slices. z axis has been rescaled to account for refractive index
of PVDF. A) fluorescein isothiocyanate labeling reveals amine groups, i.e. surface oxydation. B) Alexa Fluor
hydrazide labeling reveals carboxyl group, i.e. poly(acrylic acid).

Pores diameter lies in the range 20–50 nm depending on etching time, as measured by
small angle neutron scattering. The idea that radicals produced by heavy ion irradiation still
remain in PVDF films after track etching has been already suggested. Here, our key result is
to demonstrate this latter point by EPR measurements. These radicals are radially distributed
along ion-tracks and allow us to specifically functionalize pore-walls by poly(acrylic acid)
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radiografting. This was evidenced by fluorescence labeling and CLSM imaging. Such
membranes have many potential applications: hydrophilic pores for aqueous solution
applications (such as biological applications), single pore visualization for nanofluidic and
nanofiltration physics.
3.
NEW CONDUCTIVE COPOLYMER MEMBRANES VIA TRACK-ETCHED PC
TEMPLATES FOR BIOLOGICAL MEDIA ULTRA-FILTRATION [5]

Design, fabrication and applications of biochemical sensors have gained considerable
importance in recent years. Biosensor is a system consisting of a receptor coupled with a
transducer to a detector, thus enabling the conversion of a chemical signal – binding to the
receptor – into a physical signal. Conductive polymers, like polypyrrole (PPy), work as
transducers. Currently, some applications have been described with immobilized enzymes,
DNA, and antibodies into PPy films. Immobilization can be carried out with different
procedures, mainly by surface adsorption. However, this process suffers from enzyme
desorption. PPy microstructured membranes patterned from tracketched polymer matrix
display a smart porous architecture allowing an interesting exchange with two fluids. These
membranes proved to be an important device in the field of ultra-filtration and synthetic
membranes. Recently, a microstructured membrane based on new PPy derivatives copolymer
(poly(Py-co-PyCOOH) have been synthesized. This copolymer is of great interest by
introducing an anchoring function to create a stable and covalent amide bond between the
solid polymer and biological molecules. In order to combine microstructured membrane and
PPy transducer properties, functionalization of PPy derivatives copolymer membranes by
biological model molecules is investigated. The aim of this work is to study molecule
covalent binding onto PPy copolymers.

Fig. 2: Microstructured Poly(Py-co-PyCOOH) membrane after PC matrix dissolution. Irradiation conditions of
initial PC track-etched membrane: Pb ions, (-30°; +30°) (XY), Low energy beam line IRRSUD (GANIL, Caen,
France).

New microstructurated copolymer membranes have been synthesized using a tracketched polycarbonate (PC) matrix. These membranes proved to be an important device in the
field of ultra-filtration and synthetic membranes. These novel structures were obtained by
irradiating the membrane at various angles (+30°, -30°) with Pb ions of 0.633 Mev/amu under
helium atmosphere with a fluence of 2x106 ions/cm2. Track-etched PC membranes were
obtained by chemical etching of the crossed latent tracks in 2 N NaOH at 70 °C for 20 min.
Such architecture is expected to improve not only the exchange properties but also, the
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behaviour under high flow pressure during their use as nanofiltration membranes. Membrane
functionalization was performed with an amino acid as a simple biological model.

FT-IR studies of Poly(Py-co-PyCOOH) show that the copolymer membrane presents
different doping states. However, we have demonstrated by UV–vis spectroscopy different
electronic characteristics which could be assigned to self doping state. Work is in progress in
our group to confirm the self-dopping properties of this copolymer. This self doping state can
influence dramatically the membrane unctionalization rate. It is thus necessary to adapt the
synthetic strategies and to privilege immobilization prior to template membrane dissolution.
Moreover, swift heavy ions of very low energy allow us to irradiate PC membranes at various
angles. These PC membranes were used as template to Py and PyCOOH oxidative
copolymerization. It resulted to novel microstructured copolymer membranes presenting
crossed microtubules. Further experiments are planned to evaluate their potentially improved
mechanical properties
4.
INFLUENCE OF ASYMMETRIC ETCHING ON ION TRACK SHAPES IN
POLYCARBONATE [6]

Template synthesis can be considered as an alternative to conventional lithography
methods. It is one way of providing a panel of nanoscale metallic wires, tubes or organic
polymeric devices. Our interest is focused on track etched membranes produced from swift
heavy ion bombardment of polymer films. In comparison with self assembly of block
copolymers, this bottom-up approach has the advantage of being economic, it is not timeconsuming and it allows track formation of diverse geometries. Tailoring of the conical
nanopore tip opening would have a tremendous impact on sensing domain, as well as on
fundamental understanding of perpendicular giant magneto resistance (GMR) properties
observed in metallic homogeneous and multilayered cylindrical nanowires.

The swift heavy ions (SHI) irradiations were performed with the IRRSUD beam line at
GANIL (Caen, France). PC films (10 µm thick) were irradiated with Pb ions (0.633
Mev/amu; Fluence, 108 ions/cm2) under vacuum. Track-etched PC membranes were obtained
by asymmetrical chemical etching of the latent tracks in 2 N NaOH using a two compartment
cell assembly. The two compartments are separated by the irradiated PC film. The whole
assembly is immersed in a thermostated bath. One compartment is equipped with a dual
pH/temperature probe allowing us to monitor the tip pore opening. Various temperatures from
65 °C to 80 °C and various etching time were investigated. Prior to electro-deposition, tracketched PC membranes were metalized with a thin layer of Au and fixed on a metallic support.
The electrolyte NiSO4·5H2O solution (130 g/L) was used to deposit Nickel. A potential of -1
V versus Saturated Calomel Electrode was applied for 1000 s, using a Heka PG310
potentiostat. An increase in cathodic current intensity assesses the complete pore filling. PC
membranes were dissolved for 15 min at room temperature using dichloromethane. The pore
shape characterization was achieved by electronic microscopy measurements on membrane
surfaces and on electrodeposited nanowires

To vary the conicity of nanopores, we have combined etch rate variations due to
stopping and asymmetric etching. According to the chaotic state of lower energy face, it is
advisable to etch preferentially the higher energy face to get a better control on final conical
pore shape. Asymmetric etching is a simple way to get conical-shaped nanopores with a pore
tip as low as 17 nm in 9 µm thick membranes. Reaching smaller pore tip diameters may be
absolutely possible when stopping the etching at the beginning of the break through.
Nevertheless, pore fluence at the exit face would drop dramatically.
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PART 2
1.

RADIATION NANO-ENGINEERING FOR OPTICAL APPLICATIONS [7-9]

The activities of the Radiation Nanoengineering team are mainly focused on the study
of the irradiation effects on nanostructures and their applications in the optical domain,
photonics and plasmonics. A detailed study of the evolution under irradiation of an embedded
second phase necessitates the precise control the initial properties of the NPs, i.e. their size
and the depth distribution and their concentration, To satisfy this criterion, a protocol has been
developed to fabricate a model system. First, nearly monodisperse nanoparticles are
chemically synthesized and then confined within the host matrix.
2.
SYNTHESIS
AND
CHARACTERIZATION
OF
MONOELEMENTAL,
BIMETALLIC AND CORE-SHELL COLLOIDAL NANOPARTICLES

Mono-element Au and Ag nanoparticles are synthesized by the Turkevich method. In
this method, the nanoparticles are formed by reduction of the metallic salt (HAuCl4, AgNO3)
with the organic reducing agent sodium citrate (Na3C6H5O7). The stabilisation of the NPs in
aqueous solution is achieved by the coordination of the metallic ions at their surface by the
sodium citrate.

Fig. 3: TEM micrograph of as-prepared Au nanoparticles and the corresponding size distribution.

Bi-metallic Au-Ag alloy nanoparticles are obtained by concomitant reduction of the two
metallic ion precursors (HAuCl4, AgNO3). An approach based on the use of sodium citrate
alone has been documented in the literature [28]. Also the effects of the addition of sodium
borohydride (NaBH4) which is a stronger reducing agent have been documented.
The synthesis of core-shell bimetallic NPs Au@Ag or Ag@Au is performed by successive
reduction of metal salts with ascorbic acid on pre-synthesized seeds (Au or Ag) in the
presence of cetyltrimethylammonium bromide (CTAB), which is a cationic surfactant.

The nanoparticles are synthesized and characterized in collaboration with T. Gacoin and S.
Perruchas at Laboratoire de Physique de la Matière Condensée (LPMC) at the Ecole
Polytechnique by having recourse to classical techniques of colloid synthesis. The size will be
determined by Dynamical Light Scattering (DLS) and by electron microscopy (TEM and
SEM). The plasmon resonance of the NPs in solution will be analyzed by UV-vis absorption.
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3.
CONFINEMENT OF METALLIC NANOPARTICLES WITHIN A PLANAR FILM
AND IN CORE-SHELL NANOSTRUCTURES

Fig. 4: TEM micrographs of metallic nanoparticles confined within a planar film and coated with a silica shell.

Nearly monodisperse chemically-synthesized Au NPs are confined, at a well defined depth,
within two silica layers. This is process is done in several steps: i) a first silica layer is
deposited on a silicon substrate using a high density plasma reactor based on electron
cyclotron resonance (ECR). Deposition was performed using the Venus reactor at PICM
Laboratory (Palaiseau France). SiH4 and O2 precursor gases are introduced in the reactor
chamber with1.5 mTorr pressure. Plasma is formed at room temperature using 1 kW power
excitation. The thickness of this first silica has been estimated by ellipsometry to be of 320
nm. ii) the silica surface is then chemically functionalized by an aminosilane group. Samples
are immersed in a mixture of 2.2ml Amino-propyl Trimethoxisilane and 6ml of absolute
ethanol. After 2 hours treatment at room temperature, sample are cleaned with methanol and
distilled water then dried out. iii) at the same time, 15 nm Au NPs, stabilized by citrate, are
chemically synthesized following the Turkevich method. iv) these NPs are then grafted onto
silica surface exploiting the electrostatic interaction between the negative charged citrate
coating and stabilizing the Au NPs and the positive charged aminosilane group recovering the
silica surface. The grafting process is simply achieved by immersing the treated sample into
the solution containing the Au NPs. The concentration of grafted NPs is controlled by the
immersion time. For all samples, a grafting time of 30 min is chosen, corresponding to a
density of about 3.7x1010 Au NPs.cm-2. v) samples are then recovered by another silica layer
under the same experimental condition as the first deposition. Thus, Au NPs are localized
within a unique plane at a depth of 320 nm below the sample surface. Finally, samples were
annealed at 900°C for 30 min under Ar-H atmosphere in order to densify the silica matrix.
Au@SiO2 NPs were synthesized using a slightly modified procedure from the literature.
First, Au NPs were synthesized following the Turkevich method, as describe above. The gold
NPs are centrifuged (11000 rpm, 60 min) and dispersed in a 50 mL ethanol/ethylene glycol
(4:1 v/v) mixture. To this solution, TEOS (0.11 mL) was added and the solution stirred for 30
min. NH3 (0.80 mL) was then added and the solution was stirred overnight. The purplecoloured solution obtained was centrifuged twice (11000 rpm, 20 min) and the solid dispersed
in the same solvent mixture. For the Au@SiO2 NPs, TEM and DLS analyses yield an average
size of 102 nm (±15%).
4.
IRRADIATION-INDUCED SIZE REDUCTION AND DISPERSION OF CONFINED
NANOPARTICLES

Using Au colloids embedded in a silica matrix as a model system, we demonstrate the
possibility to tailor an ensemble of NC by reducing the nanoparticle size and to obtain a
nearly monodisperse nanoparticles distribution. This approach will be useful when the
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reduction of the mean size of embedded nanoparticles is desired. We show that the size
reduction is accompanied by the narrowing of the size distribution. Indeed, by this method,
we obtain a standard deviation of 0.4 nm on an average diameter of 2.0 nm, compared a
standard deviation of 2.1 nm for the initial nanoparticle. This approach will be used within
this project to allow the dispersion of metallic nanoparticles within the radiografted polymer
host matrix for increasing the image contrast in Magnetic Resonace Imaging (MRI) technique

Fig. 5: Tailoring the nanoparticle size using ion irradiation (4MeV Au ions @ 300 flunece 0-8x1016 cm-2).
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Abstract. Drug-eluting stents have several advantages over bare metal implants. They eliminate
restenosis, the main drawback of bare metal stents. In addition the locally delivered drug is more
effective and causes less side-effects. However in some cases dangerous stent thrombosis,
inflammatory and allergy reactions were observed after their implantation, which first of all related to
the drug-eluting coating. This project is aimed to develop a novel biocompatible nanoporous polymer
layer by radiation induced polymerization that is capable of holding and eluting drugs and promotes
endothelization after the release of the drug.

1.

INTRODUCTION

Appearance of coronary stents has been made a revolution in healing of coronary
disease and intravascular occlusions. Thanks to the catheterization technique the complicated
surgery can be avoided in many cases and the whole procedure is reduced to a relatively simple
one-day intervention with remarkably lower risk factors.

The stent is an artificial supporting device placed in the blood vessel in order to keep it open,
eliminating this way the occlusion or narrowing of the vessel. Stent represents an expandable
tubular mesh usually made of materials used in other types of medical implants. It is mounted
on a balloon in contracted form and guided through the blood vessels to the place where the
occlusion (or narrowing) exists using a catheterization procedure. There the inflation of the
balloon expands the stent against the walls of the blood vessel and the stent remains
permanently in place and holds the blood vessel open after the deflation and removal of the
balloon catheter.
Stents usually made of medical grade stainless steel or other corrosion resistant alloys using
welding, laser cutting and photolithography techniques [1,2]. In the first period only bare metal
stents were available on the market. However the long-term trials showed that these devices
have several crucial drawbacks: the metallic surface was found to be thrombogenic and it could
incite also immune response reactions leading to rapid cell proliferation that together with the
clotting at the vessel walls damaged by the stent could cause narrowing or even blocking of the
blood flow in the stent area (restenosis) [3-5]. So soon coated stents appeared to overcome
these problems.

The coated stent is a normal bare metal stent that has been covered with a special passive or
active coating layer. The main role of passive coatings is to isolate the metal from the blood
and tissues and to provide an ideal surface for endothelization. Typical passive coatings include
silicon carbide [6], turbostratic graphite [7] and fluoropolymers [8]. The active or drug-eluting
coatings contain drugs enhancing healing or eliminating the side-effects emerging as a result of
the intervention [5]. The use of drug-eluting stents has expanded rapidly and lead to almost
total disappearance of the implants with passive coatings.
Drug-eluting stents solve the problem of restenosis, but they have their own drawbacks too.
The main problem is the late stent thrombosis, which is a rather rare but very dangerous
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complication occurring several months after the implant placement, and has high mortality
rates [9,10]. Several causes were identified that could contribute to the stent thrombosis,
including the lack of re-endothelization, late inflammatory reaction and allergy. These
complications were related to different factors, but eventually many of them originate in the
characteristics of the drug-eluting coating.
A drug-eluting coating on stent consists of the drug and the coating itself that holds and elutes
the drug. The latter is usually a polymer that is preliminary mixed with the drug and typically
dipped or sprayed on the stent surface. This method has a drawback however since some of the
drug molecules remain trapped in the polymer matrix and inhibit the re-endothelization at later
stages.
An alternative preparation method is the formation of a porous polymer container layer on the
stent surface that is filled up with the drug later. This way the container can be prepared with
the required mechanical properties and biocompatible surface without involving the drug
molecules. After the drug has been eluted, the remaining polymer surface could serve a good
basis for endothelization. This project is aimed to develop such a drug-eluting porous polymer
coating layer for stents and other medical implants by radiation induced polymerization. The
coating is to be prepared on the top of the bare metal surface or on an amorphous carbon
protective layer deposited on the implant by radio-frequency chemical vapor deposition
method.

Radiation induced polymerization is widely used for preparation and modification of polymers.
By using this method the free radicals are generated directly on the monomer, so no need for
initiators. The polymerization can take place at any temperature and the large penetration depth
of ionizing radiation allows the polymerization of relatively large volumes too. This method is
widely used also for the preparation of different polymers for biomedical lapplications.
N-isopropyl acrilamyde nanogels were synthesized earlier by pulse radiolysis [11, 12] and
optimized for equilibrium swelling and response rates. Superclean hydrogels showing inverse
thermo-response were synthesized by radiation polymerization and cross-linking from
hydroxyethyl acrylate and hydroxypropylacrylate in bulk and aqueous solutions [13]. By
variation of the monomer concentration, co-monomer ratio, irradiation temperature and
absorbed dose, hydrogels with various swelling characteristics were obtained. The change of
the composition of the mixture allowed shifting of the critical temperature, while increase of
the monomer concentration or dose resulted in gels with better mechanical characteristics.
Advanced functionalized polymer surfaces were created by radiation induced grafting of
N-isopropyl acrylamide on hydrogels that show hydrophobic-hydrophilic transformation at a
critical temperature. These surfaces increase protein adsorption and can be use as supports for
cell growth.
2.

MATERIALS AND METHODS

Medical grade metallic alloy (304 and 316L stainless steel and Inconel 617) wires were
obtained from commercial sources. Bare metal stents were provided by the Minvasive Ltd.
Monomers and solvents were purchased from Aldrich.
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The amorphous carbon coating was prepared using radio frequency chemical vapor deposition
(rf CVD) from methane precursor gas. The self-bias and the plasma pressure were varied in
order to optimize the characteristics of the film.
The porous polymers were prepared from a monomer by γ-source were used for the irradiation
of the monomer mixtures.

Raman spectroscopy was used for investigation of the structure, quality and homogeneity of the
coating. This method proved to be well suitable for characterization of carbon-containing
materials [14-17]. Raman spectroscopy is highly sensitive to changes in the bonding
configuration of carbon atoms especially to that of sp2 hybridized ones, since the π states of the
sp2 clusters, resulting in narrow band gaps make the Raman scattering process to be resonantly
enhanced. The typical Raman spectrum of amorphous carbons consists of a broad band in the
1000-1700 cm-1 region, which can be decomposed in to two constituting peaks – the D and G
bands located around 1300-1400 cm-1 and 1500-1600 cm-1 respectively [14,15]. The position,
width and intensity ratio of these bands are used for the characterization of the structure of aC:H films. The spectra were recorded on a Renishaw 1000 Raman spectrometer attached to a
microscope. A 488 nm line of an Ar-ion laser served as excitation source. Using the
microscope the excitation beam was focused into a spot having diameter of 1 micron.
The morphology of the samples was studied by a JEOL JSM 5600LV scanning electron
microscope and a Leica DM/LM optical microscope.
3.

RESULTS AND DISCUSSIONS

3.1. Amorphous carbon stent coating

Diamond-like carbon (DLC), a special type of amorphous carbons (a-C:H), is one of the
best protective coating materials that used in many fields of modern technology. High hardness,
low friction, chemical inertness and biocompatibility [18-20] made it nowadays a routinely
used coating in different medical implants and other devices.

It should be noted however that the protective coating on a stent has to fulfill different
requirements compared to orthopedic implants for example. There is no intense mechanical
wearing and stress inside the blood vessel so high hardness is not an obligatory. The elasticity
is the key point regarding the mechanical properties, since the coating has to withstand the
huge deformation during the mounting of the stent onto the balloon of the catheter and during
the expansion inside the blood vessel. Another problem that has to be solved is the good
adhesion, since the detachment of layer fragments would lead to unwanted complications. Of
course biocompatibility and chemical inertness are also a must.
In the first step of the development the optimal preparation conditions were determined by
varying the deposition parameters and testing the properties of the films. Metallic alloy wires
having the same composition as the stent materials served as substrates. Different pretreatments were also applied to the substrate surface. It was found that the bonding
configuration of the amorphous carbon layer depends strongly on the alloy type and on the
surface pre-treatment too (Fig. 1a and 1b) [21,22]. The use of Ar-ion etching and
electropolishing of the metal surface have improved the adhesion and other characteristics of
the layer (Fig. 1b).
In the next step the most promising a-C:H films were deposited onto stents (both welded and
laser cut) [23]. Fig. 2 shows the Raman spectra recorded in different points of the surface. It
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can be seen that the formed layer was homogeneous on the whole stent of both type. According
to the Raman spectra the structure of the coating is close to DLC. The optimal thickness was
determined to be 80 nm.
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The coating on stents was subjected to expansion tests. Fig. 3 compares SEM photos of the
coated implants before and after the expansion. It can be seen that the coating has a total
coverage on the stent even after the expansion without any cracks or detached fragments.
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Fig. 1: (a) Raman spectra of amorphous carbon coatings deposited onto 304, 316 LVM and Inconel alloy wires
used for stent fabrication. (b) The effect of Ar+ etching pre-treatment of the substrate on the bonding configuration
of the a-C:H film.
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Fig. 2: Raman spectra taken in critical points of a (a) welded (b) laser cut stent. The amorphous carbon layer was
found to be homogeneous on the whole stent surface.
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Fig. 3: SEM images of the a-C:H layer on laser cut stent before and after expansion.

3.2. Porous polymers prepared by radiation induced polymerization
A one-step radiation-initiated polymerization and cross-linking method was developed
for preparation of macroporous polymers from a mixture of the monomer (or co-monomers)
and the solvent [24-26]. These materials consist of polymer microglobules aggregated in larger
clusters. The voids between these clusters and between the globules form a network of
interconnected pores that can be utilized as separation media or even in a drug container.

The porous polymers were prepared from diethylene glycol dimethacrylate (DEGDMA)
monomer. A number of parameters were identified that could control the porous properties of
the resulting material [24]. It was found that if the solubility paramenter of the solvent is close
to that of the monomer, the resulting polymer will have smaller pores, while larger pores will
form with a poor solvent (Fig. 5). The higher monomer concentration resulted in smaller pores
(Fig. 6). The increasing dose rate increased the pore size (Fig. 7).
By selecting appropriate co-monomers it was possible to control the surface properties of the
macroporous polymer in a wide range. It was found that the addition of hydroxyethyl acrylate
as co-monomer results in hydrophilic polymer surface [26], while buthyl methacrylate leads to
a hydrophobic material [27]. Thermo-sensitive features can be introduced by adding Nisopropyl acrilamyde to the monomer mixture.
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Fig. 5: SEM photographs of monoliths obtained from 30 vol.% DEGDMA in poor (methanol, ethanol, 2-propanol)
and good (ethylacetate, tetrahydrofurane and dioxane) solvents. The irradiation was done at 25 °C, with dose rate
of 16 kGy/h, and total dose of 30 kGy [24].

Fig. 6: SEM photographs of monoliths obtained from methanol solutions with different DEGDMA monomer
content. The irradiation was done at 25 °C, with dose rate of 16 kGy/h, with the total dose of 30 kGy [24].

Fig. 7: SEM photographs of monoliths obtained from 30 vol.% DEGDMA in methanol irradiated with different
doses. The irradiation was done at 25°C with dose rate of 16 kGy/h [24].
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3.3. Porous polymer drug-eluting coating by radiation induced polymerization

The aim of this project is to develop a drug-eluting coating for stents and other medical
implants by radiation induced polymerization. Usually the coating has a multi-layered design
consisting of a thin base layer, the porous polymer drug container and a top layer that controls
the drug release. In this project we focus on the base and container layer.

The base layer is the amorphous carbon film described earlier. It separates the metallic surface
from the blood and tissues and provides the required adhesion between the stent and the
coating. According to the Raman spectra (Fig. 2) the a-C:H layer has structure close to DLC.
Detailed analysis performed earlier showed that it is composed of around 45 at.% of sp3 C and
20 at.% of sp2 C atoms and 35 at.% of H bonded to carbon atoms. A significant decrease of the
H content of a-C:H films was reported earlier after γ-irradiation [28]. The breaking of the C-H
bonds provides the required active sites for attachment of the monomer molecules of the drugeluting layer during the polymerization process.
Nanoporous polymer drug-eluting layer is to be prepared by radiation induced polymerization.
Since DEGDMA forms a relatively rigid polymer, a co-monomer will be required to provide
the required mechanical properties and for tailoring the surface properties. The pore size will be
controlled by the process parameters. The coating of the implant with the polymerization
mixture is to be performed using a spin-coater. The surface fuctionalization will be done by
grafting.
4.

SUMMARY

An amorphous carbon protective coating was prepared by rf CVD method as a protective
coating for cardiovascular stents. The morphology and bonding configuration of the material
were investigated together with the performance of the film in expansion test.
Porous polymers with controllable porous and surface properties were prepared by one-step
radiation induced polymerization and cross-linking method. The morphology and the effect of
process parameters and the use of co-monomers on the porous and surface characteristics were
investigated.
The above materials serve a good basis for the preparation of a novel nano-porous drug-eluting
coating for medical implants.
5.

ACKNOWLEDGMENT

The authors wish to thank Dr. Ágnes Sáfrány for valuable suggestions. This work was
partially supported by the National Office for Research and Technology of Hungary.

77

Working Document

Working Document
REFERENCES
[1] SICK, P.B., BROSTEANU, O., ULRICH, M., THIELE, H., NIEBAUER, J., BUSCH, I,
SCHULER, G., “Prospective randomized comparison of early and late results of a
carbonized stent versus a high-grade stainless steel stent of identical design: The
Prevention of Recurrent Venous Thromboembolism (PREVENT) trial”, Am. Heart J.
149 (2005) 681-688.
[2] BERTRAND, O.F., SIPEHIA, R., MONGRAIN, R., RODÉS, J., TARDIF, J.C.,
BILODEAU, L., CÔTÉ, G., BOURASSA, M.G., “Biocompatibility aspects of new stent
technology”, J. Am. Coll. Cardiol. 32 (1998) 562-571.
[3] BAIM, D.S., “Percutaneous Coronary Revascularization”, in Kasper D.L., Fauci A.S.,
Longo D.L., Braunwald E., Hauser S.L., Jameson J.L. Harrison's Principles of Internal
Medicine (16th ed. ed.). New York: McGraw-Hill. 1459–1462.
[4] SERRUYS, P.W., KUTRYK, M.J., ONG, A.T., “Coronary-artery stents”, New Engl. J.
Med. 354 (2006) 483-495.
[5] http://www.angioplasty.org/
[6] HEUBLEIN B., ”Silicon carbide-coated stents”, In: E. Camenzind and I.K. de Scheerder
(eds.) ”Local Drug Delivery for Coronary Artery Disease”, Taylor & Francis e-Library,
(2005) 100-108.
[7] BARTORELLI, A.L., ”The Carbostent: a Carbofilm™-coated stent”, In: E. Camenzind
and I.K. de Scheerder (eds.) ”Local Drug Delivery for Coronary Artery Disease”, Taylor
& Francis e-Library (2005) 109-117.
[8] HEUSER, R.R., KELLY, L.M., ”PTFE-covered stents”, In: E. Camenzind and I.K. de
Scheerder (eds.) ”Local Drug Delivery for Coronary Artery Disease”, Taylor & Francis
e-Library (2005) 126-133.
[9] IAKOVOU, I., SCHMIDT, T., BONIZZONI, E., “Incidence, Predictors, and Outcome
of Thrombosis After Successful Implantation of Drug-Eluting Stents”, J. Am. Med.
Assoc. 293 (2005) 2126-2130.
[10] BAVRY, A.A., KUMBHANI, D.J., HELTON, T.J., BOREK, P.P., MOOD, G.R.,
BHATT, D.L., “Late Thrombosis of Drug-Eluting Stents: A Meta-Analysis of
Randomized Clinical Trials”, Am. J. Med. 119 (2006) 1056-1061.
[11] SAFRANY, A., “Macroporous gels with fast response prepared by e-beam crosslinking
of poly(N-isopropylacrylamide) solution”, Nucl. Instr. and Meth. B 236 (2005) 587-593.
[12] ABD EL-MOHDY, H.L., SAFRANY, A., “Preparation of fast response superabsorbent
hydrogels by radiation polymerization and crosslinking of N-isopropylacrylamide in
solution”, Rad. Phys. Chem. 77 (2008) 273-279.
[13] SAFRANY, A., “Synthesis and characterization of superclean thermo-reversible
copolymer hydrogels”, Rad. Phys. Chem. 55 (1999) 121-126.
[14] FERRARI A.C., ROBERTSON J., “Resonant Raman spectroscopy of disordered,
amorphous, and diamond-like carbon”, Phys. Rev. B 64 (2001) 075414.
[15] VERES, M., TOTH, S, KOOS, M., “New aspects of Raman scattering in carbon-based
amorphous materials”, Diam. Relat. Mater. 17 (2008) 1692-1696.
[16] VERES, M., FÜLE, M., TÓTH, S., KOÓS, M., PÓCSIK, I., “Surface enhanced Raman
scattering (SERS) investigation of amorphous carbon”, Diam. Relat. Mater. 13 (2004)
1412-141.
[17] KOÓS, M., VERES, M., TÓTH, S., FÜLE, M., “Raman spectroscopy of CVD carbon
thin films excited by near-infrared light”, In: Messina G, Santangelo S (eds.) “Carbon.
The Future Material for Advanced Technology Applications” (Topics in Applied
Physics, 100). Springer (2005) 423-444.

78

Working Document

Working Document
[18] HAUERT, R., “A review of modified DLC coatings for biological applications”, Diam.
Relat. Mater. 12 (2003) 583-589.
[19] CUI, F.Z., LI, D.J., “A review of investigations on biocompatibility of diamond-like
carbon and carbon nitride films”, Surf. Coat. Technol. 131 (2000) 481-489.
[20] MORSHED, M.M., MCNAMARA, B.P., CAMERON, D.C., HASHMI, M.S.J., “Effect
of surface treatment on the adhesion of DLC film on 316L stainless steel”, Surf. Coat.
Technol. 163-164 (2003) 541-545.
[21] VERES, M., TÓTH, S., FÜLE, M., DOBRÁNSZKY, J., KOÓS, M., MAJOR, L.,
”Raman analysis of diamond-like carbon films deposited onto corrosion resistant alloys
used for coronary stent fabrication”, Mat. Sci. Forum 537-538 (2007) 277-283.
[22] FÜLE, M., KARASZI, M., TÓTH, S., VERES, M., DOBRÁNSZKY, J., MAJOR, L.,
KOÓS, M., ”Carbon based protective surface layers on alloys for coronary stents”, In:
16th European Conference on Diamond, Diamond-Like Materials, Carbon Nanotubes
and Nitrides : Abstract Book, 11./15-09-2005., Toulouse, France, pp. 15.7.2.
[23] TÓTH, S., VERES, M., DOBRÁNSZKY, J., MAJOR, L., KOÓS M., ”Carbon-based
coatings for cardiovascular stents”, In: Fifth International Conference on Inorganic
Materials : Book of Abstracts. Ljubljana, Slovenia, 23.09.2006-26.09.2006, Elsevier,
181
[24] SAFRANY, A., BEILER, B, LASZLO, K., SVEC, F., “Control of pore formation in
macroporous polymers synthesized by single-step γ-radiation-initiated polymerization
and cross-linking”, Polymer 46 (2005) 2862-2871.
[25] BEILER, B., SAFRANY, A., “Polymer monoliths synthesized by radiation copolymerization in solution”, Rad. Phys. Chem. 76 (2007) 1351-1354.
[26] BEILER, B., VINCZE, A., SVEC, F., SAFRANY, A., “Poly(2-hydroxyethyl acrylateco-ethyleneglycol dimethacrylate) monoliths synthesized by radiation polymerization in
a mold”, Polymer 48 (2007) 3033-3040.
[27] SÁFRÁNY, Á., BEILER, B., “Radiation synthesized functional polymer supports with
tailormade properties for separation and purification” IAEA-TECDOC-1465 (2005) 5367.
[28] LIU, G., WANG, T., XIE, E., “The irradiation studies on diamond-like carbon films”
Nucl. Instr. and Meth. B 197 (2002) 107-113.

79

Working Document

Working Document

80

Working Document

Working Document
STUDIES
AND
NANOMATERIALS

DEVELOPMENT

OF

RADIATION

PROCESSED

Lalit Varshney*, Sunil Sabharwal, Sanju Francis, Jayashree Biswal
Radiation Technology Development Section
Bhabha Atomic Research Centre
Mumbai, India
Abstract: Nanotechnology is the emerging technology that deals with processing, manipulating and
manufacturing devices and products at the microscopic scale of molecules or atoms with structures
smaller than 100 nanometers. Realizing its potential, Government of India spending on R&D in
nanotechnology has gone up by an order of magnitude in last 5 years through various national and
international programs. High energy gamma radiation and electron beams could be a useful tool to
create innovative and newer nano-materials for various applications in medical field for treatment and
detection purposes. Considering its certain advantage for producing nano-materials, radiation
technology will play a crucial role in development of such materials. Research and development in the
area of nano--particles on polymer films, hydrogels, silica particles and their nano-clusters using
radiation technology could be a possible route for development of new functional nano-materials.
1.

INTRODUCTION

Nanotechnology is one of the fastest growing new areas in science and
technology. The preparation and study of metal nanoparticles, nanocomposites, nano-devices
etc. are of great interest in both research and engineering. Several methods and techniques
have been established for preparation of nanoparticles in large quantities. Methods to achieve
desirable shapes and sizes of nanoparticles are available for elements like Silver and Gold.
World over, large number of scientists are involved in nanoparticles research and
development. Their potential applications in biosensors, drug delivery, nanoelectronics,
optical filters, catalysis, home appliances etc. have opened up new issues and challenges.
Chemical methods for preparation of nanoparticles are most popular and easy for synthesis by
top up approach. Radiation synthesis of nanoparticles have an edge in certain applications
because of purity of nanoparticles and possibility of easy template casting.
The development of nanoparticle based sensors is an area of great interest. A biological,
chemical or biochemical sensor is a device capable of quantitative or qualitative recognition
of a target species of interest for example peptides, metabolites, molecules or ions. In the last
few years metal nanoparticles have been found to be good candidates for use as sensing
indicators. In metal nanoparticles, the surface plasmon mode is restricted due to the small
dimensions to which the electrons are confined. Therefore, the resonance frequency of the
surface plasmon oscillation of the metal nanoparticle is different from the plasma frequency
of the bulk metal. Surface interactions can alter the optical properties and influence the
spectral profile of the light scattered by the surface Plasmon resonance of the metal
nanoparticles. This feature can be applied as an indicator in sensing interactions. Because of
availability of large surface area, nanoparticles/clusters have different surface properties than
the bulk material surface. In the proposed study under CRP entitled “Synthesis
characterization and applications of radiation processed nano materials for detection of
biological important molecules”, nanoparticles and ligands attached nanoparticles suitable for
detection of specific bio molecules will be investigated. The study will include radiation
synthesis and characterization of nano materials including nanoparticles and clusters of silver,
gold and copper in different shapes and sizes encapsulated in matrices suitable for detection
and estimation of molecules of biological importance. Radiation formation of mixed nanometal clusters and their suitability for biomolecules detection will also be explored.
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At our institute, various groups are working on research, development and applications on
nanomaterials, metal nanoparticles, carbon nanotubes, multiwalled carbon nanotubes, etc. for
semiconductor, catalysis, polymer composites, antibacterial and biosensor applications. This
manuscript describes the recent work being carried out at Radiation Technology Development
section.
2.

FORMATION OF NANOPARTICLES ON POLYMER SURFACES

Polymers, in general, are relatively cheap and can be easily processed into thin films.
One of the methods for incorporating nanoparticle on the surface of polymer films, fibers and
other matrices is by producing polymeric brushes on the substrate by either “grafting to” or
“grafting from” techniques and then reducing the nanoparticle precursor in these brushes
(1,2). The radiation induced synthesis of metallic nanoparticles from metal salt precursor has
many advantages compared to conventional chemical and photochemical methods. It is a
simple environmental friendly process (additive free) that occurs at room temperatures with
the advantage of producing high concentration of metal nanoparticles compared to chemical
reduction method. The main advantage of the in-situ method is that all the free silver ions can
be washed out thereby preventing undesirable side reactions which results in the
agglomeration of the formed nanoparticles. The nanoparticles were produced in two steps. In
the first step polyacrylic acid brushes were formed on the surface of PE film by mutual
grafting induced by γ-irradiation. In the second step the silver ions were introduced in the
brushes and reduced to silver particles by further γ-irradiation. When the transparent films are
exposed to radiation, the color of the film changes from rose to purple to dark blue (Fig.1).
The radiolytic reduction of silver ions in a solution of sodium polyacrylates has been studied
in details by many researchers. They have shown that the color is produced due to the
formation of silver-polyacrylate complexes during the early stages of irradiation. The optical
transition involved being possibly an acrylate-silver charge transfer. Fig.2 shows the
absorption spectra of the films during the early stages of reduction (3). At longer irradiation
time (>2h) the transmittance of the films became almost zero and hence the spectra could not
be recorded. After 1 h irradiation the film shows a shoulder at 472 nm. After 1.5 h the
intensity of the shoulder increases with a slight blue shift and appears at 470 nm. On further
irradiation, in 2 h, a strong absorption maximum is seen at 462 nm with a blue shift of 10 nm.
All the three films showed an absorption band between 280 nm and 310 nm in addition to the
band at about 470 nm. Ershow and Henglein attributed the absorption at the wavelengths, 290
nm and 480 nm to the rose species consisting of about four atoms and an equal number of Ag+
ions. The blue species (Fig.1) formed at an irradiation time of 8 hours may be attributed to a
larger cluster where a linear chain of silver atoms and equal number of silver ions exists along
the polacrylate chains with a delocalization of the charge along the chain. In this study the
plasmon band could not be observed even after 10h of irradiation, which is more than 40 % of
the theoretical value. This suggests that the colored intermediates are more stabilized by the
carboxylate groups of the polymeric brushes on the surface of PE films than in corresponding
polyacrylate solutions. Another possibility is that the silver ions and the silver clusters are
concentrated on a relatively small volume near the surface of the films and only a fraction of
·
the reducing species (H and eaq-) produced in the bulk media is able to react with intermediate
silver clusters or Ag+.
The species produced during the initial stages (1-2 h) were quite stable in air at room
temperature. There was hardly any shift in the wavelength (red shift or blue shift) of the
absorption band after aging for one month. However a slight increase in the intensity was
observed for all the samples.
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the grafted polyacrylate brushes.

Fig. 1: Silver nanoparticles deposited at PE film exposed to graded doses of gamma radiation.

3.

SILVER NANOPARTICLE HYDROGEL WOUND DRESSING

Uses of hydrogels are known and have several applications in medical field. Drug
delivery devices, contact lenses, wound dressing, artificial cartilage's or membranes, vascular
prosthesis, gel coated catheters etc., are some of the examples(4). Due to direct relevance to
human health, scientists have been continuously exploring these systems. Generally,
hydro(water) gels contain 30 -90% of water entrapped in a three dimensional network
structure of a hydrophilic polymer. The large water content makes them highly biocompatible and therefore preferred for use as biomaterials. Some of the hydrophilic polymers
used in these applications include poly (vinyl pyrrolidone), poly(ethylene oxide), poly (vinyl
alcohol) and poly(acrylic acid ). Depending upon the nature of application, the size of these
hydrogel can vary from nanometers ( nanogels, injectable hydrogels) to centimeters to meters
(wound dressing, fire blankets, drug delivery devices and implants). Many times, the wounds
are infected. Use of iodine(tincture of iodine) or any water soluble drug makes the dressing
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antibacterial gel in which the drug is slowly released to the wound(Fig. 3). In the latest
development, silver nano-particles which are known to have bactericidal and healing
properties can be incorporated into the dressing making it nano-silver dressing. Silver salts in
appropriate concentration and conditions are mixed into the formulation which on irradiation
get converted into silver nanoparticles. These nanoparticles diffuse out into the wound on
application of the dressing showing bactericidal effects. In normal mixing of Silver ion in
polymer and irradiating results in silver nanoparticles formation which get adhered to gel
matrix and do not show bactericidal effect. The effectiveness of silver nano-hydrogel to kill
bacteria are shown in Fig.ure below The present developed method is not suitable for large
scale manufacturing.. Alternative methods are being explored to introduce silver nanoparticles
into the PVA gel matrix in different shapes (sheets and cylinder), sizes (50-100 nm) for
different therapeutic applications.

4.

Fig. 2: Bactericidal effect of nano-silver hydrogel (inhibition zones using E.Coli).

SILVER NANO CLUSTERS

Small metal clusters are of great interest because oftheir nonlinear optical and special
catalytic properties. Radiolytic reduction of aqueous metal ions is a simple,

clean, important and one of the extensively studied techniques, for producing homogeneous
colloidal dispersionsof small metal particles Radiolytic reduction of Ag+ ions in theaqueous
medium is one of the most exhaustively studiedsystems among the different reported metal
ions. Various transient intermediates such as Ag0, Ag2+,

Ag32+, Ag42+, etc. have been characterized by the technique of pulse radiolysis, and it finally
results in larger Ag clusters with development of Plasmon absorption band at about 380–
400nm Similar to the colloidal solutions, the hydrogels containing metal nanoparticles, can
also play an important role in catalysis of many important chemical reactions in aqueous
medium. But not much work has been reported so far on the radiolytic formation of metal
clusters in the hydrogel matrix. The higher stability of a catalyst in gel matrix; uniform
distribution without aggregation of small clusters; easy separation of a gel-immobilized
catalyst from reaction mixture; accessibility of its large surface area and its repetitive
usability, are some of the main advantages offered by such hydrogel systems.In the present
work, the radiolytic formation of Ag clusters in aqueous polyvinyl alcohol (PVA) solutionand
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PVA hydrogel, have been investigated and the two systems have been compared(5). The
effect of Ag+ ions on the radiation-induced crosslinking of PVA, Figure below, shows the
formation Plasmon resonance absorption in gel matrix containing silver ions exposed to
graded gamma radiation doses.
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Fig. 3: UV-Visible spectrum of 8% PVA aqueous solution containing silver ions and exposed to graded gamma
radiation showing formation of clusters(Doses C>B>A).

5.
SYNTHESIS AND CHARACTERIZATION OF AG@SIO2 USING GAMMA
RADIATION AND ITS EXPLORATION FOR CATALYTIC DECOMPOSITION OF N2O

Silver clusters on SiO2 support have been synthesized using 60Co gamma radiation.
The irradiation of Ag+ in aqueous suspension of SiO2 in the presence of 0.2 mol dm-3
isopropanol resulted in the formation of yellow suspension. The absorption spectrum showed
a band at 408 nm corresponding to typical characteristic surface plasmon resonance of Ag
nanoparticles. The effect of Ag+ concentration on the formation of Ag cluster indicated that
size of Ag clusters does not vary with the Ag+ concentration, which was varied from 4x10-4 to
5x10-3 mol dm-3. Presence of oxygen during irradiation hampers the formation of Ag clusters.
The results showed Ag clusters are stable in the pH range of 2 to 9 and start agglomerating in
the alkaline region at pH above 9. The effect of radiation dose rate and ratio of Ag+/SiO2 on
the formation of Ag clusters have also been investigated. The prepared clusters have been
characterized by X-Ray diffraction (XRD) and Transmission Electron Microscopy (TEM),
which showed the particle size of Ag clusters to be in the range of 10-20 nm(6).. A sample
containing 5% loading of Ag on SiO2 has been prepared by irradiating aqueous suspension of
5% SiO2 containing 5 mol dm-3 isopropanol and 23 mmol dm-3 of Ag+ to a radiation dose of
60 kGy. This sample has been explored for its catalytic activity in decomposition of N2O to
N2 and the results showed that ~ 80% conversion can be achieved at 6000 C.
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Fig. 5: Activity profile of Ag/SiO2 catalyst in N2O decomposition.

6.

NANO-COMPOSITES

Different compositions of ethylene vinyl acetate (EVA)/multiple walled carbon
nanotube (MWNT) nano-composites were prepared by melt mixing and subjected to different
doses of gamma radiation. The efficiency of radiation vulcanization was analyzed by sol-gel
analysis, Charlesby-Pinner parameter estimation and crosslinking density measurements.
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Gamma radiation induced crosslinking was found to increase with MWNT fraction in EVAMWNT nano-composites (po/qo in the range: 1.15-0.98). These results ruled out the
possibility of a significant neutralization of single ionization spurs by MWNT addition. The
incorporation of MWNT also resulted in increased hardness and higher density of the nanocomposite matrix. The efficiency of multifunctional acrylates as crosslinking aid in the
radiation-induced vulcanization of EVA-MWNT nano-composites was also investigated. The
results established lower efficiency of methacrylates than of acrylates in the radiation
vulcanization process.
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DEVELOPMENT OF POLY (LACTIC ACID) NANOCOMPOSITE FILMS BY
IONIZING RADIATION
Susan Dadbin, Faranak Naimian, Azam Akhavan, Sorour Hasanpoor
Radiation Application Research School, Nuclear Science and Research Institute
North Kargar Ave.
Tehran, Iran

Abstract: Poly (lactic acid) and poly (lactic acid) -montmorillonite (MMT) nanocomposite films
60

have been prepared by solvent casting method. Films were irradiated with Co radiation facility at
various doses in the range of 5 to30 kGy. The effect of gamma irradiation on mechanical properties of
neat PLA and nanocomposites is evaluated by the data obtained from tensile testing measurements.
The degree of crosslinking is measured by gel content method. Thermal behavior of nanocomposites is
studied by differential scanning calorimetry (DSC) and thermal gravimetry analysis (TGA). The
morphology of the nanocomposites is characterized by transmission electron microscopy (TEM) and
X ray diffraction. Structural changes in poly (lactic acid) are studied by Fourier transform infrared
(FTIR).

1.

INTRODUCTION

Poly (lactic acid) (PLA) is a linear aliphatic thermoplastic polyester produced either
by the polycondensation of lactic acid or by ring-opening polymerization of lactide cyclic
dimmer [1]. Lactic acid is synthesized from fermentation of renewable sources such as corn,
sugar beat and other starch-rich products [2-4]. Biodegradability and bioabsorbability of this
plant based-polymer has drawn many attentions to itself in recent years. Good mechanical
properties along with its biocompatibility make it suitable for biomedical applications [5]:
such as prosthetic implants [6], three dimensional scaffolds [7], controlled-release drugs [8]
and resorbable sutures. There is also a growing interest in utilizing PLA for packaging and
disposable plastic articles since production cost has been lowered by new technologies and
large scale production [9-10]. In spite of many good properties of PLA which makes it a
preferred choice for substitution with petroleum-based polymers, existence of a few
weaknesses in some aspects such as thermal stability, barrier properties and toughness seeks a
requirement for its modification. The performance of PLA can be enhanced by the
incorporation of nanosized particles such as layered silicates. Some attempts have been made
by researchers in order to improve various properties of poly (lactic acid) through formation
of PLA/Organoclay nanocomposites [1, 12-13]. Chemical and/or radiation induced
crosslinking is another alternative for improving thermal and mechanical properties of PLA
(14-17). In this research poly (lactic acid) organoclay nanocomposites in various compositions
are produced via solution casting method. The effects of gamma radiation and multifunctional
monomer on the thermal stability, mechanical properties and morphology of the
nanocomposites are investigated. The structural changes of the nanocomposites are
characterized by Fourier Transform Infrared spectroscopy. Morphology and crystalline
structure of the nanocomposite are studied by transmission electron microscope (TEM) and X
ray diffraction respectively. Crystallinity and thermal transition behaviours of the samples are
studied by differential scanning calorimetry and thermal stability is examined by thermal
gravimetric analysis (TGA).
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2.

EXPERIMENTAL

2.1. Materials

PLA granule was purchased from a chemical company in China Nanosized organoclay
with the trade name of Nanolin DK4 was used as filler. Commercial extruded blown PLA
film was also prepared.
2.2. Preparation of PLA and PLA/organoclay nanocomposites

PLA and PLA/organoclay nanocomposites were made via solvent casting method. A
required amount of poly (lactic acid) granule was weighed and mixed with enough amounts of
chloroform vigorously via a magnet stirrer. The temperature maintained constant at 60ºC in a
water bath until the complete solution of PLA was occurred. The solution was poured into a
glass mould and placed on a leveled surface. After 24 hours the prepared PLA film was
removed from the mould and placed into a vacuum oven for 6 hours at 40ºC and 48 hours at
room temperature. The PLA films containing multifunctional monomer were made with the
same procedure. 1-3% Triallyl cyanurate was added to the poly (lactic acid) solution and
mixed again for an hour. For the preparation of the PLA nanocomposite films a solution of
PLA was mixed with a dispersion of nanolin DK64 in chloroform. The dispersion of
organoclay in chloroform was obtained by mixing various amounts of Nanolin with solvent
followed by vigorous mixing in a digital ultrasonic bath for 60 minutes. The solution of PLA
and dispersion of Nanolin was mixed together and put into an ultrasound bath for about 3
hours. Then the mixture was poured into a glass mould on a leveled surface. Nanocomposites
containing 2, 4 and 6 pph were made. The tests on PLA nanocomposites are in progress.
2.3. Irradiation of films

The PLA films were cut into strips and irradiated with gamma rays at various doses
(5-30 kGy) in presence of air.
2.4.

Mechanical Properties

Mechanical properties of PLA and poly (lactic acid) nanocomposites films were
characterized with a Zwick tensile testing machine. The films were cut into the strips with the
dimensions of 10 cm length × 2 cm width and stretched with the gauge length of 4 cm and
speed of 5 cm / min.
2.5. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra of the neat PLA and PLA/organoclay nanocomposite films were
obtained using FTIR machine Series 8300 manufactured by Shimadzu Company in Japan.
2.6. Differential Scanning Calorimetry (DSC)

Thermal behavior of the samples was investigated via Differential Scanning
Calorimetry by Shimadzu DSC-50 Japan. The test was performed under Nitrogen atmosphere
between room temperature and 200 ºC.
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3.

RESULTS AND DISCUSSIONS

3.1. Mechanical properties

The following results are related to the neat un-irradiated and irradiated extruded
blown PLA films. The tests on PLA nanocomposite films are in progress. The results obtained
from tensile testing on extruded blown PLA films with a thickness of 250 micrometer shows
reduction in elongation at break with increasing the irradiation dose from 5-35 kGy (Figure
1). This implies formation of crosslinks between polymer molecules in the amorphous regions
of PLA films due to subjecting them to high energy gamma rays. There is also slight increase
in tensile strength of the samples up to 30 kGy which confirms existence of three dimensional
networks.
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Fig. 1: Tensile strength and elongation at break versus irradiation dose.

3.2. Thermal behaviors

The DSC thermograms of the blown PLA film at 0 kGy and 30 kGy are displayed in
Figures.2-3. The unexposed PLA film shows a glass transition temperature (Tg) at 53ºC and
melting point at 147.51ºC. As it is seen the glass transition remains nearly unchanged. A
slight increase in the melting point (about 2ºC) may indicate formation of crystallites with a
bigger size upon exposing to high energy gamma rays. Figure 4 displays the DSC
thermogram of the PLA cast film. The glass transition of the latter shows higher value than
that of blown film (67° C compared to 53°C). This can be explained by the fact that
commercial films may contain some processing additives which lowers the glass transition.
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Fig. 2: DSC thermogram of unirradiated blown PLA film.

Fig. 3: DSC thermogram of irradiated blown PLA film.
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Fig. 4: DSC thermogram of solvent cast PLA film.

3.3. FTIR Spectroscopy

Chemical structure of the unexposed and gamma ray treated blown PLA film was
characterized by FTIR spectroscopy. Apparently there are no significant changes in the FTIR
spectrum of the irradiated film to that of the virgin sample (Figures 5-6).

Fig. 5: FTIR spectrum of unexposed blown-molded PLA film.
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Fig. 6: FTIR spectrum of blown PLA film at irradiation dose of 30 kGy.

4.

CONCLUSIONS

Increasing the irradiation dose from 5 to 30 kGy increased tensile strength and
decreased elongation at break which indicates the radiation induced crosslinking of the
extruded blown PLA film upon exposure to high energy radiation. Glass transition
temperature of the irradiated films remained unchanged while melting point increased slightly
that may suggest formation of crystallites of bigger size. FTIR spectrum of irradiated film
shows no significant changes compared to that of the virgin PLA film which needs further
investigation. Further work on cast PLA virgin films and nanocomposites are in progress. The
resulting poly (lactic acid) nanocomposites could have potential biomedical and industrial
applications.
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RADIATION ENGINEERING OF FUNCTIONAL BIOMATERIALS: FROM SMART
HYDROGELS TO THERAGNOSTIC NANODEVICES
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Università degli Studi di Palermo
Palermo, Italy
Abstract: 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 of 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 of 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 of future research programmes. The human being becomes
the centre of 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)
(ii)

an ‘ageing’ and obese population and their materials and technology needs;
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’ of properties
and effects for the 21st Century scientists, as they have being changing over these last years
the world of possible in terms of 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 of 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 of controlled structures generation at the nanoscale, thus changing definitively
the reputation of radiation processing as niche technology whose capital costs and safety
implications always require overwhelming justification.

“Nanobiotechnology” is probably the most important area of convergent technology for the
foreseeable future, as it will produce and enable a huge range of consumer and societal
benefits in nutrition, obesity, preventative & assistive healthcare. Many 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 of nanostructured materials
(through digital fabrication technologies), thus enabling independent control of 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 of the research activity of the “Radiation Processing and Future Materials” research
group at the University of Palermo.
2.

STIMULI-RESPONSIVE HYDROGELS FOR ON-OFF RELEASE OF PROTEINS

Biomaterials are a widespread class of materials used at the interface with the human
body in the design of 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 of functions. When acting as passive substrates
they play the role of water-absorbents, drug reservoirs and polymeric scaffolds as in wound
healing, controlled delivery and tissue-engineering, respectively. The presence of specific
functional groups or the entrapment of 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 of 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 of research emphasis in nanobiotechnology
[1-2].
Synthetic hydrogels in our laboratories have been produced starting from different watersoluble monomers (hydroxyl ethyl methacrylate and glycidyl methacrylate) or polymers
(poly-N-vinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), α,β-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 of crosslinking yields, physicochemical behaviour, mechanical properties drug release behaviour [3-7].

More recently we have developed a new family of α,β-Poly(N-2-Hydroxyl-Ethyl)-DLAspartamide (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 of 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 of PHEA are replaced by carboxyl groups on short lateral
branches, therefore the water-solubility of the precursor should not be impaired, even at high
derivatisation degrees. The presence of double bonds allows the crosslinking reaction through
γ-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%) of 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 of a radical initiator (ammonium persulphate). In order to identify the best
irradiation conditions, MA 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 of the aqueous solutions of the precursors, PHEA-MA-a (DD=25%) and PHEAMA-b (DD=50%), in the absence of initiator, led to macroscopic gelation only in
correspondence to both the highest concentration of 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. At visual
inspection formed hydrogels appear soft, transparent and colourless. Conversely, PHEA-MAc (DD=80%) precursor solutions did not form macroscopic hydrogels in any of 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 of the addition of ammonium persulphate (APS) (10 mg/ml) to the
polymer/water solution prior to irradiation was also investigated. The presence of 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 of
ammonium persulphate, decreased to 5 kGy and Cp* lowered to 60 mg/ml for both PHEAMA-a and PHEA-MA-b precursors. Gel fractions, in this case, are fairly high at the gelation
dose (90% and 81% for PHEA-MA-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-MA-a and PHEAMA-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 of gelation.

Increasing the derivatisation degree of PHEA, i.e. for PHEA-MA-b precursors opposite to
PHEA-MA-a, the yield of crosslinking slightly decreased in all the conditions investigated,
which may be unexpected in consideration of the fact that, increasing the DD value, the
concentration of double bonds increases, which should be the most susceptible sites to the
radical attack promoted by γ-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
of 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 of 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.
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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 of the
A-60-25-APS, due to the formation of 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 of PHEA-MA-b
networks.
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On-off deswelling experiments in response to pulses of 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 of 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 of any electric stimulation. The swelling medium for the
purpose of the reported experiment was a NaCl 0.2 M aqueous solution. Samples were
subjected to a constant voltage of 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 of relative swelling ratios (w/w0), i.e. the ratio between the weight of the
hydrogel at time t and the weight of 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 of the gel response, as well as reversibility, decreases with time and with
increasing number of cycles as the gels fatigue, particularly A-120-40, that is the less tough
hydrogel. Nevertheless, electrochemical degradation of the A-120-40 can be a further
explanation for the observed only partial reversibility.
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Fig. 2: Electric field responsive behaviour of PHEA-MA hydrogels.

Model proteins with a characteristic size of 3-4 nm have been incorporated into the
hydrogels and released into either of two phosphate buffers at pH 2.5 and 6.8. Depending on
the polymer average network mesh size of the hydrogel used as delivery device, complete
retention of 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 of cytotoxicity of the
insoluble portions of 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 of the most promising types of 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 of their electronic properties, through the application of electric
stimuli, such as the imposition of appropriate electrical potentials, or in the presence of
specifically interacting molecules or biomolecules.
Despite of the promising functional attributes of both classes of polymers, hydrogels and CPs,
there are several limitations that mitigate their prompt use in practical applications and/or
devices. In the case of hydrogels stimuli are not readily transmitted throughout the structure,
essentially due to the absence of 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 of the network structure. Hence, response times for anything other than
micro/nanostructures are quite long.

In the case of 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 most 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 Langmuir–Blodgett thin films or through selfassembly technologies.

For all these reasons the design of conducting polymers-hydrogels nanocomposites, that can
synergistically combine the properties of both class of 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 of 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 of an alternating sequence of 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 of the polymer are protonated to give a polaronic form where both spin and
charge are delocalized along the entire polymer backbone (see Scheme 1). Of course, the
emeraldine salt can be reverted to the “undoped” base form by a treatment with an alkali.
Processability of PANI is limited.
The synthesis of hydrogel nanocomposites was performed via a two step process: (i) “in situ”
chemical oxidative polymerization of aniline in the presence of a polymeric steric stabilizer
among the followings: poly(N-vinyl) pyrrolidone (PVP), polyvinyl alcohol (PVA) or chitosan
followed by (ii) high energy irradiation of the obtained PANI particle dispersion, upon further
addition of 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 of the high water content, would not
detrimentally affect the electro-optical properties of the PANI.
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Scheme 1: Different redox and protonation states of polyaniline
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Scheme 2: Conceptual design of hydrogel-PANI nanocomposites

Depending on the nature of the polymeric steric stabilizer a specific morphology of PANI
nanoparticles in the aqueous dispersion can be obtained: either nanorods or nanoparticles For
example, in figure 4 AFM morphologies of 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 of 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 of re-hydration were quite similar and in all cases plateau values were reached within
the first 48 h of immersion. Higher R.R. values may be due to the formation of a looser
network in the presence of the conducting polymer particles. Radicals generated by water
ionization with γ-irradiation, and responsible for PVP or PVA crosslinking, could be partially
depleted by reaction with the emeraldine, that being a semi-oxidised form of PANI, may act
as radical scavenger. Furthermore, in our systems persulfate anions used to initiate chemical
oxidative polymerisation of 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.
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Cyclic voltammetry has been applied to evaluate the redox properties of 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 of 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 of free ions in the aqueous phase. The lightly higher σdc
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
[11,12].
We have also reported the first evidence of fluorescence signals from PANI nanoparticles
when in its conductive form of emeraldine salt, but only when PANI-ES is produced in the
form of small nanoparticles, such as in the presence of 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.
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Fig. 6: Fluorescence band from PVA-PANI hydrogels.
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The development of a conductive polymer-hydrogel composite may be considered as a
part of a general “nanocomposite” functional hydrogels platform that may offer some specific
advantages: (i) it can address the problem of conjugated oligomers and polymers poor
processability, without impairing conductivity due to the intrinsic conductivity of the water
swollen matrix; (ii) the physical and mechanical properties of 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 of 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 of doping agents; (v) biocompatibility of 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 of control of molecular weight, chain configuration, and polymerization
kinetics, regardless the production methodology chosen.
Radiation synthesis of 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 of hydrogels at the nanoscale, e.g. through radiation induced intra-molecular
crosslinking, may be one possible approach as it reduces the extent and effect of network
heterogeneities that are at the basis of slow responsiveness.

Both dimensional control and functionality may be also achieved by applying the typical
strategy of composite materials, where two or more very different materials will be coupled to
exploit their synergic properties. Therefore, the already demonstrated concept of a radiation
engineered conductive polymer/hydrogel nanocomposite, where high energy radiation
processing enables, “in situ” and at low temperature, the formation of 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 of chemical
composition, temperature), can be brought forward to prove its usefulness in the detection of
relevant biomolecules for diagnostic purposes.

Furthermore, the incorporation of 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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METALLIC AND POLYMER NANOPARTICLES,
PREPARATION OF
RESPONSIVE NANOGELS AND NANOFIBERS BY RADIATION INITIATED
REACTIONS
K.-Pill Lee, A.I. Gopalan
Department of Chemistry Education
Kyungpook National University, Republic of Korea

Abstract: Synthesis of nanomaterials have become the focus of intensive research due to their
numerous applications in diverse fields such as electronics, optics, ceramics, metallurgy, pulp and
paper, environmental, pharmaceutics, biotechnology and biomedical fields. Due to expanding demand
for the nanomaterials with defined properties, extensive research activities have been focused on the
synthesis and characterization of “functional nanomaterials”. Our research group launched into
research activities on the preparation of varieties of functional materials using radiation as the source
for inducing functionalities ino these new nanomaterials. Importantly, we kept final goals for specific
applications. Thus, we have prepared few interesting functional nanomaterials such as metal
nanoparticles decorated multi wall carbon nanotubes, pore filled functional electrospun nanofibers and
nanocables based on conducting polymer and carbon nanotubes and demonstrated their applications
toward electrocatalysts, polymer electrolyte in energy devices and biosensors. In the forthcoming
sections, a brief outline on the use of radiation for the preparation of those functional nanomaterials
are presented.
To the best of our knowledge, studies on dispersion of Au nanoparticles onto thiolfunctionalized surface of CNTs have not been reported. We have presented a synthetic
method to disperse Au nanoparticles onto the surface of multi-wall carbon nanotubes
(MWCNTs)1. The surface of MWCNTs was functionalized with thiol groups and Au
nanoparticles were dispersed onto MWCNTs by the reduction of Au (III) chloride. γRadiation (Co-60 source) was used as an efficient and fast method for the reduction of Au
(III) chloride in the absence of any additional reducing agent. Au nanoparticles were anchored
onto the thiol-functionalized sites of MWCNT without getting agglomerated. Previously, γradiation was effectively utilized for the preparation of metal nanoparticle colloids2,3. The
following scheme explains the methodology of the preparation (Shceme 1)
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Fig. 1: Preparation of gold nanoparticles decorated multiwall carbon nanotubes.

A clean synthetic method was established for dispersing Au nanoparticles onto the
surface of otherwise hydrophobic carbon nanotubes. The method provides formation of gold
nanoparticles without being contaminated by the by-products from the normal reducing
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agents. It is envisaged that this method may be suitable to make Au dispersed CNTs matrices
suitable for applications in catalysis, biosensor, etc.

The use of γ-irradiation has gained greater importance in recent years for the synthesis of
nanocomposites.2-5 The use of γ- irradiation offers several advantages, such as cleanliness,
short reaction times, high reaction rates, and good particle dispersion, over the conventional
methods. We have used a new approach for the preparation of functional nanomaterials,
composites of multiwall carbon nanotubes (MWCNTs) and sulfonated polyaniline (SPAN)
were prepared through the oxidative polymerization of a mixture of aniline, 2,5diaminobenzene sulfonic acid, and MWCNTs6. Fe, Pd, or Fe–Pd alloy nanoparticles were
embedded into the MWCNT–SPAN matrix by the reduction of Fe, Pd, or a mixture of Fe and
Pd ions with γ- radiation.

HRTEM images indicated that the metal nanoparticles were well dispersed in the composites
with various sizes. Evidence showed that that there were molecularlevel interactions between
MWCNTs and SPAN in the MWCNT–SPAN composites. The loading of metal/alloy
nanoparticles influenced the electronic properties and solubility and imparted thermal stability
to MWCNT–SPAN. Composites consisting of metal/alloy nanoparticles in polymercoated/entrapped CNTs are expected to find applications in nanoelectronics, nanoscale
thermostats, and magnetic storage devices. Importantly, the versatility of this method could be
extended to prepare other metal particles containing MWCNT–polymer composites.

We have also established a one pot synthesis of SWNT-PANI-Au nanocomposites using γradiation as source for initiation of polymerization and generation of Au nanoparticles in the
medium consisting of SWNTs. SWNT– PANI–Au–NC was prepared by irradiating c-ray to a
solution consisting of SWNT, aniline and HAuCl4 in 0.5 M CTAB and 1 M HCl.
Interestingly, we have neither used a conventional oxidizing agent like ammonium
persulphate for polymerization of aniline nor used a reducing agent for generating Au
nanoparticles from HAuCl4. Polymerization of aniline and formation of Au nanoparticles
were simultaneously achieved in the presence of γ-irradiation. We have recently demonstrated
the use of these functional nanocomposites for applications in electrocatalysis8 in fuel cells
and electrochemical sensors as well biosensors9-11.
Electrospinning is relatively a simple and versatile method to produce ultrafine polymeric
fibrous membranes (non-woven polymer membranes) with nano/ microscaled diameters.
Varieties of polymers could be electrospun to obtain membranes with fiber diameters ranging
from few hundreds of nanometers to several microns. Such electrospun polymer membranes
were utilized for applications such as drug delivery system, sensors / biosensors
electrochemical semiconductive devices etc. Special features of electrospun membranes for
applications include high surface area to volume ratio, nano / microlevel interstial spaces,
high porosity, fully interconnected pore structure, good morphology controllable diameters
and sufficient mechanical strength. We have established the preparation pore-filled PVdF
(ESFM) using electron beam (EB) induced grafting of polymer (styrene) (PS). The physicochemical properties such as swelling behavior, ion exchange capacity of the pore-filled PVdF
(ESFM) prepared under different conditions, were evaluated in the process of developing a
proton exchange membranes for fuel cells. Membrane electrode assembly (MEA) was
fabricated with pore filled PVdF (ESFM). The electrochemical characteristic of a single cell
in direct methanol fuel cell was compared with the commercial membrane, Nafion 117. The
features of PSSA pore filled PVdF (ESFM) are showing promise for applications as a
membrane in DMFCs.

111

Working Document

Working Document
Proposed work in present CRP

In this proposal, we intent to prepare nanoporous hollow spheres of polymers

a) metal nanoparticles embedded electrospun polymer nanofibers
b) stimuli responsive nanogels through radiation induced methodologies. The new
materials are expected to find application such drug delivery, biocatalysis and
biosensors
In the first part, spherical particles of silica will be prepared with adequate sized using
Stober’s method (sol-gel synthesis). The spherical silica particles will be coated with a layer
of conducting polymer using gamma radiation induced polymerization. Gamma radiation
method is selected for the polymerization due to several reasons. Uniform layer formation,
very thin layer ( to the nanometer scale) formation, pure polymer deposition ( because
radiation method of initiation of polymerization does not require additives such as initiator
et.) etc. In the next stage, the template will be removed to obtain nano hollow spheres of
conducting polymer. Suitable porogens and Cross-linkers would be used to produce stable
and nanoporous hollow spheres. The materials are expected to find applications in drug
delivery etc. The following describes the methodology of preparation of nanoporous hollow
spherical polymers.

Fig. 2: Radiation induced preparation of hollow spherical polymer shells.

In the subsequent periods, electrospun polymer nanofibers will be loaded with functional
moieties and decorated with metal nanoparticles. The composites comprising of electrospun
nanofibers and metal nanoparticles composites will be utilized as biocatalysts.
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Fig. 3: The processes involved in the loading metal nanoparticles into electrospun nanowebs.
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RADIATION SYNTHESIS OF NANOGEL FOR BIOACTIVES IMMOBILIZATION
M.Y. Hamzah
Polymer Modification Group
Malaysian Nuclear Agency
Bangi, Malaysia
Abstract: Both hydrophilic and hydrophobic core nanogel are currently being developed for
immobilization and delivery purposes in Malaysian Nuclear Agency. Hydrophilic nanogel is produced
by using inverse micelles irradiation of polyethelyne glycol diacrylate (PEGDA). The hydrophobic
nanogel is produced via irradiation of acrylated form of palm oil. These nanogels will be used to
immobilize bio actives such as curcumin, tyhmoquinone, oryzanol and chitosan. Preliminary
investigation of the nanogel size using dynamic light scattering (DLS) shows that nanogel with sizes
below 100nm can be obtained.
1.

INTRODUCTION

The applications of nanogel in biomedical fields have been a subject of interest in
recent years due to extensive development of bioactive materials. While it is use for targeting
specific cell type, it also known to act as a protection layer to the bioactive macromolecules it
contained from enzymatic degradation [1]. There are various possible ways to synthesize such
system including the classical chemistry route [2-3] or radiation route [4]. The latter have
proven to be advantageous in term of safe of use in biomedical applications due to non
involvement of hazardous chemical additives. This work is aimed to synthesize nanogel from
irradiation of water in oil (w/o) and oil in water (o/w) micelles from polyethylene glycol
diacrylate (PEGDA) in n heptane and acrylated palm oil in water. These two types of nanogel
will then be immobilized with bioactives such as chitosan, curcumin, thymoquinone, oryzanol
or charged drug in the formed nanogel for delivery purposes.
Chitosan is a natural polysaccharide. It is a deacetylated form of chitin which can be obtained
from crustaceans, insects, fungi etc. Some of the interesting properties of chitosan such as
film forming ability, gelation properties, penetration, biodegradability, biocompatibility make
it a suitable candidate for biomedical purposes [5]. In biomedical fields, it is also developed
into production of microparticles for encapsulation of drugs and biological substances [6-8].
2.

HYDROPHILIC CORE NANOGEL

For the first part, a hydrophilic nanogel will be synthesized by ionizing irradiation of
inverse micelle system. Inverse micelles or also known as reverse micelles are micro
emulsion that involves three or more components in the system. The external part of inverse
micelles is made up of the more hydrophobic part of a surfactant (hydrocarbon), while the
more hydrophilic (polar or charged) part is directed to the internal part of the aggregates. The
system can be applied to impregnate hydrophilic polymers, thus is useful for synthesis of
nano polymeric gel. The final size of inverse micelles can be adjusted by varying the molar
ratio of water to surfactant. The more surfactant is used, the smaller the micelles will be due
to suppression of hydrophobic part of the surfactant inward the aggregates.
In our work PEGDA nanogel are produced. Firstly, inverse micelles are formed by addition of
AOT into a series of PEGDA and n-heptane until clear micro emulsions are formed. These
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clear micro emulsions contain micelles that are smaller than 100nm [9]. The series of micelles
are then measured for sizes by using Dynamic Light Scattering (DLS). The preliminary result
for sizes of micelles produced are between 2-12nm (Fig.1).

Fig. 1.

A series of micelles with 0.1M AOT was then irradiated at 1, 3, 5,10,15, 20 and 30kGy and
the size were measured using DLS (Fig.2), it shows that formation of nanogel started at 5kGy
with the size of about 100nm. The size of nanogel produced can be controlled with varying
the irradiation dose. This gives opportunity for selection of different applications depending
on requirements.

Fig. 2.

We proposed 2 ways of immobilization of bio actives. The first one is to directly crosslink bio
actives in the produced micelles. In this way bio actives will be dispersed in the water phase
with AOT as surfactant. Upon irradiation, PEGDA in the micelle are expected to crosslink
and bind the bioactives, this process is expected to yield nanogel containing chitosan. The
other way is to immobilize bio actives by way of resuspension and precipitation it into the
nanogel. The release profile of the nanogel will be studied as well as other important
properties.
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3.

HYDROPHOBIC CORE NANOGEL

A modified product of palm oil, known as Epoxidised Palm Oil Acrylate (EPOLA)
has been used for nanogel synthesis using radiation method i.e. electron beam (EB). Basically,
the EPOLA is chemically synthesized by local researchers from Nuclear Malaysia. It was
found that EPOLA undergoes internal crosslinking when subjected to ionizing radiation
source. This internal crosslinking property allows us to produce micro and nano particle using
this product by emulsion polymerization using radiation technique. In our preliminary
experiments, we had collaborated with Prof.J.M.Rosiak’s group from the MITR of Technical
University of Lodz, Poland (2006/2007) to develop this EPOLA micro/nano particle and the
curcuminloaded EPOLA micro/nano particle using EB’s pulse radiolysis system as our
radiation tool. The results, particle shape is found ununiform (tendency to form round shape)
and obtained big sized particle i.e. 25µm to 2mm (for drugfree EPOLA particle) and 1mm to
3mm (for Curuminloaded EPOLA particle) (see Figure 3 and Figure 4 below ).

Fig. 3.

Fig. 4.

Further experiments are under progress in Malaysian Nuclear Agency using EB facility. There
are three parts of research activities have been planned to achieve nano sized gel particle:
i) Screening and developing the EPOLA’s emulsion using different type of surfactants i.e.
Sodium Dodecyl Sulfate (SDS), sodium bis(2ethylhexyl) sulfosuccinate (AOT) and
Pluronic 127 (PF127), following by Immobilization of bioactive compound i.e.
1,7-Bis(4hydroxy3methoxy phenyl)16heptadiene3,5dione (Curcumin) into the
EPOLA’s emulsion system, and
ii)
Preparation and formulation of the emulsion system of nanogel (Water
/EPOLA/Surfactant) and their measurement and analysis
iii)
Study on the radiation synthesis of bioactive compoundimmobilized/loaded
EPOLA’s emulsion system by EB radiation at different doses of irradiation
(1,5,10,15 and 20kGy) and their characterization.
The result, size particle of the nano emulsion is found in the range of 2-20 nm for the
curcumin free nanoparticle and in the range of 30-400 nm for the curcumin loaded nanogel, in
the present of surfactant respectively. Combination of emulsion polymerization technique and
ionizing radiation is a promising tool for the production of the drug carrier and the drugloaded
micro/nano particle based on the local product, palm oil product such as (EPOLA).
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4.

CONCLUSION

Ionizing radiation is proven to be clean and relatively simple way of producing
hydrophilic and hydrophobic nanogel for immobilization of drug and/or bioactives such as
curcumin, thymoquinone, oryzanol or charged drug such as diclofenac sodium for delivery
purposes. It is also important for radiation chemist or engineer to understand thoroughly the
process as it will be mandatory for upcoming and future technology or sciences.
Workplan
Preparation of nanogel (Year 1):
• Determination of best formulation for synthesis of nanogel (effect of concentration,
dose rate etc)
• Determination of best dose for synthesis of the nanogel
• Development of method for sample collection and purification procedures
Evaporation and dialysis
Analysis of nanogel (Year 2):
• Study of chitosan amount immobilized in nanogel
CHNS analysis to determine quantities of amine group
• Immobilization of chitosan in PEGDA nanogel
Precipitation of nanogel in chitosan and drug solution
• Measurement of nanogel size using dynamic light scattering and TEM
Characterization of bioactive compounds loading properties (Year 3):
• Calculation of model bioactive compounds entrapment efficiency
• Study of bioactive compounds release profile
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POLYMERIC NANOGELS OBTAINED BY RADIATION TECHNIQUE
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1.

INTRODUCTION

Soft nanomaterials - polymeric nanogels and microgels - have made a fast and brilliant
career, from an unwanted by-product of polymerization processes to an important and
fashionable topic of interdisciplinary research in the fields of polymer chemistry and physics,
materials science, pharmacy and medicine. Together with their larger analogues –
macroscopic gels, most known in the form of water-swellable hydrogels – they have a broad
field of actual and potential applications ranging from filler materials in coating industry to
modern biomaterials.
There are at least two ways of defining polymeric nanogels and microgels. One of them
originates from the definition of polymer gels. A polymer gel is a two-component system
consisting of a permanent three-dimensional network of linked polymer chains, and molecules
of a solvent filing the pores of this network. Nanogels and microgels are particles of polymer
gels having the dimensions in the order of nano- and micrometers, respectively. The other
definition says that a nanogel or a microgel is an internally crosslinked macromolecule. This
approach is based on the fact that, in principle, all the chain segments of a nanogel or
microgel are linked together, thus being a part of one macromolecule. It also reflects the fact
that such entities can be synthesized by either by intramolecular crosslinking of single linear
macromolecules or in a single polymerization event (e.g. initiated by one radical) that in the
absence of crosslinking would lead to the formation of a single linear polymer chain.

The latter definition allows us to consider nano- and microgels as a specific form of
macromolecules, along with linear, branched, comb-like, circular, star-shaped, dendrimer, and
others. Since usually the shape of a nano- or microgel resembles a linear macromolecule in a
coiled conformation, these structures are often seen as permanently “frozen” polymer coils. In
fact, molecular weights and dimensions of swollen nanogels are often similar to these of
typical single macromolecules in solution, but the presence of internal bonds results in
different physicochemical properties, including fixed shape, different rheological behavior,
higher resistance to degradation and the ability to trap other molecules within their structure.
A multitude of techniques has been described for the synthesis of polymeric nano/microgels.
Most of them can be classified in two groups.
The first one are techniques based on concomitant polymerization and crosslinking (where the
substrates are monomers or their mixtures), called by some authors “crosslinking
polymerization”. The second group are methods based on intramolecular crosslinking of
macromolecules (where the starting material is not a monomer, but a polymer).

In most research work and applications, microgels are synthesized using procedures based on
polymerization processes starting from monomers as the basic substrates. This is, however,
not the only possible way. An alternative approach to the synthesis of microgels, in particular
the nanogels of small size (typically < 0.1 µm), is intramolecular crosslinking of individual
macromolecules. An obvious and important advantage of this method is the absence of
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monomer. This is of great value when the product is intended for biomedical use, where even
small quantities of residual monomer may be potentially harmful and thus unacceptable.
Furthermore, intramolecular crosslinking may provide means to obtain crosslinked structures
of various molecular weight and size, including very small structures, depending on the
molecular weight of the parent polymer. Such nanogels obtained from single macromolecules
are interesting physical forms of polymers as they are a sort of “frozen” polymer coils of
limited segmental mobility (…this situation corresponds to a random coil which is essentially
frozen in one conformation, like a piece of twisted wire. A molecule of this type in dilute
solution could be called a “single chain glass” (Pierre deGennes). One can also expect that a
combination of intra- and intermolecular crosslinking will provide a tool for synthesizing
nanogels and microgels of independently chosen molecular weight and dimensions (various
internal densities). Last but not least, intramolecular crosslinking of individual
macromolecules is an interesting reaction. A number of questions regarding this process,
particularly its kinetics, have not been answered yet.
Given the commercial availability of a multitude of polymers, including food- and medical
grade products, starting from a polymer rather than from a monomer can be a reasonable
synthetic option. Moreover, in some cases, where monomers do not exist (like poly(vinyl
alcohol)) or polymerization either impossible or very difficult (carbohydrates), intramolecular
crosslinking of polymers may be the best way to produce nanogels.
2.

CHEMICAL INTRAMOLECULAR CROSSLINKING

Intramolecular crosslinking, similarly as polymerization, can be performed either as a
thermally initiated chemical reaction or as a photo- or radiation-induced process. Chemical
intramolecular crosslinking of individual polymer chains can be achieved in at least two ways.
One is to prepare linear or branched polymer with pendant reactive (e.g. vinyl) groups and
initialize the crosslinking by a suitable initiator. Batzilla and Funke synthesized linear poly(4vinyl styrene) and subsequently carried out a crosslinking of this polymer in dilute solution
using 2,2`azobis(isobutyronitrile) (AIBN) as an initiator.[1] Reaction conditions and time
could be chosen where intramolecular crosslinking prevailed. In a similar way, microgels can
be made of pre-formed polymers by photocrosslinking.[2]

Another way does not require any special substrate preparation (no polymerizable pendant
groups needed). It has been shown that intramolecular crosslinking of single chains of watersoluble polymers can be carried out by reacting them with a suitable crosslinking agent in
dilute solutions. The crosslinker must be capable of reacting with the functional groups (-OH,
-COOH etc.) of the polymer, and should be at least bi-functional. Synthesis is carried out in
solution. Polymer concentration must be chosen sufficiently low to avoid intermolecular
crosslinking, i.e. it must be significantly lower than the coil overlap concentration. By varying
the concentration of the crosslinker one can influence the internal crosslink density. Burchard
et al. used this approach to synthesize internally crosslinked single macromolecules
(nanogels) of poly(vinyl alcohol) with glutaraldehyde as the crosslinker[3] and of
poly(allylamine) crosslinked with 1,4-dimethoxybutane-1,4-diimine dihydrochloride[4] (cf.
also [5,6]). Similar approach is used to obtain microgels of polysaccharides. For example,
hydroxypropylcellulose microgels can be produced by (presumably mostly intramolecular)
crosslinking of linear chains with divinylsulfone.[7] Analogous processes are utilized for the
synthesis of commercially produced preparations of internally crosslinked hyaluronic acid.[811]
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3.

RADIATION-INDUCED CROSSLINKING

Synthesis of nano/microgels by intramolecular crosslinking of individual polymer
chains can be also initiated by ionizing radiation. The main advantage of this method is that it
can be carried out in a pure polymer/solvent system, free of any monomers, initiators,
crosslinkers or any other additives, therefore it seems to be especially well suited for the
synthesis of high-purity products for biomedical use. In this approach, discussed in more
detail below, pure aqueous solution of a polymer is subjected to a short (a few microseconds),
intense pulse of ionizing radiation. In this way, many radicals are generated simultaneously
along each polymer chain, and their intramolecular recombination leads to the formation of
nanogels. This approach has been first tested on neutral water-soluble polymers: poly(vinyl
alcohol)[12], polyvinylpyrrolidone[13] and poly(vinyl methyl ether)[14,15], and later
expanded to poly(acrylic acid) as an exemplary polyelectrolyte[16,17].

The main parameter influencing the competition between inter- and intramolecular
recombination of polymer radicals in dilute solutions is the average number of radicals
present at each macromolecule at the same time.[18] If this number, under the given
synthesis conditions, is much lower than 1, there is only a meager chance that a radical will
find a reaction partner within the same chain. In such cases, recombination is only possible
between radicals localized on two separate macromolecules. On the other hand, when there
are tens of radicals present along each chain, the probability of intramolecular encounters and
reactions is higher than that of intermolecular ones. The latter processes are relatively slow,
since they require that two large entities – polymer coils – diffuse towards each other.

In the case of the radiation-induced radical formation, these two opposite conditions, i.e. a
very low or very high number of radicals per chain, can be fulfilled by means of a proper
choice of irradiation conditions. Continuous irradiation at a relatively low dose rate, such as
typical irradiation with gamma rays from isotope sources, leads to a steady-state concentration
of polymer radicals in the order of 10-7 M. When the concentration of polymer coils is
significantly higher than this value (this condition is usually easily fulfilled), the average
number of radicals per chain is much lower than unity and intermolecular crosslinking is
observed. In order to promote intramolecular crosslinking, short, intense pulses of radiation
can be employed, such as pulses of fast electrons from an accelerator, generating radical
concentrations in the order of 10-4 ÷ 10-3 M. If the concentration of polymer coils is low (that
is to say, 10-6 ÷ 10-4 M), many radicals are generated on each macromolecule (typically many
tens or even over a hundred), and the conditions for intramolecular recombination are
fulfilled. Certainly, this does not mean that intermolecular reactions are totally eliminated in
such a case. Some coils may come into contact before all the radicals decay, and if there is an
uneven number of radicals on a chain, at least one of them must finally find a reaction partner
at a neighboring macromolecule.

The data on changes in molecular weight, viscosity and radius of gyration following the
pulse-irradiation of dilute polymer solutions clearly indicate that strongly internally
crosslinked nanogels are formed, which, in comparison with the starting macromolecules,
have somewhat higher molecular weight but at the same time significantly lower
dimensions.[12,13,16,17] While the main reason for the increase in molecular weight is
the intermolecular crosslinking occurring in the system with very low yields in parallel to
intramolecular recombination, the latter process is the dominant reason for the reduction in
coil dimensions.
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A balance between inter- and intramolecular recombination of polymer radicals may be also
maintained when continuous irradiation is used. Therefore it is possible to synthesize
microgels by crosslinking in a solution using isotope sources, as has been experimentally
demonstrated and supported by simulations for poly(vinyl alcohol) by Wang et al.[19-22]
4.

ACKNOWLEDGEMENTS

This work has been supported in part by the Polish Ministry of Science and High Education
No 507/6.PR UE/2008/7, No. 503/6.PR UE/2007/7, as well as by the International Atomic
Energy Agency, RC No. 15473, TC-POL8021. A valuable assistance of colleagues from
Polish Academy of Science, Technical University of Dresden and Massachusetts Institute of
Technology is gratefully acknowledged.
REFERENCES
[1]
[2]
[3]

[4]
[5]
[6]

[7]

[8]
[9]
[10]
[11]
[12]

[13]

BATZILLA, T., FUNKE, W., “Formation of intra- and intermolecular crosslinks in
the radical crosslinking of poly(4-vinylstyrene)” Makromol. Chem. Rapid Commun. 8
(1987) 261.
SHINDO, Y., T. SUGIMURA, HORIE, K., MITA, I., “Effect of Intramolecular
Crosslinks on Microgel and Macrogel Formation by Photocrosslinking Reaction in
Solution” Polymer J. 22 (1990) 63.
BRASCH, U., BURCHARD, W., “Preparation and solution properties of
microhydrogels from poly(vinyl alcohol)” Macromol. Chem. Phys. 197 (1996) 223.
FRANK, M., BURCHARD, W., “Microgels by intramolecular crosslinking of
poly(allylamine) single chains”, Makromol. Chem., Rapid Commun. 12 (1991) 645.
ARBOGAST, W., HORVATH, A., VOLLMERT, B., “Darstellung und [h]-MBeziehung von Mikrogelen aus polyvinylalkohol”, Makromol. Chem. 181 (1980)
1513.
GEBBEN, B., VAN DER BERG, H. W. A., BARGEMAN, D., SMOLDERS, C. A.,
“Intramolecular crosslinking of poly(vinyl alcohol)”, Polymer 26 (1985) 1737.
LU, X., HU, Z., GAO, J., “Synthesis and Light Scattering Study of Hydroxypropyl
Cellulose Microgels”, Macromolecules 33 (2000) 8698.
BALAZS, E.A., LESCHINER, A., US Patent 4 582 (1986) 865.
BALAZS, E.A., LESCHINER, A., LESCHINER, E.A., US Patent 4 713, (1987) 448.
BALAZS, E.A.L., in Cellulosics Utilisation, Edited by H. P. Inagaki, Elsevier Applied
Science, London (1989) 233.
AL-ASSAF, S., PHILLIPS, G.O., DEEBLE, D.J., PARSONS, B., STARNES, H.,
VON SONNTAG, C., “The enhanced stability of the cross-linked hylan structure to
hydroxyl (OH) radicals compared with the uncrosslinked hyaluronan”, Radiat. Phys.
Chem. 46 (1995) 207.
ULANSKI, P., JANIK, I., ROSIAK J.M., “Radiation formation of polymeric
nanogels”, Radiat. Phys. Chem. 52 (1998) 289.
ULANSKI, P., ROSIAK, J.M., “Pulse radiolysis of poly(vinyl methyl ether) in
aqueous solution. Formation and structure of primary radicals”, Nucl. Instr. Meth.
Phys. Res. B 151 (1999) 356.

122

Working Document

Working Document
[14]
[15]

[16]

[17]
[18]

[19]
[20]
[21]
[22]

SABHARVAL, S., MOHAN, H., BHARDWAJ, Y.K., MAJALI, A. B., “Radiation
induced crosslinking of poly(vinyl methylether) in aqueous solutions”, Radiat. Phys.
Chem. 54 (1999) 643.
ARNDT, K.-F., SCHMIDT, T., REICHELT, R., “Thermo-sensitive poly(methyl vinyl
ether) micro-gel formed by high energy radiation”, Polymer 42 (2001) 6785.
ULANSKI, P., KADLUBOWSKI, S., ROSIAK, J.M., “Synthesis of poly(acrylic acid)
nanogels by preparative pulse radiolysis”, Radiat. Phys. Chem. 63 (2002) 533.
KADLUBOWSKI, S., GROBELNY, J., OLEJNICZAK, W., CICHOMSKI, M.,
ULANSKI, P., “Pulses of Fast Electrons as a Tool To Synthesize Poly(acrylic acid)
Nanogels. Intramolecular Cross-Linking of Linear Polymer Chains in Additive-Free
Aqueous Solution”, Macromolecules 36 (2003) 2484.
ULANSKI, P., ZAINUDDIN, ROSIAK, J.M., “Pulse radiolysis of poly(ethylene
oxide) in aqueous solution. II. Decay of macroradicals”, Radiat. Phys. Chem. 46
(1995) 917.
WANG, B., MUKATAKA, S., KODAMA, M., KOKUFUTA, E., ”Viscometric and
Light Scattering Studies on Microgel Formation by γ-Ray Irradiation to Aqueous
Oxygen-free Solutions of Poly(vinyl alcohol)”, Langmuir 13 (1997) 6108.
WANG, B., MUKATAKA, S., KOKUFUTA, E., OGISO, M., KODAMA, M.,
”Viscometric, light scattering, and size-exclusion chromatography studies on the
structural changes of aqueous poly(vinyl alcohol) induced by γ-ray irradiation”, J.
Polym. Sci. :Part B: Polym. Phys. 38 (2000) 214.
WANG, B., MUKATAKA, S., KOKUFUTA, E., KODAMA, M., ”The influence of
polymer concentration on the radiation-chemical yield of intermolecular crosslinking
of poly(vinyl alcohol) by γ-rays in deoxygenated aqueous solution”, Radiat.
Phys.Chem. 59 (2000) 91.
SCHMITZ, K. S., WANG, B., KOKUFUTA, E., “Mechanism of Microgel Formation
via Cross-Linking of Polymers in Their Dilute Solutions: Mathematical Explanation
with Computer Simulations”, Macromolecules 34 (2001) 8370.

123

Working Document

Working Document

124

Working Document

Working Document
****
List of publications devoted to radiation formation of nanogels (Institute of Applied
Radiation Chemistry, Technical University of Lodz, Poland)
[1]
[2]

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

ROSIAK, J.M., ULAŃSKI, P., KADŁUBOWSKI, I.S., ”Conventional and radiation
synthesis of polymeric nano- and microgels and their possible Applications”, Eurasian
ChemTech J. 9 (2007) 9-28.
CZECHOWSKA-BISKUP, R., ULAŃSKI, P., OLEJNIK, A.K., NOWICKA, G.,
PANCZENKO-KRESOWSKA, B., ROSIAK, J.M., “Diet supplement based on
radiation-modified chitosan and radiation-synthesized polyvinylpyrrolidone microgels.
Influence on the liver weight in rats fed fat- and cholesterol-rich diet”, J. Appl. Polym.
Sci. 105 (2007) 169-176.
JESZKA, J.K., KADŁUBOWSKI, S., ULAŃSKI, P., ”Monte Carlo simulations of
nanogels formation by intramolecular recombination of radicals on polymer chain.
Dispersive kinetics controlled by chain dynamics”, Macromolecules 39 2 (2006) 857870.
ULAŃSKI, P., KADŁUBOWSKI, S., JESZKA, J.K., ”Nanogel formation by
intrachain radiation-induced cross-linking. Simulation and experiment”, Mater. Sci.Poland, 24 2 II (2006) 467-476.
ULANSKI, P., PAWLOWSKA, W., KADLUBOWSKI, S., HENKE, A., GOTTLIEB,
R., ARNDT, K.-F., BROMBERG, L., HATTON, T.A., ROSIAK, J.M., “Synthesis of
hydrogels by radiation-induced cross-linking of Pluronic® F127 in N2O-saturated
aqueous solution”, Polym. Adv. Technol. 17 (2006) 804-813.
HENKE, A., KADŁUBOWSKI, S., ULAŃSKI, P., ARNDT, K-F., ROSIAK, J. M.,
“Radiation-induced crosslinking of polyvinylpyrrolidone-poly(acrylic acid)
complexes”, Nucl. Instr. Meth. B 236 (2005) 391-398.
SCHMIDT, T., JANIK, I., KADŁUBOWSKI, S., ULAŃSKI, P., ROSIAK, J.M.,
REICHELT, R., ARNDT K-F., “Pulsed electron beam irradiation of dilute aqueous
poly(vinyl methyl ether) solutions”, Polymer 46 (2005) 9908-9918.
ROSIAK, J.M., “Nano-and Microgels of Poly(Vinyl Methyl Ether) Obtained By
Radiation Technique”, in: IAEA-TECDOC-1438 (Emerging Applications of Radiation
in Nanotechnology; Proceedings in consultants meeting held in Bologna, Italy 22-25
March 2004), International Atomic Energy Agency, Vienna, (2005) 141-156.
ROSIAK, J.M., ULAŃSKI, P., KUJAWA, P., JANIK, I., STASICA, P.,
KADŁUBOWSKI, S., KOZICKI, M., “Radiation-induced transformations of
polymers in aqueous solutions”, Eurasian ChemTech J. 7 (2005) 225-250.
NURKEEVA, Z.S, KHUTORYANSKIY, V.V., MUN, G.A., BITEKENOVA, A.B.,
KADŁUBOWSKI, S., SHILINA, Y.A., ULAŃSKI, P., ROSIAK, J.M., “Interpolymer
complexes of poly(acrylic acid) nanogels with some non-ionic polymers in aqueous
solutions”, Colloid Surface A 236 (2004) 141-146.
ULAŃSKI, P., ROSIAK, J.M, Polymeric Nano/Microgels; in Encyclopedia of
Nanoscience and Nanotechnology (ed. H.S. Nalwa), American Scientific Publishers,
Stevenson Ranch, CA, Vol. VIII (2004) 845-871.
KADŁUBOWSKI, S., GROBELNY, J., OLEJNICZAK, W., CICHOMSKI, M.,
ULAŃSKI, P., “Pulses of fast electrons as a tool to synthesize poly(acrylic acid)
nanogels. Intramolecular crosslinking of linear chains in additive-free aqueous
solution”, Macromolecules 36 (2003) 2484-2492.
ROSIAK, J.M., JANIK, I., KADŁUBOWSKI, S., KOZICKI, M., KUJAWA, P.,
STASICA, P., ULAŃSKI, P., “Nano-, micro- and macroscopic hydrogels synthesized
by radiation technique”, Nucl. Instr. Meth. B 208 (2003) 325-330.
125

Working Document

Working Document
[14]

[15]

[16]
[17]

[18]

[19]

ULAŃSKI, P., KADŁUBOWSKI, S., ROSIAK, J.M., “Synthesis of poly(acrylic acid)
nanogels by preparative pulse radiolysis”, Radiat. Phys. Chem. 63 (2002) 533-537.
ULAŃSKI, P., JANIK, I., KADŁUBOWSKI, S., KOZICKI, M., KUJAWA, P.,
PIETRZAK, M., STASICA, P., ROSIAK, J.M., “Polymeric biomaterials synthesized
by radiation technique - current studies at IARC, Polym. Adv. Technol. 13 (2002)
951-959.
ROSIAK, J.M., ULAŃSKI, P., “Synthesis of hydrogels by irradiation of polymers in
aqueous solution”, Radiat. Phys. Chem. 55 (1999) 139-151.
ULANSKI, P., ROSIAK, J.M. “Use of radiation technique in the synthesis of
polymeric nanogels”, Nucl. Instr. Meth. B 151 (1-4) (1999) 356-360.
ULAŃSKI, P., JANIK, I., ROSIAK, J.M., “Radiation formation of polymeric
nanogels”, Radiat. Phys. Chem. 52 (1998) 289-294.
ULAŃSKI, P., ZAINUDDIN, ROSIAK, J.M., “Pulse radiolysis of poly(ethylene
oxide) in aqueous solution. II. Decay of macroradicals”, Radiat. Phys. Chem. 46
(1995) 917-920.

126

Working Document

Working Document
RADIOLITICALLY SYNTHESIZED HYBRID NANOSYSTEMS FOR BIO-NANOTECHNOLOGIES
Z. Kacarevic-Popovic
VINČA Institute of Nuclear Sciences
Laboratory for Radiation Chemistry and Physics – GAMMA
Belgrade, Serbia

Abstract: Laboratory for Radiation chemistry and Physics, Gamma, Vinca Institute of Nuclear

Sciences, has 15 employed researchers with Ph.D. and 15 graduate students working on ongoing
projects in experimental research in nanoscale science and modification of materials by irradiation.
This Laboratory has excellence and long lasting tradition in scientific activities. Based on the
outstanding results in radiation chemistry in the Laboratory for Radiation Chemistry and Physics
exists radiation unit for industrial sterilization of medical devices. In years 2003 and 2004 Serbian
Ministry of Science invested 500,000 € for equipment for developing nanosciences in Laboratory.
Laboratory is well equipped for synthesis and characterization of nanoscale materials.

1.

INTRODUCTION

Recent research efforts have been devoted to the preparation of noble metal
nanoparticles because of their unique properties. A large number of synthetic procedures have
been employed in order ti synthesize Ag and Au nanoparticles and /or nanocomposites. It has
been shown that the morphology, particle size distribution, stability and properties of Ag or
Au nanoparticles are strongly dependent on the method of preparation and specific
experimental conditions. The radiolytic method is suitable for generating metal particles in
solution. The radiolytically generated species, solvated electrons and secondary radicals
exhibit strong reduction potentials, and consequently metal ions are reduced at each
encounter. The control of particle size is commonly achieved by the use of capping agents
such as polymers, which are present in solution during the formation of metal clusters.
Polymer molecules interact with the growing metal particles, inhibiting the aggregation
process. In addition, casting of film becomes easier and the particle size can be well
controlled within the desired regime. Our current research activities are related to radiolytic
synthesis of polymer based nanocomposites with noble metal nanoparticles. We have
developed radiolytic methodologies for synthesizing of noble metal nanoparticles (Ag and
Au) polymer nanocomposites. Ag-PVA nanocomposites were prepared by reduction of Ag+
ions in aqueous PVA solution by steady state gamma irradiation, followed by solvent
evaporation.
Au nanoparticles were synthesized in PVA solution and PVA hydrogel matrix by steady state
gamma irradiation. Obtained results of characterization indicated that it was possible to tune
the optical properties of nanoparticles in nanocomposite system by changing the polymer
matrix architecture, dielectric properties of surrounding medium and the pH value of initial
solution.
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Fig. 1: Absorption spectra of primary colloids, corresponding uncrosslinked nanocomposites and secondary
colloids: Ag/PVA.

Fig. 2: TEM micrographs and particle size distributions of Ag-nanospheres.
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Fig. 3: XRD pattern of Ag/PVA nanocomposite.

Fig. 4: IR spectra of crosslinked PVA (A) and Ag (0.5 wt%) PVA nanocomposite (B).

Although gamma irradiation has been proven to be a powerful tool for synthesis and
modification of materials, not many studies have been reported concerning the radiolytic
formation of metal nanoparticles in hydrogel matrix (template synthesis). We are
systematically developing synthetic strategies for incorporation of nano Ag and nano Au in
hydrogel networks by gamma irradiation for antibacterial purposes, using liquid filled cavities
in hydrogels as nanoreactors.
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The chosen hydrogels, being previously synthesized or crosslinked by gamma irradiation, are
suitable for various applications in reconstructive chirurgy, including wound dressing, tissue
expanders etc. Nano Ag is successfully incorporated in hydrogel matrix such as PVA, and
poly(bBIS-co-HEMA-co-IA) copolymer hydrogel. 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 matrix is in progress.
radiolysis of water
H2O → eaq–, OH●, H●, H+, H2O2, H2
(CH3 )2CHOH + OH• → (CH3 )2C•OH + H2O
(CH3 )2CHOH + H• → (CH3 )2C•OH + H2
formation of polymer radicals
PVA (H) + OH• → PVA• + H2O
crosslinking of polymer
2 PVA• → PVA ― PVA
reduction of silver ions
n Ag+ + n eaq- / (CH3)2C•OH / PVA• → (Ag)n

Hydrogels are polymer networks that are able to swell in aqueous solutions with a multiple
uptake of solvent relative to their own volume or mass.

Hydrogels are being considered as most promising biomaterials in form of contact lens, burn
dressing, artificial corneas, soft tissue substances etc. Hydrogels are applied from tissue
expanders to coatings for penile and testicular implants, urology devices and materials as well
as for wound dressing. Even in diabetic foot wound therapy, in some cases, a tissue expander
can be used for resolving the open wound. Hydrgels can be used as balk materials, coatings or
can be grown and dispersed in water as colloidal particles with a cross linked polymer
framework.
On the other hand nearly synchronous with the advent of the prostetic medical devices,
strategies were developed to attempt to minimize the risk of infections. In recent years
nanoscale antibacterial materials as novel antimicrobial species have been seen as promising
candidates for application owing to their high surface to volume ratio and their novel physical
and chemical properties on the nanoscale level. Many kinds of nanometer –sized antibacterial
materials such as TiO2, ZnO, MgO, chitosan, calamine, copper and silver have been reported
on in this area. Among them nanocrystalline silver has been proved to be most effective
antimicrobial agent since silver and its compounds have powerful antimicrobial capability and
broad inhibitory biocidal spectra for microbes, including bacteria, viruses and eukaryotic
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microorganism. Enhanced antibacterial properties of nanocrystalline silver have been
demonstrated both in vitro and in vivo. In addition metal nanoparticles such as silver provide
interesting research area because they have a close lying conduction and valence bands in
which electrons move freely.

Fig. 5: Crosslinked nanocomposite (xerogel).

Fig. 6: AFM of Au (0.5 wt%)/PVA xerogel nanocomposite.
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Fig. 7: XRD pattern of Ag/PVA crosslinked nanocomposite.

Fig. 8: Absorption spectra of Ag-nanoparticle (0.5 wt%) in PVA hydrogen, obtained by three different radiation
routes.

Due to their ability to absorb and scatter the light and biocompatible nature they are therefore
well suited for nanoparticles optical and biological application. Moreover, in 2005
investigators first reported that Ag nanoparticles prevent HIV-1 infection. Findings suggest
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that the particles interacted with the viral particles in a size-dependent manner, and behaved
as lectins-proteins that interact predominantly with glycosylated loci-probably due to the
preferential binding of the nanoparticles to the cysteine-rich moieties of the gp120
glycoprotein present in the viral envelope. The interaction of Ag nanoparticles and gp120
prevented viral fusion with cells, therefore preventing infection.

The synthetic procedure is amenable to fine tune the properties of hybrid nanomaterials.
Recent research efforts are heading for exploiting the in situ synthesis of noble metal
nanoparticles within the polymeric network architectures and the synthesized products using
these approaches are leading to news hybrid-composite systems in chemistry and engeneering
sciences. Three-dimensional hydrogels (either in balk or in the form of colloidal
nanoparticles) are appropriate templates for producing noble metal nanoparticles over
conventional non-aqueous and polymeric systems for biomedical applications in view of their
exceptional compatibility with biological molecules, cells and tissues. In this way the carrier
system acts as nanoreactors that immobilize nanoparticles and provide an easy handling. In
the literature there are only few reports regarding these novel approach to synthesizing of
nanoparticles using hydrogel networks as nanoreactors.

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.

2.

MATERIALS AND METHODS

Polyvinil pyrrolidone (PVP) as well as polyvynil alcohol (PVA) has been used
successfully in many biomedical applications as a basic material for the manufacturing of
hydrogel wound dressing and will be used in the activities in this proposed project.

Research activities in proposed project in addition will focus on development of temperature
and pH stimuli hydrogel matrix based on PNIPAAm and PHEMA respectively. PHEMA
hydrogel is inert to the normal biological processes, shows resistance to degradation, is
permeable to metabolites and is not absorbed by the body. Itaconic acid (IA) provides
polymer chains with carboxylic acid groups, which are highly hydrophilic and are able to
form hydrogen bonds with corresponding groups. In general inclusion of carboxyl moieties
produce ionic hydrogels which subsequently dissociate on hydration, causes an increased
osmotic potential and thus augments swelling compared to nonionic gels.
Ag nanoparticles will be synthesized in previously obtained PVA, PVP, NIPAAM and
PHEMA hydrogel matrix by gamma irradiation. The combination of nanoparticles with smart
polymeric architectures will be the route of the design of novel materials.
To preapare nanocrystalline Ag the gamma irradiation will be used. Advantages of radiolytic
method are numerous, reactions occur under the standard conditions, no formation of byproducts, no need for any catalyst, enable crosslinking of polymers, suitably for reduction of
metal ions

Characterization of obtained hybrid nanosystems will be performed by UV-Vis spectroscopy
measuring characteristic Plasmon absorption. Mycroscopy, TEM, SEM, UV-Vis, ICP-Ms,
Swelling experiment.. The swelling will be performed in SBF solution.
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3.

OBJECTIVE OF THE PROJECT

4.

WORK PLAN

Developing of radiolytic procedure for synthesizing of hydrogel based nanosystems
using steady state gamma irradiation for in situ synthesizing of Ag nanoparticles in previously
radyiolitically synthesized hydrogels. These systems should be suitable for control releasing
rate of Ag cations for antibacterial purposes.
First year: Synthesis of polymer and copolymer hydrogels of PVA, PVP, NIPAAm,
PHEMA and IA by gamma irradiation. The copolymerization and crosslinking of polymers
will be performed by means of radiation chemistry method. Although the polymerization
could be carried by conventional means, ionizing irradiation has been preferred and
recognized as a suitable tool for the synthesis of biocompatible polymers.

Synthesis of Ag nanoparticles in the previousely obtained hydrogels. Characterization of
obtained nanocomposites by swelling measurements in SBF, spectroscopy and microscopy.
Study of the release rate of the Ag ions by plasma mass spectrometry (ICP-MS)
Second year: Investigation of antibacterial properties of radyolyticaly synthesized Aghydrogel nanocomposites

Third year: Synthesis of Au nanoparticles in previously obtained Ag-hydrogel
nanocomposites by gamma irradiation. Investigation of antibacterial properties of synthesized
AuAg-hydrogel nanocomposites
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ANTIOXIDANT-CONJUGATED ONTO GAMMA-GENERATED CHITOSAN
NANOPARTICLE FOR RADIATION STERILIZED MEDICAL PLASTIC
W. Pasaphan
The Department of Applied Radiation and Isotopes
Faculty of Science Kasetsart University
Bangkok, Thailand
1.

CURRENT STATUS OF WORK AND RESEARCH ACTIVITIES GOING ON IN
THE RESPECTIVE DEPARTMENT

The Department of Applied Radiation and Isotopes, Faculty of Science, Kasetsart
University, Bangkok, THAILAND mainly gives the course of study in the field of radiation
and nuclear science and technology. The research activities relevant to the department are
about nuclear instrument and analytical technique by nuclear methodology, radiation
chemistry and processing technology, and radiation biology and agriculture. My work going
on in the department is separated into two main responsibilities, i.e. (i) teaching courses and
(ii) research activity. For (i), in the present time, there are 5 courses (i.e., radiation detection
technique, radiation health protection, nuclear method of analysis, radioisotope tracer
techniques in biology and seminar) for bachelor degree and 4 courses (Radiation chemistry
and processing, radiation detection and dosimetry, nuclear facilities and utilization, research
method in applied radiation and isotope) for master degree. In the case of (ii), my research
interests head on the radiation chemistry and processing applicable to material and
nanomaterial development for industrial applications, e.g. nanofilter and metal absorbent
material; for medical applications, e.g. bio-additive for medical material, nanoparticle for drug
delivery system, radiosensitizer for radiotherapy; for agricultural applications, e.g. pest
controlled compound and plastic. The researches are also attended to biopolymer especially
chitin-chitosan including functional polymer. The material for radiation dosimeter based on
EPR one is furthermore interesting to look for.
2.

BACKGROUND OF RESEARCH PROJECT

Chitin, poly[β-(1-4)-2-acetamido-2-deoxy-D-glucopyranose] is well-known as a most
abundant organic material, being second only to cellulose in the amount produced annually by
biosynthesis. It occurs in animals, particularly in crustacean, mollusks and insects where it is
an important constituent of the exoskeleton, and in certain fungi where it is the principal
fibrillar in the cell wall. The principal derivative of chitin is chitosan, poly[β-(1-4)-2-amino-2deoxy-D-glucopyranose] (Fig. 1), produced by
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Fig. 1: Structure based Properties of Chitin-chitosan
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alkaline deacetylation of chitin. Chitosan also occurs naturally in some fungi but its
occurrence is much less widespread than is that of chitin. Chitin was also isolated from
shrimp shells, crab crusts, and squid pens and deacetylated to give chitosan.

The most important resource of chitosan in Thailand mainly comes from the shell of shrimp.
Thailand has the edge over any other countries in having a huge resource from frozen seafood
industry, which is a principal raw material for chitin-chitosan production. Therefore, to
support the production of chitin-chitosan from shells of shrimp in high standard quality
process as well as its value-added will permanently develop the country. Additionally, the
members of college faculty and researchers paid more interests in the development of chitosan
to advanced products as one of the country technologies. This will bring chitosan to the
practical uses in a wide variety of applications, e.g. agricultural, medical, food, cosmetic, and
pharmaceutical applications. For this research, thus, we expect that it may be a part to alter
this kind of material from waste product to invaluably advanced material.
As in the case of cellulose and other biopolysaccharides, chitin-chitosan has a high molecular
weight and a strong network of inter- and intramolecular hydrogen bonds. This structure
results in poor solubility in most organic solvents and makes it chemically inert for
derivatization. Since only a few chemical modifications can be made in chitosan-carboxylic
acid aqueous solution (acetic acid or citric acid), most reactions of chitosan are carried out in
heterogeneous systems of organic solvents.

The trend of value-added chitosan to advance material when considering its chemical
structure can be divided into two main methods. For the first method, chitosan is directly used
based on its own unique properties. In this way, chitosan can be improved its feature to
appropriated purpose through simple physical modification, e.g. gel creating, film or
membrane casting, fiber spinning, bead forming, and low-molecular weight oligomerizing.
The applications are therefore limited to use only in some applications such as a plant growth
promoter, chelating agent, paper coating, moisture preserved additive for cosmetic, and filter
membrane, etc. For the second one, the chemical structure modification of chitin-chitosan to
achieve its derivatives with specific properties requires for particular purpose. Water soluble
chitin and chitosan like CM-chitin and CM-chitosani were developed by suitably chemical
modification. Although chitosan shows good chelating ability by its own functional groups of
amino and hydroxyl, strongly electrostatic molecule containing oxygen and nitrogen atom
was used to modified chitosan in order to improve its metal ions adsorption capacity.ii Up to
now, there have been several reports about a well-defined colloidal structure at the micro
and/or nano scale where novel properties are discovered. For this issue, it will then be
described later on.
According to our works based on this kind of biopolymer, there are many studies from the
past until now. In the past ten years, chitosan is basically developed by using gamma radiation
via degradation process and chemical separation method to achieve the suitable molecular
weight applicable for antibacterial and plant growth promoter activity. Subsequently, it has
been improved in term of bio-additive for surface functionalization onto commercial plastic
film. The improvement to antioxidant compounding was also studied to approach bio-additive
for food and cosmetic as well as bio-additive compounding for food packaging and medical
sterilized-plastic.

Here, the current status of our research work focuses on the advanced development of chitinchitosan cooperated with the use of radiation processing or nuclear science and technology. In
the present time, our research work based on this kind of material is still prominently in term
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of bio-additive. It is laid on two objectives, i.e. bio-additive for commercial plastic and bioadditive based nanoparticle.

For the first purpose, chitosan is grafted onto polyethylene film surface using radiation grafted
copolymerization technique. The material obtained has been proposed as a metal ions
adsorbent. In the prior study, copper ions could be formed complex on the surface of
polyethylene film via amino group of grafted chitosan.iii This material was proposed as a pestcontrolled film as well as a metal adsorbent plastic. This work is still expanded for further
study on the chitosan solution quality, the metal ions adsorptivity and its stability.
Additionally, biocompatibility of material-biological contact may also be one of our future
studies. The bio-additive for commercial plastic not only in term of bio-surface
functionalization as mentioned but also in term of antioxidant compounding. The later is the
most important background and motivation of the research project under the CRP. According
to our previous related work, the research comes from the fact summarized as follow.

Plastics are the most commonly used materials for the medical device, pharmaceuticals and
cosmetics.iv Among the plastic polymers, polyolefins exhibit several advantages including
low production cost, good resistance and protection of the content and reduced environmental
impact.v In addition, because of their inertness, polyolefins are suitable for applications
requiring compliance with health and safety regulations, such as food packaging and medical
delivery systems.vi Based on the fact that the material applied for medical device need to be
sterilized before used according to the safety concerning. Gamma radiation has been
recognized since the 1950s as a safe and effective method of sterilizing medical products.
However, radiation interacts with polymers in two basic ways: chain scission, which results in
reduced tensile strength and reduced elongation, and crosslinking, which results in increased
tensile strength and reduced elongation. Both reactions occur simultaneously. Therefore,
commercial polyolefins need the addition of stabilizers, primarily antioxidants, to preserve
their chemical and physical–mechanical properties both during processing and under the
conditions of use.vii Hindered phenol antioxidant and hindered amine light stabilizer are
commonly used in order to prevent of hydrogen abstract from the polymer chain and scavenge
the radical intermediate formed in the photo-oxidation process, respectively. Since
international regulatory authorities require that pharmaceutical and food packaging should not
interact physically or chemically with their contents, the possible release of the polymer
additives by the plastic containers should be monitored and minimized. From the past until
now, there are some reports about the toxically concern of the traditional antioxidants.
Migration of free small antioxidant molecule may play an important role in carrying a toxin
from the polymer matrix to the food and body contact. Depending on the actual use of plastic
products, they can gain access to the body via the gastrointestinal system, transdermally, or
through the bloodstream.

In an article in the Journal of the American Medical Association, investigators report that
increased exposure to the commonly-used plastic additive bisphenol may be associated with
an increased risk of cardiovascular disease and diabetes. Bisphenol A (BPA) is widely used in
plastic liners for food and beverage containers, in hard plastics used in bottles, and in many
other consumer products. It significantly raise the chances of also having diabetes or a history
of cardiovascular events, according to a study based on the 2003-2004 by National Health
and Nutrition Examination Survey (NHANES). viii Sótonyi et al. (2004)ix reported that a light
stabilizer Tinuvin 770 can induce toxic injury of adult rat cardiac myocytes.Tinuvin 770
[bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate], is a UV light stabilizer plastic additive used
worldwide. It is a component of many plastic materials used in food and medical plastic
industries. One of the literaturesx presented that Tinuvin 770 not only displays L-type Ca2+
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channel blocking properties, but can also lead to catecholamine release, similar to effects of
the first generation of L-type Ca2+ channel blockers. Morphological results correspond to
catecholamine-induced myocardial damage. They also indicate that more detailed toxiological
analysis of Tinuvin 770 should be required, and current regulations in medical and food
industries should adopt the new results.
From the feasible problem reported, we previously proposed the model conjugated
antioxidant based biopolymer.xi This work was based on a molecular design of chitosan as a
novel biopolymer-based antioxidant by demonstrating the preparation steps of conjugating
with deoxycholic acid (DC) and gallic acid (GA) to obtain chitosan-DC-GA (Fig. 2). The
work also studies the use of chitosan-DC-GA as an antioxidant additive by showing the
antioxidative potential of chitosan-DC-GA via a DPPH free radical model and the
compatibility of chitosan-DC-GA with polyethylene as a commodity polymer model.
Structural characterization by IR-FTIR, 13C-NMR, and C H N analysis and morphological
investigation by TGA, XRD and SEM could be confirmed the successful preparation of this
derivative. It is important to clarify whether chitosan-DC-GA shows the ability to scavenge
free radicals or not. Comparative studies on the antioxidant capacity of chitosan-DC and
chitosan-DC-GA were studied by using DPPH model free radicals and ESR technique.
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Fig. 2: Chemical structure of chitosan-DC-GA.

The decrease of the DPPH free radical intensity in ESR signal indicates the ability of
chitosan-DC-GA to scavenge DPPH free radical related to the concentration. Chitosan-DCGA exhibits antioxidant capacity, whereas no significant antioxidant capacity is observed in
the case of chitosan-DC. This verifies that the conjugated gallate group of chitosan-DC-GA
assists chitosan in stabilizing free radicals. When we consider the use of chitosan-DC-GA as
an additive for medical grade LDPE, we need to confirm the stability and the functioning of
the antioxidant at high temperature (as high as 160°C, the processing temperature). ChitosanDC-GA was incubated at 190°C for 5 and 15 min before treating with DPPH free radical. The
result indicates that there is no change in the DPPH free radial scavenging capacity of that
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compound, even after thermal treatment, as compared to the compound without incubation.
This implies the durability of the antioxidative function of chitosan-DC-GA derivative. The
aim of this work also intended to design a chitosan bio-additive antioxidant for medical grade
LDPE. Thus, clarification of its compounding with LDPE, especially its compatibility, is
important. The result showed that LDPE with chitosan powder, white traces along the
samples can be observed, indicating phase separation. For the blends of chitosan-DC and
chitosan-DC-GA with LDPE, the samples obtained show homogeneous sheets, implying the
miscibility of the system. Even though it is difficult to elucidate the mechanism for how
chitosan-DC and chitosan-DC-GA are miscible with LDPE, we suspect that the steroid
structure with the high hydrophobicity of the DC may bring the hydrophobic site to the
chitosan and initiate the miscibility. SEM was also used to confirm the miscibility of the
blend. In the case of LDPE with 2 wt % of chitosan, the result clearly show the phase
separation between the LDPE and the chitosan, whereas 2 wt % of chitosan-DC-GA shows
the miscibility with LDPE. The miscibility between chitosan-DC-GA and LDPE is still
observed when the concentration of chitosan-DC-GA is increased to 7 wt %.
Accordingly, the previously development and investigation described bring us to continue the
study. Some additional result in the morphology and particle size of chitosan-DC was
investigated by TEM. The result demonstrates that it form like a particle with the size in the
range of 150-350 nm (n=50) (Fig. 3). Regarding to the issue pointing out in the current status
of our research work in term of bio-additive, one another objective is focused on bio-additive
chitosan based nanoparticle, which is a little bit mentioned above. For the past few years,
nanotechnology has been increasing as it has the potential to create many new materials and
devices with wide-ranging applications, such as in medicine, electronics, and energy
production. Generally nanotechnology deals with structures of the size 100 nanometers or
smaller, and involves developing materials or devices within that size. Up to now, several
reports try to approach chitosan nanoparticle in various possible forms, for example,
nanosphere, nanoparticle, and nanoscaffold. The most average size reported is still higher than
hundred nanometers. To approach the definite nanoscale product, the appropriated preparation
method should be studied. In this fashion based on the new generation of the chitosan
development, we are focusing on finding out an effective, selective, and simplest protocol to
achieve nanoparticle chitosan. The important role is on the basic of high energy radiation
initiate nanoscale product. The value-added nanoparticle chitosan will be proposed in wide
verity applications, e.g. drug delivery system, bio-additive for food, plant, and cosmetic as
well as for commercial plastic like food packaging and medical plastic.

Fig. 3: TEM photograph of chitosan-DC nanoparticle.
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Hence, the research project under CRP will be combined between our previous research
reported and the new generation of nanoparticle bio-additive chitosan. In this way, the
nanoparticle is supposed to improve thermal and mechanical properties and bring more
perfectly efficient and miscible blending of radiation stabilizer compound for medical plastic.
3.

WORK PLAN FOR THE RESEARCH PROJECT

The systematic preparation of chitosan nanoparticle by gamma radiation and chemical
modification is proposed. The chitosan nanoparticle will be developed into two objectives that
are nanoparticle for radiation stabilizer and nanoparticle for drug delivery system. For the first
objective, chitosan nanoparticle may contain hydrophobic portion and radiation stabilizer
portion to approach chitosan nanoparticle based radiation stabilizer for radiation sterilized
medical plastic. In the second, chitosan will contain hydrophobic and hydrophilic group and
then will form self-assembly molecule (Fig. 4). According to our earlier research mentioned,
non-modified long chain chitosan was used as a base-conjugated polymer. In the present
work, the development of chitosan nanoparticle using gamma-ray initiated nanoscale product
is an important role. Even if chitosan has been developed and specified as a particle and/or
nanoparticles in many previous researches, it is important to develop chitosan nanoparticle in
acceptably definite nanoscale, which would be in the range of 1-100 nm. The research focuses
on the systematic preparation condition and characterization. An effective, selective, and
simplest procedure are preferable to discover. The research plan can be divided into two main
parts, i.e. (i) physical modification, i.e. gamma irradiation process, and (ii) chemical
modification one.

Chitosan
Hydrophilic or radiation
stabilizer group

Hydrophobic group

Fig. 4: Formation of chitosan nanoparticle.

For (i), chitosan will be degraded into short chain polymer via high energy gamma-ray
irradiation. The radiation doses will be varied to 5, 10, 20, 40, and 100 kGy. The experiment
will be also extended to study the effect of chitosan feature, i.e. solid, colloidal, and acidic
forms, during gamma-ray irradiation on the formation of nanoparticle in a well-defined
colloidal structure. This process is expected to be the simple, effective, and selective method
in preparing chitosan nanoparticle. The characterization is not only the molecular weight
reduced but also the feature and the size of the particle formed.
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In the case of (ii), chitosan nanoparticle obtained will then be modified by chemical
conjugating with appropriated molecules. Radiation stabilizer group will be conjugated onto
that of chitosan nanoparticle to serve as a part of free radical scavenger. The deoxycholic acid
according to our previous work still be used as a part of hydrophobic molecule to serve as a
compatibilizer with polyolefin matrix based on like-dissolved-like concept. In the case of
chitosan nanoparticle for drug delivery system, both hydrophobic and hydrophilic groups will
be modified onto chitosan. The chemical structure will be characterized by IR-FTIR, 13CNMR, and %C H N analysis. The morphology will be observed by SEM, TGA, and XRD.
The antioxidant activity and the thermal stability of its function will be evaluated by DPPH
standard free radical including EPR and/or UV-Vis. The particle feature and size will be
measured by TEM and appropriated characterization.
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SURFACE AND BULK NANOSTRUCTURING OF POLYMERS USING
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1.

INTRODUCTION

Ionizing radiation has long been known to be a powerful tool in modifying and
controlling the properties, forms and eventually end-uses of polymeric materials for a variety
of applications. Industrial applications are full of successful examples of macro scale, bulk
property modifications by radiation. Extremely short wavelength of ionizing radiation
however, makes it an important and useful tool in creating very small size structures in
polymers. One of the the most successful such industrial applications has been known as
microlithography which is based on the development submicron size features as a result of
positive or negative resist character of the polymer irradiated under a mask. Lithography is
not the only way of introducing nanoscale forms in polymers. Polymer surfaces or the bulk
can also be structured in nanoscale by proper use of ionizing radiation. In fact very well know
effects of radiation in terms of chain scission, crosslinking and grafting and even curing have
been utilized for surface and/or bulk modification of polymers at nanoscale. A very
interesting and promising application of radiation-induced grafting is radiation-initiated
nanosurface modification for tissue engineering. By optimizing electron beam grafted
responsive polymer thickness down to 100 nm, cells grown on a polystyrene substrate grafted
with nanometer thick poly(N-isopropyl acrylamide) were harvested by controlling the
external stimuli such as temperature. Electron beams are uniquely useful to prepare large
amount of stimuli-responsive culture surfaces required for tissue engineering in a very simple
way. The cell sheets thus obtained have already been clinically applied in plastic constructive
surgery and ophthalmology.

The use of ionizing radiation for the preparation of nano-sized gels has been proven to be very
efficient way of synthesizing these materials. Since no externally added substances are
required for the crosslinking of individual polymer chains in aqueous solutions, the gels
obtained by this technique are free from impurities or foreign materials. They have the
potential to be used as drug, enzyme carrying agents.
Radiation-curable polymeric nanocomposites with enhanced surface-mechanical properties
have been developed. Adequate electron beam curing activity was imparted on inorganic
nanoparticles, e.g. silica and alumina, by grafting onto them functionalized trialkoxysilanes,
yielding covalent-bonded hydrolysis-stable surface compounds. Transparent, scratch and
abrasion resistant coatings were obtained by radiation curing of acrylate formulations
containing high amount of nanosized modified silica and alumina fillers. Radiation curing has
shown its great potential particularly in fabricating protective polymeric composite coatings.
This list can be extended to include preparation of ion track membranes for use in filtration,
separation of liquids and gases biological species, production of nanowires, nanotubes,
sensors etc. Radiation –induced reduction of metal ions in aqueous solutions for the synthesis
of nanoparticles, nanoclusters has been shown to be a simple direct method for their
prepation. Preparation of microfluidic devices, lab-on-a-chips, monoliths and molecularly
imprinted polymeric matrices can be achieved by using ionixing radiation.
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Three directions of research on radiation formation of nanostructures have been envisaged in
this project, all related to the final application of developed systems for health-care. The first
part concerns the preparation of well defined nanoscale polymeric grafts (also called brushes)
on cell culture devices that would allow easy detachment of cell sheets. The monomers to be
grafted from the surfaces would have temperature responsive behavior to cause them undergo
large volume changes upon small temperature differences for the non-invasive, nondestructive release of surface grown cell sheets. The second part of the project deals with the
radiation synthesis of nanogels from aqueous solutions of hydrophilic polymers. Dilute
solutions of hydrophilic polymers when irradiated with ionizing radiation acquire
intramolecular crosslinks leading the formation of nanoscale insoluble polymer coils, namely
nanogels. They will be further tested for drug loading and eventual release. The sizes of
pristine polymer coils will be controlled by carefully monitoring the denaturing effect of some
agents. The third part of the project is related to the synthesis of molecularly imprinted
polymeric matrices with the ultimate aim of using them as recognitive systems, drug delivery
systems. The nanoscale cavities to be produced during radiation-induced crosslinking of
functional polymers around the template will be the key factor in controlling the performance
of these systems in molecular imprinting.
2.

EXPERIMENTAL

I. Synthesis of Polymeric Brushes
Materials. NIPAAm (97%, Aldrich) was recrystallized twice from hexane and dried under
vacuum prior to use. AA was distilled under vacuum and used immediately. The synthesis of
the RAFT agent, 3-benzylsulfanylthiocarbonylsulfanyl propionic acid (BPATT), has been
described elsewhere. All other chemicals and solvents where purchased from Sigma-Aldrich,
Acros, and Fluka at the highest available purity and were used as received. Whatman No. 1
filter paper was used as cellulose substrate due to its high cellulose content (98% α-cellulose),
lesser amount of impurities, and ease of chemical modification.
Polymerization. The monomers, NIPAAm and AA, were dissolved separately with
BPATT in deionized water-ethanol mixture (9:1 v/v). After complete dissolution of the
reactants, the stock solution was divided into 10 mL aliquots and transferred to glass sample
vials. BPATT-immobilized cellulose, i.e. macro-CTA, (≈0.01 g) was also added to vials as the
substrate to be grafted (the synthesis of BPATT-immobilized cellulose and the reason of
using a RAFT agent immobilized surface was explained elsewhere. The vials were capped
with rubber septa and deoxygenated by purging with nitrogen gas for 20 min each. The
samples were placed in a shielded irradiation room with a 60Co source at ambient temperature,
and then removed periodically to investigate the reaction kinetics. Monomer to polymer
conversions were evaluated using 1H NMR spectroscopy. Synthesized cellulosic copolymers
were purified with sufficient rinsing. Details of this purification and calculation method for
graft ratio (G.R., wt.%) and graft frequency (G.F.) were described elsewhere.
Characterization. 1H NMR spectra were recorded on a Bruker spectrometer (300 MHz) in
D2O. GPC was performed in DMAc (0.03% w/v LiBr, 0.05% BHT) at 40 oC (flow rate 1mL
min-1) (more details on the GPC system can be found elsewhere). Contact angle (CA)
measurements were achieved using a Krüss DSA100 model CA goniometer. Drop volumes
were 10 µL and the average CA value was obtained by measuring the same sample in four
different positions. XPS measurements were carried out on a VG ESCALAB220i-XL surface
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analysis instrument with a mono-chromatized Al Kα X-ray source (more details on XPS can
be found elsewhere).
II. Preparation of Molecularly Imprinted Matrices
Materials
The crosslinking agents; diethyleneglycol diacrylate (DEGDA) and polypropylene glycol
dimethacrylate (PPGDMA with Mn= 560) were purchased from Aldrich (Milwaukee, USA),
triethyleneglycol dimethacrylate (TEGDMA) was purchased from Aldrich (Steinheim,
Germany). The template molecule, D-glucose and functional monomer, 2- hydroxyethyl
methacrylate (HEMA) were obtained from Fluka (Buchs, Switzerland). The solvents;
dimethyl sulfoxide (DMSO) and ethanol (EtOH) were purchased from Merck (Darmstadt,
Germany). All chemicals were analytical grade and used as received.
Synthesis of D-Glucose imprinted network

All MIP systems with different compositions of template, crosslinking agent and functional
monomer were synthesized in the presence of a solvent via radiation polymerization. In order
to achieve pre-polymerization complex formation; template molecule, D-glucose was first
mixed with the monomer, then with the crosslinking agent and the solvent. The crosslinking
agents used were DEGDA, TEGDMA, PPGDMA; in order of increasing chain length.
Crosslinking agent concentration in the polymerization mixture (monomer, crosslinking agent
and template) covered a range of 10, 20, 30, and 70 % by mole. The mole ratio of D-glucose
to functional monomer, HEMA, was kept as 1:3. Control matrices called non-imprinted
polymers (NIPs) were synthesized with exactly the same compositions as MIPs in the absence
of D-glucose. To investigate the crosslinking effect of radiation, HEMA networks were also
prepared without crosslinking agent in the same manner. All MIP systems were prepared in
appropriate amount of DMSO:EtOH (3:1 volume:volume) solvent mixture. Irradiations were
carried out in air at ambient temperature in a Gammacell 220, 60Co-γ irradiator (Nordion,
Canada) with absorbed doses changing from 1 to 15 kGy. The MIP matrices in disc forms
were then placed in 200 mL of deionized water. The rinsing solutions were changed three
times a day to remove the template and unpolymerized material if any. The resulting discs
were then dried in air at room temperature and then placed in a vacuum oven (T=40 ºC, 100
mbar vacuum), until complete dryness.
PAL Experiments and Data Analysis

For positron annihilation lifetime (PAL) experiments a positron source was prepared by
depositing ca. 1.8 MBq of aqueous 22NaCl on a 7 µm-thick Kapton foil having a 10x10 mm2
area. After drying, the 22NaCl deposited foil was covered with foil of the same size, and the
foil edges were glued with epoxy resin. A sandwich arrangement (sample-source-sample) was
used. PAL experiments were carried out using a conventional fast-fast coincidence system
having a time resolution (FWHM) of about 280 ps. The measurements were carried out in air
at room temperature. The spectra were recorded at every 2 hours with total counts in each
spectrum being of ~ 1.8×106. Then, for each type of sample, the first 5 spectra were summed
together resulting in statistics of ~ 9×106 counts.
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3.

RESULTS AND DISCUSSION

The results related to characterization of nanoscale grafted poly(NIPAAm) and PAA on
cellulose have been reported in detail in our papers already submitted for publication. Their
responsive behaviours are outlined briefly below.
Smart attitudes of cellulosic graft copolymers
PNIPAAm is one of the most studied synthetic responsive polymers and it undergoes a sharp
coil-to-globule transition in water around its lower critical solution temperature (LCST) of 32
o
C, changing from a hydrophilic state below this temperature to a hydrophobic state above it.
PAA responds to changes in pH and ionic strength by changing coil dimensions and
solubility. In general, PAA displays a broad pKa value of 4–5 and thus a proportion of its side
chain carboxyls are ionized around pH 5–6. Below this pH value, a PAA-grafted surface is
hydrophobic with collapsed polymer brushes whereas it becomes hydrophilic in neutral and
alkaline aqueous media.
The effect of temperature on the wettability of the PNIPAAm-grafted cellulose surfaces was
characterized by static contact angle (CA) measurements. At temperatures below LCST (i.e.
25 oC), a water droplet applied to the surface had a CA of 101.4° (±2.8); however, it was
gradually adsorbed into the surface and disappeared within 60 seconds. When the temperature
increased to 35 oC (i.e. above LCST) the CA was 111.0° (±3.1) with an increased stability; it
was around 38° and 22° after 60 and 90 seconds, respectively, and became totally absent at
the end of the second minute. The increased durability of CA above the LCST is attributed to
the hydrophobicity of the surface induced by PNIPAAm grafts. However, results also indicate
that the surface of cellulose was not totally covered with PNIPAAm, and the exposed areas
lead to the adsorption of water due to their hydrophilicity.
The response of PAA-grafted cellulosic copolymer to change in pH was characterized by
static CA measurements at pH 3 and 11. The collapse of the brushes in acid media (i.e. pH 3)
was reflected by changes in the wettability of the surface: At pH 11, the ionized PAAmodified cellulose surface is hydrophilic, and the applied water droplet is rapidly adsorbed
into the surface within a couple of seconds (the CA measured at the third second was 28.6°
±2.4). At pH 3, well below the pKa for PAA, the cellulose surface presents an increased
hydrophobic character with a CA of 68.7° ±4.5 due to the collapse of the polymer brushes.
HPLC Studies Using MIPs

In order to investigate the efficiency of imprinting process on the selective separation of DGlucose; dilute solutions of D-Galactose, D-Fructose and D-Glucose were prepared and
injected into columns filled with NIPs and MIPs. Since the non-imprinted networks do not
have cavities produced to selectively retain the glucose molecules, retention time of glucose
in the column filled with NIPs was found to be the same for the other two monosaccharide
molecules. No separation among these three saccharides was observed for NIP filled columns.
Among various MIPs prepared, DEGDA containing MIPs showed the best performance for
the separation of D-Glucose as seen from Figure 3. D-glucose was retained in the column
longer than the two other monosaccharides owing to the better match between the sizes of DGlucose imprinted cavities and D-Glucose itself. Smallest cavity size obtained in the presence
of this crosslinking agent and flexibility of acrylate groups compared to more rigid
methacrylate groups present in the other two crosslinking agents seem to have brought a
better selectivity toward D-glucose, otherwise the chemical affinity of base polymers for the
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three monosaccharide samples would not be expected to be too different. This work has
demonstrated the succesful formation of radiation induced molecularly imprinted matrices of
D-(+)-Glucose by using appropriate crosslinking agents. For the optimization of free-volumeholes in imprinted network; crosslinkers with different chain lengths and amounts, templatefunctional monomer ratio, radiation dose effects were investigated via PAL and swelling
experiments. The results obtained show the feasibility of controlling cavity size based on the
template molecule in the imprinting system. The successful formation of MIP matrices based
on hydroxyethyl methacrylate polymer and their binding/separation efficiency were checked
by HPLC studies.
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