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Abstract

Gamma radiation has been shown particularly useful for the functionalization of surfaces with
stimuli-responsive polymers. This method involves the formation of active sites (free radicals)
onto the polymeric backbone as a result of the exposition to high-energy radiation, in which a
proper microenvironment for the reaction among monomer and/or polymer and the active sites
takes place, thus leading to propagation which forms side chain grafts. The modification of poly-
mers using high-energy irradiation may be performed by the following methods: direct or simul-
taneous, pre-irradiation oxidative and pre-irradiation. The most frequent ones correspond to the
pre-irradiation oxidative method and the direct one. Radiation-grafting has many advantages over
conventional methods considering that it does not require catalyst nor additives to initiate the
reaction, and in general, no changes on the mechanical properties with respect to the pristine po-
lymeric matrix are observed. This chapter focused on the synthesis of smart polymers and coat-
ings obtained by the use of gamma radiation. In addition, diverse applications of these materials in
the biomedical field are also reported.
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1. Introduction

Stimuli-responsive polymers are polymers that respond sharply to small changes in physical or chemical condi-
tions with relatively large phase or property changes [1]. The stimuli in which smart polymers respond to are
commonly classified into three categories: physical, chemical or biological [2]. Temperature and pH stimuli-
responsive macromolecular materials have attracted great attention due to their obvious applications in biomedi-
cine and biotechnology [3]. Some stimuli sensitive monomers exhibit separation from solution and solidification
above certain temperatures; thermally-responsive polymers undergo a coil-globule transition in aqueous solution
at temperature values which are known to lower critical solution temperature (LCST) [4]. In the case of sensitive
polymers, the molecules are soluble below the LCST. Above this transition, they become increasingly hydro-
phobic and insoluble, and thus lead to gel formation. In contrast, hydrogels that are hydrophobic below critical
temperature and hydrophilic above it typically present an upper critical solution temperature (UCST) [5].

Stimuli-responsive polymers are of particular interest due to their ability to undergo well defined changes in
their properties [6]. Taking into account that most grafting reactions occur at the surface or in the bulk polymeric
matrix, polymer grafting stands as a suitable method to synthesize such materials. Acrylic acid (AAc) is one of
the most popular monomers that have been grafted onto different polymeric matrices to develop pH responsive
materials. In this case the carboxyl groups offer sites for the coupling with amino groups terminated poly (ethy-
lene oxide) (PEO) where, via carbodiimide activation method, they are directly used for the interaction with he-
parin. In general, the carboxylic group has the capability to undergo further chemical reactions to produce new
functional groups [7]. The thermosensitive characteristics of poly (N-isopropylacrylamide) (NIPAAm) have
been widely studied in the fields of drug delivery and tissue engineering [8]. The concept of a “smart” coating is
more recent and has been applied to functional coatings that are able to respond to certain stimuli generated by
intrinsic or extrinsic events [9].

Radiation synthesis of stimuli-responsive polymers and adsorbents is a wide field of important applications of
radiation technology [10]. Radiation graft polymerization has been widely used for over 50 years throughout
polymer chemistry. Typically, it involves the creation of reactive sites (radicals) on the polymer surface fol-
lowed by covalent linkage of a preformed polymer or, more frequently by the polymerization of a monomer
from those radical sites [11]. Grafting techniques present advantages over conventional approaches with regard
to the development of thin functional films for several reasons. They include easy and controllable introduction
of polymer chains with a high surface density, precise localization of the chain at the surface and long stability
of the grafted layers among others [12].

Pharmaceutical and biological therapeutics are often limited by short half-lives, poor bioavailability, and
physical or chemical instability [13]. Stimuli-responsive (self-regulated) drug delivery systems have been inves-
tigated for their applications in pulsatile delivery of certain hormone drugs. Among all systems studied, temper-
ature and pH-responsive delivery systems in particular have drawn much attention considering that some disease
states manifest themselves by a change in temperature and/or pH [14]. One relevant application corresponds to
the development of delivery devices based on a novel squeezing concept, which relies upon specific swelling-
deswelling characteristics under specific temperatures, or temperature/pHs [15].

2. lonizing Radiation and Polymers

Radical polymerization has received the greatest amount of attention among all polymerization methods. About
60% of all available polymers are still obtained by this method [16]. This highlighted position of free radical
polymerization is due to its many attractive characteristics including, but not limited to [17]-[19]:

a) Its applicability to the polymerization of a wide range of vinyl monomers such as methacrylates, methacry-
lamides, styrene, butadiene, vinyl acetate and water-soluble monomers such as acrylic acid, the hydroxyacry-
lates and N-vinyl pyrrolidone;

b) Its ability to provide an unlimited number of copolymers;

c) Its tolerance to a wide range of functional groups (e.g. -OH, -NR,, -COOH, -CONR,) and reaction condi-
tions (bulk, solution, emulsion, mini-emulsion, suspension);

d) Its tolerance to water or other impurities in contrast to the great sensitivities of ionic polymerization and of
coordination polymerization;

e) The possibility to perform the process under convenient, mild reaction conditions and wide temperature

range.
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f) The simple and low cost implementation if compared to other technologies.

2.1. Principles of Radiation Chemistry

Radiation chemistry implies chemical effects of interactions of high energy ionizing radiation with materials.
The result of energy absorption is the rupture or rearrangement of chemical bonds. One of the most obvious
changes produced by ionizing radiation is the formation of ions. However, a significant amount of the radiation
energy is also used to excite molecular electrons without extracting them from their parent molecule. Once such
primary ion and excited molecules are formed they may undergo various secondary reactions including electron
capture, charge neutralization, inter- and intra-molecular energy transfer processes, and molecular dissociation.
Precise knowledge of the nature of the primary fragments resulting from the dissociation of molecules of the ir-
radiated medium is of key relevance to the full understanding of radiation-chemical changes. Another specific
feature of primary radiation-chemical processes lies in the fact that the primary events are not distributed ran-
domly throughout the irradiated medium but occur in highly localized regions close to the tracks of the ionizing
particles [20] [21].

2.2. Radiation Techniques

Radiation processing has many advantages over conventional methods. When using radiation for materials
processing, neither catalysts nor additives are required in order to initiate the reaction, considering the energy
source being either gamma-ray, UV or electrons [22]. The main advantage of these radiation-assisted methods is
that they are relatively simple.

Surface grafting of polymers has attracted great interest in the past few decades as it allows the tailoring of
surface properties of various polymer materials and thus, specific functionalities useful for many applications
may be effectively produced [23].

When polymers are exposed to ionizing irradiation, trapped radicals and peroxides or hydroperoxides are
formed as a result. These radicals are capable of initiating polymerization reactions. Various polymerization ap-
proaches have been developed, including direct graft polymerization of vinyl monomers that already contain de-
sirable functional groups [20].

High-energy radiation, such as gamma-irradiation and electron beam lead to activation of polymers in a way
that specific monomers may be grafted. To the extent of modification, i.e., the grafting degree may be easily
controlled by careful variation of the radiation exposure and reaction conditions. The grafting method by gam-
ma-irradiation is extremely attractive considering that the modified biomaterial is obtained in the purest form
possible, no chemical initiators are required and it may be applicable to almost all polymer-monomer combina-
tions and thus allowing enormous possibilities to generate materials with improved physical-chemical and bio-
logical characteristics [24]. Another advantage of gamma-irradiation is that it offers much higher penetration
into the polymer if compared to the electron beam [25].

2.3. Types of Polymers Obtained by Ionizing Radiation

The irradiation of macromolecules is known to cause homolytic fission and thus form free radicals on the poly-
mer. The medium is of key relevance in this case, e.g. if irradiation is carried out in air peroxides may be formed
on the polymer. The lifetime of the free radical, on the other hand, relies upon the nature of the polymer back-
bone. The radiation grafting of various water-soluble monomers such as acrylic acid, methacrylic acid, acryla-
mide, N,N-dimethylacrylamide and N-vinyl-2-pyrrolidone on ultra-high molecular weight polyethylene were
synthesized. A large effort is being devoted to the production of membranes via grafting of various hydrophilic
monomers onto polyethylene, polypropylene and fluorinated polymers, as base polymers. As an example, the
irradiation grafting of dimethylaminoethymethacrylate was studied in several polymers such as polyethylene,
polypropylene, polytetrafluoroethylene, silicone and polycarbonates.

2.3.1. Radiation Induced Graft Copolymerization

Radiation-induced graft copolymerization is a well established technology dating back almost 50 years [20] [26].
If the polymer substrate is exposed to ionizing radiation (for instance, electron beams, gamma-rays, X-rays) the
active sites randomly produced along polymer chain may act as macro-initiators and initiate free radical poly-
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merization of the monomer as a consequence. This method is applicable for a lot of polymer/monomer combina-
tions and unlike chemically initiated grafting, there is no contamination from initiators. The extent of polymeri-
zation of monomers on substrates is expressed in terms of grafting yield, also known as grafting degree. In prin-
ciple, there are three methods for radiation grafting [27] [28] which are outlined below:

1) Radiation-grafting by simultaneous or mutual method

The so called radiation-grafting by simultaneous or mutual method is perhaps the simplest one. In this case,
both polymer and monomers are introduced into a reactor and simultaneously irradiated. The polymer substrate
is immersed in the monomer, which may be a liquid, vapor or solid diluted in a suitable solvent, in presence or
absence of additives, and then exposed to ionizing radiation. In addition to the formation of the grafted polymer
a homopolymer will invariably be formed, considering that both substrate and monomer are exposed to radiation.
This technique should be carried out only if the radiochemical yield of the polymer Gy is higher than the mo-
nomer G in order to avoid homopolymer formation, which stands as its main disadvantage [20]. The addi-
tion of monomers in vapor phase or at low concentrations in a suitable solvent, and the use of polymerization
inhibitors such as Mohr’s salt may reduce such formation [29].

2) Radiation-grafting by pre-irradiation method (post-irradiation grafting).

The pre-irradiation method (post-irradiation grafting) is characterized by pre-irradiation of the polymer under
vacuum or inert gas. When radiation reaches the sample, the molecules become ionized and excited species are
formed. These species form relatively stable free radicals which build up the active sites. The grafting polyme-
rization reaction is usually initiated at elevated temperatures for monomers introduced in liquid, vapor or as so-
lution in a suitable solvent. The main advantage of this technique is that since monomers are not exposed to rad-
iation, the homopolymer formation is low, whereas its disadvantages are attributed to the short life time of the
generated radicals, the need of inert atmosphere and the low grafting yield. The grafting degree strongly depends
on reaction conditions such as pre-irradiation dose, monomer concentration, temperature, reaction time, material
thickness and the solvent in cases where it is applied [20] [30].

3) Radiation-grafting by pre-irradiation oxidative or alkylperoxy/hydroperoxy method

The pre-irradiation oxidative method, also known as alkylperoxy/hydroperoxy method, consists in the irradia-
tion of samples in air or oxygen. In a more specific way the free radicals present in the polymer backbone
quickly react with oxygen and then form alkylperoxides and hydroperoxides. In a second and sub-sequent step,
the monomer or monomer solution is introduced and heated in absence of oxygen. Both peroxides and hydrope-
roxides are homolytically broken and then become available to react with the monomer. In this case, the grafting
degree depends on the above mentioned conditions. The main advantage of this technique is that pre-irradiated
samples may be stored at low temperature [20] [30], while the disadvantages are related to the need of elevated
temperatures, long reaction time and solvents in some cases. Another drawback to be considered is related to the
formation of hydroxyl radicals which may trigger homopolymerization and then lead to lower grafting yields as
a consequence if compared to the simultaneous method [31], in which this reaction is absent.

Each of these methods (direct, pre-irradiation, and pre-irradiation oxidative) holds advantages and disadvan-
tages. The existence of these methods is particularly useful when the access to a radiation source is limited. The
simultaneous method in particular, requires the use of the radiation source during the entire grafting process;
Whatsoever, grafting yields are generally higher when compared to the pre-irradiation methods due to reduced
radical loss, which are originated from decomposition reactions present in the latter method [32]. In all cases,
the rate and efficiency of the initiation is dependent upon the type of radiation, dose rate, and the radiation sensi-
tivity of the material involved [33].

2.3.2. RAFT-Graft Polymerization

The RAFT-graft polymerization may be achieved by the use of gamma radiation [34]. Controlled radical poly-
merization, also called living free-radical polymerization is a technique that combines the advantages of free
radical polymerization with living polymerization in order to obtain well-defined macromolecules [35]. Revers-
ible addition-fragmentation chain transfer polymerization (RAFT) on the other hand, involves a reversible chain
transfer rather than chain termination. In this process initiating radicals are generated by the exposition of the
polymer, or monomers in solution to gamma irradiation. These radicals initiate the propagating chains which are
capable of binding to RAFT agents and form intermediate radicals. In pre-equilibrium the leaving groups are re-
leased and capable of re-initiating propagation [36].
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3. Smart Polymers Obtained by Ionizing Radiation

The temperature sensitive behavior of NIPAAm grafted by electron beam onto polypropylene (PP) and by the
gamma pre-irradiation oxidative method was studied by Bucio [37]. NIPAAm grafted onto poly (vinyl chloride)
tubes were synthesized by the gamma pre-irradiation method [38] and low LCST was found at 30°C with max-
imum graft yields near 40% and low swelling percentage of about 19%. The production of temperature sensitive
membranes by radiation grafting composed of NIPAAm grafted on a polyvinylidene fluoride (PVDF) porous
membrane was studied by Kang [39]. The influence of radiation and reaction conditions on the grafting yield
was investigated in details and the results showed that the membranes exhibited the temperature-sensitive LCST
of NIPAAmM. NIPAAm was also grafted by the use of the pre-irradiation method onto an ethyl-vinyl acetate co-
polymer (EVA), and it was found that the surface of the copolymer grafted with NIPAAm showed thermosensi-
tivity similarly to partially crosslinked PNIPAAm gels [40]. The thermo and pH sensitivity behavior of 2-(di-
methylamino) ethyl methacrylate and 4-vinyl pyridine binary grafted onto PP films was studied by Burillo [41].
AAc is one of the most popular monomers that have been grafted onto different polymeric matrices. Its polymer
or copolymers with pH sensitive response and carboxylic groups from poly acrylic acid of pH sensitive response
have a capability to undergo further chemical reactions to produce new functional groups [42].

3.1. Temperature-Responsive Polymers

Temperature-sensitive polymers exhibit LCST behavior where phase separation is induced at a certain tempera-
ture threshold (Figure 1). Polymers of this type undergo thermally induced reversible phase transition. They are
soluble in aqueous solvents (water) at low temperatures but become insoluble as the temperature rises above the
LCST. It is possible to increase the functionality of microgel particles by finding the right balance of hydro-
phobic and hydrophilic co-monomers or by tuning to a desired temperature range by copolymerization using
more hydrophilic (which raises the LCST) or more hydrophobic (which lowers the LCST) co-monomers [43]
[44].

Heskins and Gillet were the first to report an endotherm observed at the LCST upon heating an aqueous solu-
tion of PNIPAAm [45]. Grinberg [46] have studied the volume phase transition in responsive polymers using
high-sensitivity differential scanning calorimetry (DSC) and as well as the swelling behavior of the polymers at
different scanning rates. It was possible to measure the dependence of the transition parameters on the heating
rate. The DSC measurements, by heating at different rates (from 1 to 10°C/min), provide results nearly approx-
imating equilibrium and LCST or UCST. The transition temperature, enthalpy, and entropy of this thermosensi-
tive behavior as well as the transition LCST are parameters that may be estimated.

3.2. pH-Responsive Polymers

pH-responsive polymers (Figure 1) consist of ionizable pendants capable of accepting and donating protons in
response to environmental changes in pH such as carboxylic acids and basic amino alkyl moieties [47]. The
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Figure 1. Representative scheme of Thermo and pH-responsive polymeric coatings.
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change in the charge of pendant groups causes an alteration of the hydrodynamic volume of the polymer chains
[48]. Then, the transition from collapsed state to swollen state is caused by the osmotic pressure generated by
mobile counterions which neutralize the charges [49]. The phase transition of pH-sensitive polymers is nomi-
nated critical pH. In the human body pH variations are present along the gastrointestinal tract and in problematic
sectors like tumor areas and surrounding tissues [50]. Drug delivery in this specific area makes relevant the need
for the development of pH-sensitive systems with fast response to changes in environmental stimuli. A fast re-
sponse of a polymer and a repetitive function of another polymer may be combined using different functionali-
zation techniques such as y-irradiation. Most grafting reactions which take place on the surface or in the bulk
polymeric matrix allow the design of clinically effective controlled drug delivery systems, supported by the
concept of achieving optimized combinations between monomer and the polymer itself.

3.3. Light-Responsive Polymers

The functionalization of polymers using light-responsive materials confers the ability to respond to stimuli trig-
gered by the exposition to light sources such as UV, Vis or infrared. Apart from the nature of the induced
changes, e.g. swelling or deswelling, these light induced transitions at molecular level assure a wide range of
applications, including cell culture, photonics and drug delivery systems among others [51]. Common light-
responsive materials may be achieved by the addition of photo-sensitive groups [51] such as azopyridine [52],
spiropyrans [53], stilbenes [54], Triphenylmethane-leuco derivatives, bis(4-dimethylamino)phenylmethyl leu-
cocyanide, including modified polyacrylamides [55] and azobenzene materials [56].

Light allows proper and specific control of the trigger mechanism, as well as assures precise control of the
stimulus. A combination of these properties makes light-responsible systems very promising materials for drug
delivery purposes. Inconsistent responses to light, uncontrolled structural changes, and slow response corres-
pond to typical drawbacks of these materials [55]. Although these systems may hold very relevant properties for
a wide variety of applications in different fields, the use of ionizing radiation for the synthesis and development
of light responsive polymers and coatings is slim to none. The main reason for this is related to the high sensi-
tivity to high energy irradiation by the monomers or functional groups to be inserted into the polymer. This
makes the use of irradiation techniques not very promising for the design of such materials.

3.4. Magnetic-Responsive Polymers

The so-called magnetic-responsive polymers are result of the combination of polymers with magnetic particles,
at nano or micro level, that hold the ability to undergo changes in response to magnetic fields, also known as
magnetoelastic or magnetostrictive polymeric composites [57] [58]. On this account, a wide variety of magnetic
nanoparticles have been incorporated/added to polymers by distinct methods in order to combine properties of
both materials into a stable system, e.g. colloidal formulations [57] [58]. Typical particles are related but not li-
mited to metal particles, ferromagnetic particles [59] and nickel powders [60]. These systems are more applica-
ble and promising towards the development of advanced materials for drug targeting or site specific delivery,
including magnetic devices, artificial muscles, micromanipulators and so on [57].

Composites are not the main focus of this chapter, whatsoever for further reference irradiation mediated
pathways abound in literature concerning the development of both magnetic nanoparticles [61] and the compo-
sites [62] [63]. An additional feature of the use of high energy irradiation for such purpose is related to the pos-
sibility to perform both, nanoparticle synthesis and composite development, simultaneously or not.

4. Ionizing Radiation and Coatings

During the past 50 years, radiation processing of materials has been increasingly applied to improve quality, ef-
ficiency, energy savings and for the manufacture of new products with specific properties. Currently, radiation
technology continues to enter the marketplace with innovations in materials processing. Radiation technologies
applied to materials processing comprise different radiation types and sources for diverse applications. This
technology has been used in multi-layer tubes, aerospace application, and is under investigation in numerous
other areas such as structural parts for use as automotive panels, for electro-optical devices, healthcare pro-
ducts, and in many other areas [64]. Regarding the coating industry this technology has been mainly applied in
the curing of diverse materials being UV radiation and electron beam the most used radiation sources [65].

@
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Radiation curing refers to the process where the energy of UV-light or electron beams is used to induce cros-
slinking of polymer chains by radical induced mechanism in coatings or in adhesives. This process involves the
transformation of a liquid substance into a non-tacky solid within a few seconds [66]. This technique has grown
over the last 3 decades and shifted from novelty to a firmly established alternative method for many of the tradi-
tionally cured systems [67]. Curing by radiation techniques hold some advantages over traditional methods,
mainly attributed to a quick process, the possibility to be carried out at room temperature, no need of solvents
and additives (initiators and/or catalysts), the possibility to link the coating to the substrate resulting in more
durable coatings, and so on. However, this technique has some disadvantages. For instance, the radiation curing
frequently needs inert atmospheres to prevent inhibition of curing, and the high initial cost for the acquisition of
the irradiation equipment.

Electron-beam curing has come into extensive use particularly in surface coatings and printings [68]-[71].
Electron beam cured coatings are usually uniformly cured due to the homogenous penetration of the electrons.
Such coatings adhere well to a variety of surfaces including metals, wood, textiles, paper, polymers, and glass.
Electron beam curing has numerous advantages over conventional thermal curing methods including the ability
to combine various materials and functions in a single operation, no substrate heating, low energy consumption,
immediate further treatment of converted products without post curing, high efficiency, no emission of organic
solvents into the environment, and exact repeatability of process conditions due to a high dose accuracy.

Depending on the applications electron accelerators of different energies may be selected:

1) Low-energy (from 150 keV to 300 keV): extensively applied for the curing of coatings for paper, wood,
CDs, DVDs, metals and polymers, surface grafting for membranes, adhesives for plastics and printing inks,
films and multilayer packaging, paints, varnishes, and disinfestations of seeds.

2) Mid-energy (from 300 keV to 5 MeV): particularly useful for the irradiation of natural polymers, ion-
exchange membranes for fuel cells application, composite materials, wire and cable insulation, biodegradable
blends, and fiber modification.

3) High-energy (from 5 MeV to 10 MeV): commonly used for the sterilization of medical devices and some
pharmaceutical and biological products including the preservation and disinfestations of foods and agricultural
products, treatment of lignocelluloses materials to produce ethanol biofuels, removal of organic compounds
from wastewater, and decontamination of pesticide packing [72].

Alternatively, gamma radiation has been widely applied for the development of coatings from various mate-
rials, especially metals and polymers used as biomaterials. As an example, Jin et al. [73] coated the surface of
stainless steel (SS) by grafting 2-hydroxyethylmethacrylate via mutual or simultaneous radiation method under
®Co gamma-ray irradiation. Before radiation grafting the surface of SS was modified with dopamine. They
demonstrated by water contact angle measurements and platelet adhesion assays that the hydrophilicity and he-
mocompatibility of the coated SS were improved. On the other hand, Yang et al. [74] grafted acrylamide (AAm)
onto titanium metal sheets by using the direct method via gamma irradiation. Results showed that the wettability
of the coated titanium surface was greatly improved if compared with the pristine titanium sheet. Also, the hy-
drophilic coating of polyacrylamide showed good stability because the titanium surface was pretreated using
dopamine and presented good adhesive ability.

Coated PP materials have also been prepared by the use of ionizing radiation. An interpenetrating polymer
network made of two stimuli-responsive polymers was grafted onto PP films with the aim of developing medi-
cine containing coatings for medical devices. Drug-loaded PP films sustained the delivery of vancomycin, an
antimicrobial agent, for several hours and provided release rate values adequate for killing bacteria attempting to
adhere to the surface of the PP films [75]. Garcia-Vargas et al. [76] modified separately PP monofilament su-
tures with glycidyl methacrylate (GMA) and AAc by means of pre-irradiation method using a ®°Co source. PP-
g-AAc sutures exhibited pH-dependent swelling and remarkable high capability to host vancomycin. Some
AAc-functionalized sutures were able to inhibit bacterial growth after successive challenges with fresh lawns.
These antimicrobial agent-loaded PP sutures could be used as device combo products that minimize the risk of
infections.

5. Biomedical Applications
5.1. Smart Polymers

As above mentioned, smart or stimuli-responsive polymers are high-performance polymers (Figure 2) that

®
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Figure 2. Pristine based thermo-responsive coatings obtained by irradiation grafting for
biotechnological purposes.

change their properties when exposed to external stimuli [47] [77]-[82]. In other words, this nomenclature is di-
rectly related to their ability to respond to external or internal environmental changes. The most common stimuli
correspond to temperature, pH, electromagnetic field and light, where among these, temperature and pH respon-
sive systems are by far the most important systems concerning biomedical research. Stimuli-responsive poly-
mers have been used in various forms such as graft and block copolymers, hydrogels, polymeric micelles, coat-
ings, and interpenetrating networks [83]-[85].

Temperature-responsive polymers and hydrogels exhibit a volume phase transition at a defined temperature
which causes a sudden change in the conformation of the polymeric chains and solvation state as a consequence.
The change in temperature is not only relatively easy to control, but also easily applicable to both in vitro and in
vivo conditions. Below the LCST, the polymeric chains expand and become hydrophilic and water soluble,
while above the LCST the polymeric chains shrink and thus become hydrophobic and water insoluble [47].
LCST and UCST systems are not restricted to aqueous solvent environments. Whatsoever, only the aqueous
systems are of interest for biomedical applications. An example of temperature-responsive polymer widely
known for a long time is the poly(N-isopropylacrylamide) (PNIPAAmM). PNIPAAmM dehydrates and its structure
collapses at temperatures above its LCST (32°C in water), and becomes hydrated and swells at temperatures be-
low its LCST.

On the other hand, the pH is an important environmental parameter for biomedical applications, taking into
account that pH changes do occur in many specific sites of the human body. The pH-responsive polymers con-
tain ionizable groups that can accept and donate protons in response to an environmental change in pH. Upon
ionization the electrostatic repulsions of the generated charges (anions or cations) cause a dramatic extension of
coiled chains. The ionization of the pendant acidic or basic groups on polyelectrolytes can be partial due to the
electrostatic repulsion from other adjacent ionized groups [47]. By means of swelling properties, in the case of
polymers with weakly acidic groups, swelling index increases as the external pH increases. The opposite is ob-
served if the polymer contains weakly basic groups. Most anionic pH-sensitive polymers used in drug delivery
are based on poly(acrylic acid), poly(methacrylic acid), poly(ethylene imine) and poly(l-lysine).

Currently the most prevalent use for smart polymers in biomedicine is specifically related to targeted drug de-
livery systems [86]-[88]. However, other biomedical applications such as gene and tissue engineering, chemo-
therapy, biochromatography, and biomembrane technology have also been reported [89]-[93]. The most relevant
inconvenient with the use of smart polymers in biomedicine is related to the toxicity or incompatibility of artifi-
cial substances with the human body. Nevertheless, stimuli-responsive polymers hold enormous potential in
biomedical applications if these obstacles may be overcome.

lonizing radiation-induced polymerization is an economical, clean, and convenient technique for the synthesis,
grafting or modification of biomaterials [94]-[97]. lonizing radiation (gamma radiation, electron beam or X-ray)
allow the creation of interesting polymers with new architectures. Specifically, the use of gamma radiation has
some advantages including the possibility to perform grafting at room temperature in solid, liquid or gaseous
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state, no need of additives (catalyst or initiators), high penetrability, much higher grafting yields if compared to
electron beam radiation, and surface selectivity by tuning reaction conditions, etc. Burillo et al. [97] prepared a
temperature and pH-responsive interpenetrating network by gamma radiation from a ®®Co gamma source and
electron beam using a Van de Graaff accelerator. Interpenetrating networks of temperature sensitive PNIPAAmM
and pH sensitive PAAc were prepared by two consecutive steps. Cross-linking yields were higher for samples
irradiated with gamma radiation than those treated with electron beam. The pH sensitivity from PAAc was con-
served while the LCST of PNIPAAmM shifted to 28°C. Ruiz et al. [83] synthesized a smart polymer by grafting
an interpenetrating polymer network onto PP films. Three consecutive steps were used: graft copolymerization
of PAAC onto PP films by gamma radiation, crosslinking of PP-g-PAAc to form the first network, and synthesis
of a second network of PNIPAAm. They found that the interpenetrating network grafted onto PP retained the
thermal and pH sensitivity from PNIPAAmM and PAAc respectively. Contreras et al. [98] grafted N, N’-dime-
thylacrylamide and NIPAAm using pre-irradiation method with gamma-rays. They studied the effect of ab-
sorbed dose, monomer concentration and reaction time on the degree of grafting. In addition, grafting of stimuli-
responsive polymers onto polymeric matrices of biomedical interest has been reported [99]-[103]. PP films have
been modified with temperature-responsive polymers to load nalidixic acid, and non-steroidal anti-inflammatory
drugs [103] [104]. Stimuli-responsive bacterial cellulose-g-poly-(acrylic acid) hydrogels were prepared for po-
tential use as oral delivery systems of protein-based drugs using electron beam irradiation [93]. These hydrogels
exhibited excellent mucoadhesive potential and cytocompatibility.

5.2. Smart Coatings

Conventional and advanced technological applications demand materials with well-defined surface properties. A
versatile route employed to provide new properties to certain materials is the surface functionalization. Surface
functionalization is the act of modifying the surface of a material by bringing physical, chemical or biological
characteristics different from the ones originally found on the surface of a material. A functional surface com-
prises new and/or modified chemical groups and/or morphological features that determine the interaction with
the surrounding environment and subsequently the material properties and behavior [105]-[107].

The surfaces of many materials can be functionalized by applying coatings. Coatings, whether organic, inor-
ganic or hybrid, are a class of materials that may be applied to the surface of certain materials in order to deco-
rate or modify it. Coatings may partially or completely cover the surface of materials and in addition, they may
be tailored for many applications in which they should be able to perform well-defined variety of functions.
Coatings do change the surface properties of the substrate such as wettability, adhesion, corrosion or wear resis-
tance, and so on. There are innumerous functional coatings present in our daily life including laptops, paints,
lacquers, solar panels, home furniture, cars and even in more advanced applications or systems such as invisible
paints, medical devices, or orthopedic implants. A major consideration for most coating processes is that the
coating must be applied at a controlled thickness. The thickness of the coating system and the number of layers
depends on the final application of the coated material ranging from a few up to several hundreds of microme-
ters. Generally, each layer is aimed for specific functionalities that include adhesion to the bare metal or adhe-
sion between different layers, corrosion inhibition, anti-fouling, water repellence, and wear resistance, among
others [108]-[112].

The concept of “smart”, “intelligent” or stimuli-responsive coatings is relatively recent and has been applied
to functional coatings that change their properties in response to environmental stimulus. Smart coatings cover a
wide-range of characteristics but the main performance is related to durability. However, concerning industrial
coatings, energy consumption of the processes is the most urgent current focus. The applicability of reactive
smart coatings to various substrates, like polymers, metals, or composites, generates a fairly universal platform
without relying on the broad chemical alteration of the bulk material. As a consequence, this minimizes conta-
minations and promotes a biocompatible process free of harmful solvents, initiators, or catalysts. Therefore,
smart coatings compose a class of materials with enormous technological interest. Intelligent coatings have been
commonly used for various applications, including but not limited to the biomedical ones [113]-[115]. Depend-
ing upon the applications traditional functional coatings exhibit significantly different physicochemical proper-
ties. Polymer-based smart coatings are expected to undergo a reversible phase transition which causes changes
in polymer conformation and polymer surface energy. Responses to mechanical deformations, temperature, pH,
ionic strength, electric and magnetic fields, surface and interfacial phenomena, and the development of nano-
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structures are the most common targets when designing coating polymeric films [116] [117]. However, the ex-
ternal stimuli—temperature, pH or ionic strength of solvent, light or electromagnetic fields—often require fine-
tuning of surface properties. Coatings in biomedical engineering have emerged as an important topic and play a
critical role in biological applications [118]. Coating strategies target the spatially-controlled design of interfaces
as well as the development of smart surfaces. In addition, in order to truly mimic a biological interface, biomate-
rials must not only provide excellent control over the distribution and orientation of biomolecules, but they may
also overcome the intrinsic static character of pristine materials. A promising route towards this goal is based on
the coating of biomaterials using stimuli-responsive polymers [119]-[121]. These intelligent coatings will pro-
vide a dynamic control of material properties to direct, for example, cell or biomolecule adhesion, cell detach-
ment, controlled drug delivery, antimicrobial properties, etc.

Materials can be modified with smart coatings by grafting polymers with reactive end groups and architec-
tures onto their surface. One strategy is the use of radiation techniques such as gamma radiation and electron
beam which have proved to be useful in the development of coatings for materials with biomedical use in rege-
nerative medicine and controlled drug delivery [75] [76] [82] [86] [100]-[104] [122]-[124].

Polycaprolactone, a compound frequently used as the base polymer in scaffolds engineered towards tissue
engineering applications was modified with pH-responsive PAAc by means of gamma radiation [124]. The in-
troduced -COOH groups could permit the subsequent attachment of biomolecules and thus making them useful
templates for tissue engineering applications. On the other hand, stable coatings of temperature-responsive
poly(vinyl methyl ether) have been immobilized onto polystyrene surfaces by low energy electron beam irradia-
tion [125]. Based-polymer coatings have been used to coat biomaterials for their use in drug-eluting medical de-
vices with anti-fouling properties. Chitosan and chitosan hydrogels were immobilized on high density polyethy-
lene tubes previously modified with AAc by electron beam irradiation [126]. The chitosan hydrogel layers were
further modified with heparin to improve antibacterial and blood compatibility properties. On the other hand, si-
licone rubber (SR) has been modified using gamma rays, with some stimuli-responsive polymers to improve its
ability to host either antimicrobial or anti-inflammatory drugs [38] [127] [128]. The grafting of these polymers
has improved the performance of SR for biomedical applications. Commercial polyurethane catheters (Tecof-
lex®, TEX) were irradiated with gamma rays and then coated with stimuli-responsive polymers to obtain van-
comycin-eluting implantable medical devices [129]. Authors found that TFX-based insertable medical devices
were able to inhibit the growth of S. aureus acting as a drug delivery system. In addition, cotton gauzes have
been coated via one-step grafting (direct method) using ®°Co gamma-rays with the thermo-pH sensitive 2-(di-
methylamino)ethyl methacrylate (DMAEMA) [130]. DMAEMA grafting makes gauzes more hydrophilic with
enhanced blood absorption capability and favored collagenase activity. Cotton-g-DMAEMA gauzes were sub-
sequently quaternized with methyl iodide in order to make them less prone to be colonized by bacteria (Figure
3).

6. Conclusions and Future Prospects

lonizing radiation stands as an important and efficient technique to modify biomaterials with stimuli-responsive
coatings and/or stimuli-responsive monomers/functional groups. In addition to conventional methods, the use of
irradiation based techniques allows the development of covalent-linked coatings which are desirable for many
applications, including biomedical, automotive, textile and biotechnological industry among others.

From a development point of view the design and the appropriate coating properties should be defined by the
applications in which these materials are intended for. On this account, the irradiation source and method, as
well as polymer and monomer selection should be based on this premise. On the other hand, from a general
perspective the combination of stimuli-responsive coatings and biomaterials led to emerging technology plat-
forms suitable for the development of advanced materials able to mimic biological systems as well as respond to
biological changes, such as pH or temperature variations.

Future developments of this technology promise to greatly improve the performance of biomaterials concern-
ing specific biomedical and biotechnological applications including drug-eluting medical devices, anti-fouling
biomedical devices and tissue engineering.

Novel and recent approaches in this particular field have been delivered over the last decades by several
scientists which include the radiation grafting inside the nanopores of polymeric matrices. This technique may
not exclusively hold the ability to confer distinct responsive properties to materials but assure localized changes



H.

—_—

. Meléndez-Ortiz et al.

Cotton gauze Cotton-g-DMAEMA Quaternized
Cotton-g-DMAEMA

Figure 3. Schematic representation of the cotton-g-DMAEMA synthesis and subsequent quaternization with methyl iodide.
in the nano/microstructure of the systems and thus contribute to great and novel perspectives in a near future.
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