
Preface

By polymers for biological use we understand biopolymers and living matter.
Biomaterials are man-made or -modified materials which repair, reinforce or
replace damaged functional parts of the (human) body. Hip joints, cardiovascu-
lar tubes or skin adhesives are just a few examples. Such materials are principal-
ly chosen for their mechanical performance (stiffness, strength, fatigue resis-
tance). All mechanical and biological interactions between an implant and the
body occur across the interface, which has to correspond as nearly as possible to
its particular function.A natural surface is a complex (three-dimensional) struc-
ture, which has to fulfil many roles: recognition, adhesion (or rejection), trans-
port or growth. We have to admit that at present biomaterials are far removed
from such performance although new strategies in surface engineering have
been adopted in which man tries to learn from nature.
Much of the progress in adapting polymer materials for use in a biological envi-
ronment has been obtained through irradiation techniques. For this reason the
most recent developments in 4 key areas are reviewed in this special volume. All
surface engineering necessarily begins with an analysis of the topology and the
elemental composition of a functional surface and of the degree of assimilation
obtained by a particular modification. X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) play a promi-
nent role in such studies and these are detailed by H.J. Mathieu and his group
from the Ecole Polytechnique Fédérale de Lausanne (EPFL). Generally, the first
step towards procuring desired physico-chemical properties in a biomaterial
substrate is a chemical modification of the surface. As pointed out by B. Gupta
and N. Anjum from the Indian Institute of Technology (IIT), plasma- and radi-
ation-induced grafting treatments are widely used since they have the particu-
lar advantage that they result in highly pure, sterile and versatile surfaces.
The sterilisation of implantable devices is a subject of great concern for the med-
ical industry. Since ionising radiation is preferentially used for this purpose,
attention must be paid to possible effects on the structural and mechanical prop-
erties of polymers (through chain scission or cross-linking).L.A.Pruitt from UC
Berkeley has reviewed the specific behaviour of the different medical polymer
classes to g- and high-energy electron irradiation and environmental effects.The
biocidal efficiency relies on free radical formation and on the ability to reduce
DNA replication in any bacterial spore present in a medical device.
The latter point, radiation effects on living cells and tissues, is the subject of the
final contribution in this volume. M. Scholz from the Gesellschaft für Schwerio-



nenforschung (GSI) summarises the (damaging) biological effects of ion beam
irradiation and the considerable differences with respect to conventional pho-
ton radiation. These studies are of particular importance for radiation protec-
tion and radiotherapy.The advantages of a tumor treatment by carbon ion beams
(effectiveness, concentrated energy release, possibility to use the presence of
positron emitting 10C and 11C isotopes for positron emission tomography) are
also presented in a comprehensive way.
I hope that the combination in a single special volume of the Advances in Poly-
mer Science of these highly complementary contributions is particularly help-
ful to scientists working in this rapidly developing area. I would also like to thank
all the authors for their exemplary co-operation.

Lausanne, December 2002 H. H. Kausch
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1

 

Introduction

 

Materials used in biomedical devices (so-called biomaterials) should fulfill two
major requirements. First, they should possess the mechanical and physical prop-
erties that allow them to replace faulty functions of the body. Second, as they are
interfacing biological systems they should be at least bio-inert (no undesired reac-
tions) and, even better, trigger positive responses from these biological systems. In
the latter case, responses are mainly governed by interfacial interactions, i.e., by the
surface properties of the material such as surface energy, surface roughness, and
surface chemical composition. Consequently, analytical methods are of primary
importance to guide surface modifications of materials to lead to biospecific sur-
face properties and also to understand the relationship between surface chemis-
try/roughness/energy and the biological response.

Although historically metals were the first biomaterials, polymers have gained a
large application in this field and great efforts have been devoted to design poly-
meric materials with the right physical and interfacial properties [1]. This work in-
tends to illustrate the application and importance of surface modifications and the
need of surface analytical tools in the field of polymeric biomaterials [2, 3]. The
examples given below stem from the work of several former PhD students and
post-docs of our laboratory and illustrate how surface analysis and biological as-
says are used in a complementary manner to design successfully new soft bioma-
terials. The first example (Sect. 3) shows how one can synthesize a polymer whose
surface properties reduce non-specific protein adsorption and consequently unde-
sired biological reactions. The second example (Sect. 4) copes with the oriented
immobilization of biologically active molecules (carbohydrates) at materials sur-
faces.

 

2

 

Methods for Surface Characterization [4]

 

In this first part, surface analytical methods such as X-ray Photoelectron Spectros-
copy (XPS) and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) as
well as contact angle measurements are briefly introduced. The first two tech-
niques give chemical information on the first monolayers of a solid surface while
the latter provides information related to the surface energy. In the following sec-
tion, the basic principle of these analytical tools is discussed as well as the typical
information they give and their limitations.
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2.1
Chemical Surface Analysis

 

Chemical analysis of surfaces and in particular of polymers is made possible by
probing with photons (soft X-rays) or ions [5, 6]. The principle of chemical sur-
face analysis is illustrated schematically in Fig. 1. A primary source is directed to-
wards the surface of a solid sample and the spectrometer measures properties of
emitted particles.

The emitted secondary particles (electrons or ions) carry information on the
composition of the top-surface and underlying layers. In addition, the imaging ca-
pabilities make it possible in certain cases to identify heterogeneity in surface
chemical composition. Also, the number of detected particles can be used for
(semi-)quantification directly from the measured spectra, in-depth profiles, or
images. More precisely XPS (probing with photons) and ToF-SIMS (probing with
ions) allow one to access depths from 1 to 10 nm. However, due to their very high
surface sensitivity, these methods are subject to contamination effects at the sur-
face, requiring then a well-controlled preparation of the sample and ultra-high
vacuum (UHV) conditions for analysis, i.e., pressures below 10

 

–6 

 

Pa. In the follow-
ing a short description of the two analytical tools is presented.

 

2.1.1

 

X-ray Photoelectron Spectrometry (XPS)

 

XPS is a technique based upon photo-electronic effect. Under X-ray (photon) ex-
posure, electrons are emitted with energy values characteristic of the elements
present at the surface. Figure 2 illustrates the complete photo-ionization process
including excitation and relaxation steps.

Let us assume that the primary X-ray with energy h

 

n

 

 creates a photoelectron at
the core energy level E

 

K 

 

(a). The Einstein equation gives the relation between exci-

detector

analyzer

spectra

in-depth
profiles

images

source:

photons
ions

signal:

electrons
ions

Fig. 1. Principle of XPS and ToF-SIMS surface analysis
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tation energy (h

 

n

 

), kinetic energy E

 

kin

 

 of the emitted photoelectron and its binding
energy E

 

b

 

:

(1)

where 

 

F

 

A

 

 is the work function of the analyzer detector. An XPS spectrometer
measures the kinetic energy E

 

kin

 

 of a core photoelectron. From Eq. (1), E

 

b

 

 is deter-
mined. The excitation process is exploited to identify solid elements from lithium
(atomic number Z=3). The sensitivity limit in XPS is approximately 0.1% of a
monolayer corresponding to 10

 

15

 

 particles/cm

 

2

 

. An illustration is given in Fig. 3,
which shows a survey spectrum of polystyrene (PS) after a radiofrequency oxygen
plasma treatment. Typical reference energies for binding energy calibration are ac-
cording to the ISO standard [8]:

Au 4f

 

7/2

 

 84.0 eV

C 1 s 285.0 eV

In Fig. 3, one observes the core level transitions of C1s and O1s as well as the Auger
transition of oxygen, O

 

KVV

 

. Indeed, the photoemission process is followed by a re-
laxation process either (b) or (c) as shown in Fig. 2. In the process (c) a third elec-

a) excitation

relaxation

b) c)
EF

EV

EL

EK

E b
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X-ray
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Fig. 2. Principle of the photo-electronic effect: the excitation and relaxation processes are
shown indicating schematically the different binding states with the Fermi energy (EF) as the
reference level (=0). The valence band energy is EV followed by a discrete level of EL and the
core level EK; after [7]

      E hv Eb kin A= – – F
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tron called the Auger electron is emitted after a transition of an electron from a
lower level (for example the valence band level E

 

V

 

) to the core level E

 

K

 

. In the proc-
ess (b), a secondary X-ray is created after filling the hole at the E

 

K

 

 level by a valence
band electron. This photon is not measured in XPS experiments.

E

 

K

 

 can exhibit dependence upon the oxidation state of the element. Narrow
scans around an element of interest allow one to determine quantitatively the var-
ious binding states of this element. In particular for polymers, carbon and oxygen
binding states can be identified as illustrated in Fig. 4 for the C1s transition of PM-
MA.

Figure 4 shows the different functional groups and their respective relative areas
are given in the caption. The theoretical relative intensities of the different func-
tional groups are for carbon -C-C- plus -C-H (60%), -C-O-C- (20%), -C=O
(20%) and oxygen -O-C- (50%) and -O=C- (50%), respectively.

XPS peak intensities (areas) I

 

A

 

 are a means of quantification. The relation be-
tween I

 

A

 

 and the atomic concentration c

 

A

 

 of an element or chemical component
at a depth z is

(2)

where k is an instrument variable, I

 

s

 

 the primary beam flux, S

 

A

 

 the elemental sen-
sitivity, and 

 

l

 

 the inelastic mean free path of the photoelectron trajectory multi-
plied by cos 

 

q

 

 where 

 

q

 

 is the take-off angle of the emitted electron with respect to

Fig. 3. XPS survey spectrum of a radiofrequency oxygen plasma treated polystyrene (PS) ob-
tained with monochromatic Al primary radiation. The intensity I (cps) is shown as a function
of binding energy (eV)
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the surface normal. Due to the exponential term in Eq. (2) a reasonable upper lim-
it for integration is

(3)

Typical values of the escape depth 

 

L

 

 for polymers are between 5 and 10 nm in-
dicating the shallow information depth of XPS [10]. Quantification is performed
by application of the simple formula

(4)

applying elemental sensitivity factors from the literature (for example [5]) or those
provided by the spectrometer manufacturers and summing over the number of el-
ements taken into account. As for polymers accuracy of a few percent is typically
obtained by use of Eq. (4). From Eq. (3) one can see that measurements at differ-
ent take-off angles allow probing sample composition at different depths. Thus
such angle resolved XPS (ARXPS) is an elegant way of obtaining a depth profile in
a non-destructive manner.

When analyzing polymers, charging effects and possible degradation have to be
taken into account [11–15]. Emitted photoelectrons carry a negative charge and
may lead to a positive charge build-up. This effect can be compensated by supply-
ing the sample surface with low energy electrons for charge neutralization. Degra-

Fig. 4. XPS high resolution spectrum of C1s of Poly(methyl metacrylate) (PMMA). The four
components correspond to C-H, C-C, C-O, and C=O functional groups of PMMA; after [9]

L = 3l qcos
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dation of polymer under X-ray is described in the literature. The reader is referred
to [9–16] for complementary information.

Imaging is possible with a lateral resolution limit of a few microns for state-of-
the-art spectrometers. All measurements are carried out under ultra high vacuum
conditions (UHV). A fast entry lock is usually available for a transfer of a sample
within minutes from atmospheric pressure to 10

 

–6 

 

Pa. Commonly two types of
sources are used in XPS, either MgK

 

a1

 

.

 

2

 

 or Al K

 

a1

 

.2 radiation with an energy of
1253.6±0.7 or 1486.6±0.85 eV, respectively. Al Ka1.2  radiation is often monochro-
matized by elimination of the Ka2 ray to result in a better defined energy spread of
the incoming X-rays, i.e., a smaller full width at half maximum (FWHM) of the Ka
line allowing higher energy resolution DE down to 0.5 eV of the emitted photo-
electrons. For more detailed information the reader is referred to the literature
[17].

In conclusion, XPS and ARXPS are valuable tools for quantitative elemental
analysis and identification of functional chemical groups within the first few na-
nometers of the surface at relatively high sensitivity.

2.1.2
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Static Secondary Ion Mass Spectrometry (S-SIMS) is a more sensitive (sensitivity
of 109 atoms/cm2) surface analysis technique than X-ray Photoelectron Spectros-
copy (1012 atoms/cm2) [6, 18]. Under primary bombardment with a focused ion
beam the solid surface emits secondary particles. As illustrated in Fig. 5, the bom-
bardment with primary ions such as Ga+, Ar+, or other molecular ion sources like
SF5

+ [19–21] or C60 [22], which should enhance molecular ion formation at high
masses vs fragmentation, provokes the emission of neutral, positively, or negative-
ly charged fragments and clusters.

±

Fig. 5. Principle of Secondary Ion Mass Spectrometry



Engineering and Characterization of Polymer Surfaces for Biomedical Applications 9

In SIMS, one distinguishes between the static and the dynamic modes. In static
SIMS only a fraction of the first monolayer of the surface layer is perturbed. This
depends on the flux of the primary ion beam, which is kept well below 10–12 par-
ticles/cm2. This number corresponds to 1‰ of the number of particles of the first
monolayer, which is approximately 1015 particles. Past this limit, degradation sig-
natures can be detected. During further bombardment the top-surface will then be
completely destroyed, leading to a depth profile type of information (dynamic
mode).

The intensity IA
± for emitted positively or negatively charged secondary ions

measured for a given target is described by the following equation:

(5)

with

(6)

Here Ip is the primary ion current, Ytot the total neutral sputter yield of species
A in the matrix M, gA

±(M) the ionization probability of species A in the matrix M,
fA the isotopic abundance of element A, cA the atomic concentration, and hS an in-
strumental constant. IA

± may vary over several orders of magnitude. Due to its
high sensitivity, surface contamination may influence it strongly. Furthermore, IA

±

is very dependent upon matrix effects that influence strongly the number of emit-
ted ions compared to emitted neutrals. Their ratio is typically 10–4 or smaller for
polymers and biomaterials [23]. The influence of the matrix on the ionization rep-
resents the severest limitation of this technique for quantitative analysis of both in-
organic and organic materials.

In modern static SIMS instruments, the most efficient spectrometer is the time
of flight spectrometer. It has typical current densities of the order of 1 nA/cm2,
which corresponds to approximately 1010 particles/cm2/s [23, 24]. The emitted
secondary ions are separated according to their mass in this spectrometer. Figure 6
shows schematically the principle of the time of flight measurement.

The relation between acceleration voltage, Vacc, and kinetic energy, Ekin, of the
secondary ions is developed into

(7)

where e is the electronic charge, m the mass, and v the velocity of the accelerated
ion. This leads to a simple relation between time of flight, t, and the square root of
the ion mass:

I I Y f cA p tot A M A A S
± ±= g h( )

Y YM tot A M
± ±= g ( )

      
eV

m
vacc =

2
2
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(8)

where L is the flight distance being typically 1–2 m for commercial ToF-spectrom-
eters. In ToF instruments the primary ion source is pulsed and the mass resolution
will depend on the pulse width. The flight time for an ion with mass 100 Da is sev-
eral microseconds and therefore picosecond pulses are required to obtain a relative
mass resolution of m/Dm>5000 at m=28 Da. Liquid Metal Ion Guns (i.e., Ga+ pri-
mary ions) allow one to focus the ion beam down to submicron beam diameter
and then to perform SIMS imaging (mapping of elemental and molecular second-
ary ions). ToF-SIMS spectrometers are equipped with a fast entry lock allowing
one to introduce a sample in the ultra-high vacuum range (UHV) within a few
minutes.

Figure 7 shows schematically a spectrum acquired with a time-of-flight spec-
trometer. It shows a typical fragment of the maleimide molecule fragment
C4H2NO2

– at 96.009 Da. Due to the mass resolution of m/Dm=6900 it can clearly
be distinguished from the sulfate molecule SO4

– at 95.952 Da. It illustrates that ion
fragments can be measured with high mass resolution. This allows a unique deter-
mination of their chemical composition.

Examples of fingerprint spectra are shown in Sect. 3 (Figs. 11 and 12). Other
detailed information is found elsewhere [17].

Ippulsed

L

Vacc

IL

S D

Fig. 6. Principle of a time-of-flight measurement: S sample, Vacc acceleration voltage, Ip pulsed
ion beam, L flight length, IL immersion lens, D detector

      
t

L

v

L

eV
m

acc

= =
2
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2.2
Contact Angle Measurements

Contact angle measurements are used to assess changes in the wetting characteris-
tics of a surface to indicate changes in surface wettability. Information that one ob-
tains largely depends on the interpretation of contact angle in terms of the Young
equation [25, 26]:

(9)

where glv is the liquid-vapor, gsv the solid-vapor, and gsl the solid-liquid interfacial
tension, respectively, and q the measured angle with respect to the surface, as illus-
trated schematically in Fig. 8.

The Young equation implies that the equilibrium contact angle is unique for a
given solid-vapor-liquid system on a flat and rigid surface. In addition, it is gener-
ally accepted that the vapor spreading pressure can be neglected for q>10° [27].
However, in many practical cases the experimentally observed contact angle of a
given system is not uniquely determined by the surface tensions of the solid and

95.8 95.9 96.0 96.1 96.2
0
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20

30

In
te

n
si

ty
 (c

p
s)

m/z

C4H2NO2

m

Dm
= 6900

96.009 Da

95.952 Da

O

O

N

–

SO4
–

Fig. 7. Time-of-flight mass spectra of negative ions of C4H2NO2
– at 96.009 Da which is clearly

separated from SO4
– at 95.952 Da thanks to the mass resolution of m/Dm=6900

        g q g glv sv slcos –=
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liquid, but also by other parameters such as chemistry, inhomogeneity, roughness,
surface deformation, surface reorganization, and chemical contamination [28,
29]. The current understanding of the drop size dependence of contact angles is
discussed in a recent review by D. Li [29]. Surfaces are classified into high- and
low-energy surfaces regarding their interfacial properties. For high-energy surfac-
es adsorption occurs easily, for low-energy surfaces not. Liquids and soft organic
solids such as polymers exhibit surface energies below 100 mN/m, while for hard
solids like metals it is around 500–5000 mN/m. A highly water- and oil repellent
surface exhibits a very small critical surface energy as defined by Zisman [30]. Gen-
erally, surface energy decreases with increasing temperature and ambient pressure
and rises with increasing salt concentration. A small contact angle results for wet-
table surfaces, if the interfacial energy is smaller that the surface energy of the pure
material at the interface to air or vacuum.

Kovats et al. carried out substantial experimental work on contact angles and
surface energy [31–35]. Different angle measuring methods were compared and
surface tensions of 83 organic liquids determined. The importance of a reliable ref-
erence surface applying the Zisman concept is discussed in a theoretical contribu-
tion by Swain and Lipowsky [26] presenting a general form of the Young equation.
Reviews of the critical surface energy determination are found elsewhere [36–38].

The influence of topography on wettability was discussed recently by Öner and
McCarthy [39]. The hydrophobicity of a water repellent surface is discussed. In
such a case the static contact angle is irrelevant, and the dynamic wettability has to
be addressed by measuring the hysteresis, i.e., the difference between advancing
and receding angle. The influence of roughness of ultrahydrophobic polymer sur-
faces (polypropylene and poly(tetrafluoroethylene) (PTFE)) exposed to a radiof-
requency-plasma was discussed elsewhere [40] using XPS and Atomic Force Mi-
croscopy to determine size scale and topology of the roughness. Their most hydro-
phobic surfaces exhibited advancing (A) and receding (R) contact angles of qA and
qR=172° and 169°, respectively.

γsl

γlv

γsv

solid

vapor

liquidθ

Fig. 8. Equilibrium sessile drop system; glv is the liquid-vapor, gsv the solid-vapor, and gsl the
solid-liquid interfacial tension, respectively and q the measured angle with respect to the sur-
face
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Contact angle measurements of the advancing or receding angle can be per-
formed under a microscope equipped with a CCD camera and a goniometer deter-
mining the slope of the droplet of a given volume of ultrapure water (=
1015 MWcm). The wettability reported in Sect. 3 of this review was evaluated by a
contact angle method using the sessile drop test based on the semi-empirical meth-
od proposed by the literature [41, 42]. The purity of the wetting agent was verified
by measuring the liquid surface tension gLV using the Wilhelmy technique [28]
(platinum plate, KSV sigma 70 Wilhelmy balance) and comparing the obtained
value with the literature (gLV=78.8 mJ/m2) [28, 43]. The height and the contact di-
ameter l of a 1-µl drop of deionised water (grade nanopure milliQ, 17 MW) were
determined after depositing the drop and taking a picture with a CCD camera [28].
The advancing angle q was calculated using the following equation [43]:

(10)

Height h and diameter l are illustrated in Fig. 9. They were determined after dep-
osition of the drop and taking a CCD picture. The purity of the wetting agent was
verified by measuring the liquid surface tension gLV using the Wilhelmy technique
(platinum plate, KSV sigma 70 Wilhelmy balance) and comparing the obtained
value with the literature (gLV=78.8 mJ/m2) [28, 43].

3
Phosphorylcholine Functional Biomimicking Polymers

This section illustrates results obtained in our laboratory in the context of the de-
sign and control of the surface properties of polymers used as biomaterials [43].
Indeed, interactions between biomaterials and tissues occur via a layer of proteins
adsorbed at the surface of any implant [44]. Such protein adsorption is the imme-

h

l

q

Fig. 9. Contact angle calculation; after [43]
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l
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diate event occurring on its first contact with biological fluids and tissues [3]. One
major restriction of polymers is their tendency to exhibit thrombogenic proper-
ties.

The response of biomolecules and cell membranes is determined by many fac-
tors, some of which are the chemical composition and conformation of the mole-
cules, the surface energy, and topography of the top surface layers which are in
contact with biological systems, i.e., body fluids and cells [45]. The work illustrat-
ed here consisted in designing new polymers with functional properties capable of
promoting the attachment of specific cells. The first step consisted in a polymer
system which surface inhibits non-specific cell attachment. This strategy is based
on the incorporation of cell membrane constituents such as phosphorylcholine
(PC) or phospholipid analogues into polymers [46–51].

Since polyurethanes have traditionally proved to be reasonably bio- and hemo-
compatible materials and have therefore been widely used for biomedical applica-
tions such as vascular prosthesis, artificial organs, blood contacting devices, pe-
ripheral nerve repair, or other prosthetic devices [52], our first PC copolymer sys-
tems were initially based on the polyurethane chemistry. We had earlier demon-
strated that the presence of PC groups in poly(urethane) strongly reduces cell at-
tachment at the surface even in protein enriched media [53] and work from Coop-
er and coworkers [54, 55] also showed that phosphorylcholine containing poly-
urethane limited neutrophil and bacterial adhesion. Two copolymers, PCPUR189
and PCPUR167, were synthesized with different concentration of PC moieties
[56]. The final PC concentration in the bulk of the copolymers was 3.4 mol% and
4.3 mol% for the PCPUR189 and PCPUR167, respectively. Schematics of struc-
ture of the phosphorylcholine containing polyurethane (PCPUR) copolymers
synthesized is given in Fig. 10.

The second copolymer system was chosen because of the higher synthetic flex-
ibility offered by acrylate chemistry. Our choice was directed towards an acrylic
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terpolymer system, with methyl methacrylate (MMA) and methyl acrylate (MA)
as principal components. The purpose was to enable the adaptation of the matrix
mechanical properties by adjusting the glass transition temperature of the system
[57]. 2-Acryloyloxyethyl phosphorylcholine (APC) was synthesized and added to
MMA and MA through copolymerization to control the surface properties of the
P(MMA:MA:APC) terpolymer with respect to cell attachment [58]. The final PC
concentration in the bulk of the P(MMA:MA:APC) terpolymer was 1.7 mol%. A
schematic representation of the structure of the terpolymer is given in Fig. 10.

A major part of these projects was also dedicated to understanding the bulk and
solution structural organization of such polymers and here we would like to refer
the reader to appropriate literature [56, 58]. While it was shown that the am-
phiphile nature of the terpolymer system, and in particular the phosphorylcholine
(PC) groups, played an important role in the structure organization and molecular
mobility of the copolymers, the results displayed in the present discussion focus on
how the presence of these PC groups impacted on the surface properties of the co-
polymer synthesized. With this aim in mind, surface analytical techniques such as
XPS and ToF-SIMS were used and complemented with contact angles and biolog-
ical in-vitro assays to characterize the dynamics of the copolymers surface and as-
sess the extent of the resistance to the non-specific attachment of cells on samples
coated with the PC copolymers (for experimental details, refer to [56, 58]).

ToF-SIMS analysis of the 2-acryloyloxyethyl phosphorylcholine (APC) mono-
mer led to the typical positive fragmentation pattern of the phosphorylcholine
group in agreement with literature [59, 60]. Figure 11a illustrates the high relative
intensity of some of these typical positive fragments such as C5H13N+O3P
(166 Da) and C5H15N+O4P (184 Da). A more extensive list of the major positive
ion-fragments detected is found elsewhere [58].

Figure 11b presents the same mass range of the positive SIMS spectrum obtained
for the P(MMA:MA:APC) terpolymer. None of the typical fragments of the PC
group can be identified despite the high surface sensitivity of the technique. In con-
trast, characteristic fragments from P(MMA:MA) matrix were observed in agree-
ment with the literature [61], such as C8H9O3

+ (153 Da) as well as C2H3O2
+

(59 Da), C4H5O+ (69 Da), and C5H9O2
+ (101 Da) (not displayed in Fig. 11b). Neg-

ative ions spectra confirmed these results. Indeed, although the PO3
– fragment could

be detected, its intensity was too low to consider this as evidence of PC presence.
In contrast, investigations of PCPUR polymers using ToF-SIMS show that both

polymers exhibit similar positive and negative mode mass spectra. In this case, ma-
jor secondary ions characteristic of the PC polar head group were observed (PO3

–

(79 Da), C5H12N+ (86 Da), C5H13NO2P+ (150 Da), C5H13NO3P+ (166 Da), and
C5H15NO4P+ (184 Da) as shown in Fig. 12a,b.

Furthermore, the characteristic fragment of GPC containing coatings,
C8H19NO4P+ (224D), was also detected (data not shown). The comparison of the
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positive mode ToF-SIMS spectra shows, however, that relative normalized intensi-
ties of the characteristic PC fragments are higher by approximately 50% for
PCPUR167 compared to PCPUR189.

Studies regarding the conformation of lecithins have allowed the determination
of the size of the phosphorylcholine polar group. This dimension derived from X-
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ray diffraction studies is 11 Å for both the monohydrated or fully hydrated leci-
thins [62] and is in agreement with the 12 Å obtained with space-filling models for
a fully extended PC group parallel to the fatty acid chains and with the zwitterion
in the gauche conformation about the O-C-C-N bonds [63]. Hence, the typical
fragments of the phosphorylcholine groups should be detectable if they were
present at the uppermost surface of the P(MMA:MA:APC) terpolymer. Possible
matrix effects have already been reported in organic systems [64, 65]. Although
they may affect the emission probabilities of typical PC secondary ions, it is very
unlikely that they should inhibit completely the emission of all the PC fragments.
These SIMS observations therefore suggest that under the UHV conditions re-
quired for the analysis, the extreme surface of the P(MMA:MA:APC) terpolymer
is depleted in PC groups. This burying effect can directly be understood by the de-
sire of the system to reorganize so as to minimize surface energy in UHV environ-
ment.

XPS analyses were performed on all copolymers. The atomic concentrations of
carbon (C1s), oxygen (O1s), nitrogen (N1s), and phosphorus (P2p) were compared
between the two depths of 3–4 nm and 8–11 nm and are reported in Table 1.

Contrasting with ToF-SIMS analysis, nitrogen and phosphorus were detected
on the P(MMA:MA:APC), although in the case of nitrogen we were close to the de-
tection limit. As it can also be seen from the high resolution elemental scans re-
ported in Fig. 13a,b, the nitrogen and phosphorus atomic concentrations meas-
ured are very low; for an emission angle of 20° no nitrogen is even detected where-
as the phosphorus concentration is about 0.2 at%. This can be understood by con-
sidering the difference of electron inelastic mean free paths (imfp) between both
elements. Indeed, calculations based on the estimation of the imfp made by Tanu-
ma et al. [66] for PMMA as well as on the relation derived by Seah and Dench [67]
for the imfp of organic compounds allow the estimation of the escape depth of the
XPS information. Both approaches give similar results. In the case of nitrogen, the
information depth is approximately 3 nm and 9 nm whereas for phosphorus it

Table 1. AR-XPS surface elemental concentrations of PCPUR and P(MMA:MA:APC) copoly-
mers. Comparison between two emission angles of 20 and 80 ° with respect to the sample sur-
face, corresponding to an information depth of 3–4 nm and 8–11 nm, respectively; compiled 
after [56, 58]

Emission angle (information depth) C [at%] O [at%] N [at%] P [at%]

PCPUR189 20 ° (3–4 nm) 67.1±0.5 21.4±0.8 11.5±0.5 0.3±0.09
80 ° (8–11 nm) 66.1±0.0 21.6±0.3 11.7±0.2 0.6±0.06

PCPUR167 20 ° (3–4 nm) 66.7±0.6 21.6±0.7 11.4±0.3 0.6±0.06
80 ° (8–11 nm) 65.9±0.8 21.8±0.7 11.7±0.3 0.8±0.06 

P(MMA:MA:APC) 20 ° (3–4 nm) 70.0±0.6 29.8±0.6 0.0 0.2±0.02
80 ° (8–11 nm) 70.0±0.0 29.4±0.0 0.3±0.06 0.3±0.03
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ranges from 4 nm to 11 nm for the 20° and 80° emission angles, respectively. As the
information depth is augmented, an increase in the nitrogen (from 0 to 0.3 at%)
and phosphorus (from 0.2 to 0.3 at%) atomic concentrations is noticeable.

Similar comments can be made concerning the PCPUR copolymers, for which
elemental concentrations are comparable for both copolymers at both emission
angles, except in the case of phosphorus. Indeed, although phosphorus concentra-
tions detected are very low, they are significantly different (outside of the experi-
mental deviation) and show that the concentration is higher in PCPUR167
(Table 1) in agreement with the ToF-SIMS results described earlier. Moreover, it
can be seen that the phosphorus P2p photoelectron intensity (and consequently
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Fig. 13a,b. High-resolution elemental scans as a function of depth of: a the nitrogen N1s; b the
phosphorous P2p of the P(MMA-MA-APC) copolymer; after [58]
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the phosphorus atomic concentration) also increases with the depth analyzed for
these PCPUR copolymers.

This suggests that under UHV conditions, for both copolymer systems (acr-
ylates or polyurethanes), there is an increasing concentration gradient of the phos-
phorylcholine groups from the surface to the bulk of the polymer. The copolymer
system tends to lower its interfacial free energy by burying the PC group under-
neath the extreme surface.

In-vitro assays were performed in serum free (SFM) and serum containing me-
dia (SCM) to evaluate the cell attachment properties on both PC-containing and
PC-free copolymers together with SiO2 as reference [56, 58]. Results obtained after
4 h of incubation (Figs. 14 and 15) show that the cell attachment and differentia-
tion levels on the PC containing copolymers were strongly reduced in both media
compared to PC free system and the SiO2 reference. Hence, a small concentration
of PC groups (~1.7 mol% for the P(MMA:MA:APC) and ~3.4 mol% for
PCPUR189) is already efficient in reducing the non-specific attachment of cells by
roughly 70% for both media. Cell attachment is even further reduced as the PC
content of the copolymer increases (~4.3 mol% for PCPUR167), since a 90% de-
crease is obtained for PCPUR167 in both media when compared to SiO2.

Extension of the culture time up to, respectively, three days for the
P(MMA:MA:APC) copolymer and four days for the PCPUR copolymers, showed
no evolution in the cell attachment properties on the PC containing surfaces, as
opposed to the PC-free surfaces (SiO2 reference as well as P(MMA:MA) polymer).
Indeed, after 72 h in SCM, a large population of cells were attaching and differen-
tiating on P(MMA:MA) as can be seen from Fig. 16a. In contrast, on the
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P(MMA:MA:APC) surface, cells rather aggregate to form clusters than adhere to
the terpolymer surface (Fig. 16b), or preferentially grow on the uncovered silicon
part of the sample (Fig. 16c). This last observation gives additional information
about the absence of any toxic leakages from the acrylic terpolymer film. The cell
attachment level was comparable in both SFM and SCM suggesting that the pres-
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Fig. 15. Comparison of the cell attachment level on the SiO2 reference, PC-PUR189 and PC-
PUR167 after 4 h in SFM and SCM (*p<0.01 PCPUR190/PCPUR167 Student t-test, n=15 and
**p<0.001, PCPUR189/PCPUR167 Student t-test, n=15) ; after [56]
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Fig. 16a–c. Extent of cell attachment and differentiation on: a P(MMA:MA); 
b P(MMA:MA:APC); c SiO2, after 72 h in serum-containing media [58]



Engineering and Characterization of Polymer Surfaces for Biomedical Applications 21

ence of binding proteins did not significantly influence the cell attachment level on
the acrylic terpolymer surface.

Figure 17 illustrates the extent of cell attachment on the PCPUR copolymers af-
ter 96 h in the protein rich media (SCM). Although few cells are attaching on
PCPUR189 (Fig. 17b) and have adopted this typical triangular morphology indic-
ative of good attachment, neurite extension on this substrate is restricted com-
pared to the SiO2 reference (Fig. 17a). Furthermore, on PCPUR167 samples, al-
most no adhering cells remain, except on a small area of the sample where the
PCPUR167 coating was accidentally removed. Cells are then growing on the bare
SiO2 substrate along the scratched portion of the coating (Fig. 17c).

Non-specific adsorption of various proteins to these copolymers was also stud-
ied [56] and followed essentially the same trend as the one observed for the non-
specific attachment of cells, i.e., the non-specific protein adsorption was lower on
the copolymer with the highest PC content. Hence, this inhibition of cell attach-
ment on PCPUR polymer surfaces (and non-specific protein adsorption) can be
directly related to the presence of PC groups. This implies that under aqueous con-
ditions the PC groups were now present at the extreme surface for the copolymers
to display such non-permissive properties.

Static water wettability measurements performed on PCPUR189 and
PCPUR167, showed that the mean contact angle of a drop of water was 20° smaller

(a) (b)

100 µm

(c)

Fig. 17. Extent of cell attachment after 96 h in serum containing media, on: a SiO2 reference
substrate; b PCPUR189 in SCM; c PCPUR167 in SCM. Note the extensive reduction in cell
attachment on PCPUR polymers compared to the reference substrate; after [56]
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on PCPUR167 (60±3.5°) compared to PCPUR189 (81±2.5°). This suggests an in-
creased hydrophilicity of PCPUR167 (enhanced water-polymer interaction),
which is in agreement with the higher phosphorylcholine groups concentration.
In addition, in contrast to PCPUR189, the drop was observed to spread and flatten
at the surface of the PCPUR167 polymer. Such a phenomenon can be attributed to
both swelling and chain reorientation [68, 69], which appears easier in the case of
PCPUR167 in agreement with the water weight gain and DSC observations [56].

Results of XPS and ToF-SIMS characterizations correlated to in-vitro assays and
contact angles obtained for both phosphorylcholine containing polymer systems
(PC-PURs and P(MMA:MA:APC)) have shown that the amphiphile nature of
those copolymers and in particular the presence of the PC moieties generates a
highly mobile outermost surface capable of quickly reorganizing as a function of
the polarity of the environment it is subjected to. Under UHV conditions, both
systems tend to reorganize so as to minimize their interfacial free energy by bury-
ing the PC groups, which have no affinity for the UHV environment and hence
lowering the PC groups surface concentration. Many similar examples of surface
reorganization of polymer systems upon the polarity of the environment have
been reported [69–73]. In the case of the acrylate system, the extreme surface an-
alyzed with ToF-SIMS was even depleted in PC groups. A difference in matrix ef-
fects is possible between the polyurethane and acrylate systems and can make a
quantitative comparison of the PC content difficult. However, it is still not expect-
ed that different ions should be observed for both systems. Indeed, these fragments
follow the same fragmentation process, regardless of the matrix they are emitted
from; they could be observed for GPC, PC-PURs, APC, as well as for phospholip-
ids [56, 59, 60]. ToF-SIMS results show that the relative intensity of the PC frag-
ments decreases, as the PC bulk concentration decreases from 4.3 mol% in PC-
PUR167 to 3.4 mol% in PC-PUR189, until fragments are no longer detectable at
the outermost surface when the PC bulk concentration is 1.7 mol% in the acrylate
system. On the other hand, AR-XPS measurements have shown that the PC groups
concentration augments as the depth of analysis increases.

In the case of the acrylate system, the PC depletion of the outermost surface of
the terpolymer suggests that there can be a PC threshold concentration below
which, under UHV conditions, PC groups can be completely buried/hidden from
the surface. However, this PC threshold concentration may not only be depending
on the PC bulk concentration of the polymer. Indeed, the difference in polarity be-
tween the matrix and the PC groups is greater in the P(MMA:MA:APC) acrylate
system than in polyurethane polymers. The driving force for surface reorganiza-
tion is, therefore, greater in the P(MMA:MA:APC) terpolymer since the polar PC
groups have no affinity for the UHV environment and are masked by hydrophobic
polymer chains. On the contrary, in response to a polar environment, the terpoly-
mer surface rearranges to present the phosphorylcholine functionalities at the top
surface, hence minimizing interfacial energy and exhibit strong non-permissive
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properties with respect to cell attachment. The amphiphile nature of the terpoly-
mer constitutes by itself the main driving force for surface reorganization. It gen-
erates a highly mobile polymer surface, with quick self-reorganization properties
upon the environment. Besides, cohesion energy of the different constituents of
the acrylate terpolymer (and especially of the hydrocarbon backbone) is always
lower than the energy barrier to rotation of a single C-C bond (12.6 kJ/mol) [74]
meaning that chains are free to rotate, hence promoting surface reorganization.

In the case of PC-PURs polymers, surface reorganization certainly also occurs
although, even if as suggested by the wettability behavior of the polymers, it was
not as obvious as for the acrylate system. A PC group concentration difference
close to 50% could already be detected by ToF-SIMS at the outermost surface be-
tween PC-PUR189 and PC-PUR167. Furthermore, the PC concentration, as ob-
served using AR-XPS, increased with the analyzed depth. Nevertheless, the driv-
ing force for surface reorganization is certainly smaller, due to lower polarity dif-
ferences between PC groups and the polyurethane matrix. The large amount of
water retained in this polymer structure [56] also leads to an apparently more po-
lar matrix. Besides, the ability of the urethane and urea segments of the matrix to
form hydrogen bonds between N-H and C=O groups increases the cohesion en-
ergy of the system, thus restricting the molecular mobility of the polymer chains
[74].

In-vitro experiments correlated to bulk and surface characterization results
have demonstrated that an increase of PC groups concentration such as in the
polyurethane system leads to a reduction of the cell attachment level in both serum
containing and serum free media. The presence of phosphorylcholine groups, as
demonstrated on the acrylate system, is clearly responsible for the non-permissive
properties exhibited by the PC containing surfaces with respect to cell attachment.
Moreover, a low PC concentration (ª1.7 mol%) is already sufficient to reduce
strongly cell adhesion at the surface of the terpolymer. Bulk organization (due to
higher polarity differences) between the phosphorylcholine groups and a "flexible"
polymer matrix seems to be the determining factor in providing a very compliant
surface that can easily adapt to its environment. Hence, the high compliance of the
surface and the dynamic flip-flop behavior of the PC groups are certainly playing
a crucial role in the prevention of the non-specific adsorption of proteins and cells
on such PC containing copolymers.

4
Surface Glycoengineering of Polystyrene

A derivatization can be performed to induce a selective attachment of target cells
either on new polymers designed to control non-specific cell attachment (Sect. 3)
or on any other substrate intended for biomaterial applications. Photoimmobili-
zation of peptidic sequences was performed on newly synthesized PCPUR con-
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taining polymers described in the section Phosphorylcholine Functional Biomim-
icking Polymers above [56]. This section of this review illustrates the work done in
our laboratory on the surface glyco-engineering [75], i.e., the specific covalent at-
tachment of carbohydrates at the surface of substrates via photo-addressable new-
ly synthesized molecules. It is wished to emphasize how surface analytical tools
and biological assays give complementary information on (1) the immobilization
of intact molecules and (2) the availability of active molecules for recognition.

Biological systems make considerable use of surface glycosylation. Indeed glyc-
osylated molecules are involved in, among others, molecule trafficking, cell recog-
nition (including species discrimination), blood group typing, and blood coagu-
lation cascade [76–79].

Carbohydrate immobilization is reported in the literature for galactose [80],
melibiose [81], mannose [81, 82], lactose [82] starch [83], lactosaminide [84], and
heparin [85–89]. This has been achieved mainly by thin film adsorption (weak in-
teractions) or by covalent binding. In our work, light was used as a means for ori-
ented covalent immobilization of carbohydrates. Orientation and availability are
key parameters to allow the interaction of the cell receptor with the immobilized
molecules. Photoimmobilization provides a versatile tool with respect to the sub-
strate (organic and inorganic) and allows one to create easily microdomains of bi-
orecognition with addressable printing, mask-assisted lithography techniques.
The photoreagents most often used for photoimmobilization of biomolecules are
arylazides, trifluoromethyl-aryl diazirines, and benzophenones [90]. These rea-
gents generate very reactive intermediates upon light activation. Their interaction
with the support material leads to the formation of covalent bonds [90]. Thus, the
synthesis of molecules containing carbohydrate and photoactivatable domains
makes it possible to achieve covalent binding of biologically active carbohydrates.
Utilizing diazirine as a photoactivatable function, a reactive carbene is generated
by thermochemical or light activation (350 nm). A covalent bond is generated
with the surface provided that close contact between the surface and the carbene
is obtained. Reaction of aryl diazirine with various substrates has previously been
described [91–94]. The carbene may insert into C-H, C-C, C=C, N-H, O-H, S-H
bonds [90]. Chevolot et al. [95] reported the synthesis and the immobilization on
a CVD deposited diamond surface of an aryl diazirine containing a galactose pho-
toreagent {4-(3-D-galactopyranosylsulfanyl-2,5-dioxopyrrolidin-1-yl)-N-(3-(3-
trifluoromethyl-3H-diazirin-3-yl)phenyl}butyramide (MAD-Gal) (Scheme 1)
[95]. Based on XPS and ToF-SIMS data it was concluded that grafting of the pho-
toactivatable reagent MAD-Gal is possible using glycosylated aryldiazirines. Using
a masking technique [96] a specific pattern of immobilized carbohydrate was laid
down on diamond and verified with ToF-SIMS. This is illustrated in Fig. 18.

Léonard et al. [94, 96, 97] demonstrated that the molecule was immobilized as
a whole without degradation due to the immobilization process. They also dem-
onstrated that insertion on diamond was indeed carbene mediated. This was evi-
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denced in the case of oxygenated sites at the surface of CVD deposited diamond
but other functional sites could also be involved.

In the following discussion, it is intended to compare the immobilization of two
photoactivatable carbohydrates on polystyrene (PS) and to illustrate how their bi-
ological activity was tested. The same galactose aryl diazirine as the one described
for diamond modification (see Scheme 1) was used and compared to the also new-
ly synthesized lactose aryl diazirine displayed in Scheme 2.

The immobilization on polystyrene (the material most often used in biological
assays) was controlled with surface analysis spectroscopic methods XPS and ToF-

Fig. 18. Negative-mode ToF-SIMS of F- after mask-assisted patterning on thin diamond films
– size of the image 115• 115 µm; after [75]
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SIMS. The biological activity of the polystyrene-modified surfaces was probed
with the lectin Allo A, primary rat hepatocytes, and a-2,6-sialyltransferase.

Allo A lectin was reported to have a specific affinity for galactose residues espe-
cially as part of lactose (3.1 mmol/l inhibits hemoglutinin activity) and O-nitro-
phenyl b-D-galactopyranoside (inhibitory at 12.5 mmol/l) [98]. Hepatocytes ex-
press on their surface the asialoglycoprotein receptor which is responsible for the
clearance of abnormal galactose-terminated serum glycoproteins [99, 100]. Most
serum glycoproteins carry terminal sialic acid residues and a penultimate galactose
residue. When desialylated, the exposed galactose residues of the glycoprotein can
interact with the asialoglycoprotein receptor, initiating removal of the glycopro-
tein from the circulation by endocytosis. Subsequently, the incorporated protein is
hydrolyzed in lysosomes [100–103]. The transfer of sialic acid by a-2,6-sialyltrans-
ferase [104] to galactose attached to a solid support was studied to develop the ap-
proach to solid phase semi-synthesis [105].

Immobilization on PS was carried out as described by Léonard et al. [94, 96].
The samples were washed four times in water (HPLC grade). In the following ex-
perimental discussion, samples are referred to as A, B, and C. Sample A is the pris-
tine polystyrene. Sample B is polystyrene with photoactivatable carbohydrates af-
ter glycosilation and washing. This sample treatment does not include light expo-
sure. Physisorbed molecules should be removed by washing. Sample C is the pol-
ystyrene surface with molecules deposited on it, then photoactivated with light of
350 nm wavelength and finally washed leaving an expectedly modified PS surface.

When comparing samples A, B and C, simple signatures of the molecules such
as fluorine, CF3 among others, should allow one to test easily the efficiency of their
immobilization on PS with XPS and ToF-SIMS. Table 2 illustrates the case of lac-
tose aryl diazirine. The residual level of molecules observed on sample B by ToF-
SIMS was below the XPS instrument detection limit. It confirms that the washing
procedure was able to remove physisorbed molecules. For sample C, after washing,
covalently attached molecules were expected to remain bound to the surface, in
contrast with sample B [94, 96]. XPS fluorine atomic percentage, as well as CF3

–

and F– normalized intensities (Table 2), illustrate in the same way the successful
immobilization of the molecule at the surface of polystyrene. These results are
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Scheme 2. Chemical structure of lactose aryl diazirine (R=H)
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similar to those of the immobilization of MAD-Gal on diamond [96] and on PS
[106].

Lactose and galactose residue bioavailability at the surface of polystyrene was
probed with the b-galactose specific lectin Allo A through a biotinylated Allo A
(Fig. 19). The amount of surface lectin was measured with 35S streptavidin. 100%
radioactivity relates to the total amount of radioactivity of the deposited radiola-
beled streptavidin before washing. This represents an arbitrary standard but is
used to indicate the relative levels of radioactivity remaining after the various
treatments of the modified surface. The results are illustrated in Figs. 19 and 20 for
lactose and galactose modification experiments of the polystyrene surface, respec-
tively. For the two molecules, the percentages of radioactivity for samples A were
similar (1.2 and 2.5%). For samples B (lactose aryl diazirine), the signal remained
very low. For samples C (lactose aryl diazirine), the radioactivity reached the value
of approximately 3%, which is seven times lower than for the corresponding sam-
ple C in the case of MAD-Gal experiments as shown in Fig. 20.

Furthermore, inhibition with asialofetuin of lectin binding on immobilized ga-
lactose (MAD-Gal) was observed [105]. It confirmed that the interaction was spe-
cific and not due to a variation in physisorption, which in turn is related to the sur-
face energy.

In addition, XPS demonstrated that the surface concentrations of the two mol-
ecules (MAD-gal, lactose aryl diazirine) were almost similar (see Table 2).
Figure 21 indicates quantitative XPS and normalized ToF-SIMS data of MAD-Gal

Table 2. XPS and ToF-SIMS analysis of lactose aryl diazirine grafted PS. XPS atomic percent-
ages are displayed for samples A, B and C. Sample A corresponds to as received polystyrene. 
Sample B corresponds to polystyrene on which a methanolic solution of lactose aryl diazirine 
was deposited, and no light activation was performed before the final washing. This surface 
should be similar to sample A. Sample C corresponds to polystyrene on which a methanolic 
solution of lactose aryl diazirine was deposited and light activation was performed before the 
final washing. The molecule should be present at the surface of the material. Three areas were 
analyzed per sample, after [105]

XPS percentages (at %) Sample A Sample B Sample C

N bdl 0.34±0.20 0.51±0.49
F bdl bdl 1.18±0.4
S bdl bdl 0.18±0.16
C 97.79±0.36 94.53±1.27 88.77±0.54
O 2.27±0.47 5.13±1.08 9.35±0.49
ToF-SIMS
Corrected total intensity (counts) • 104 16.3±4.5 49.6±5.4 43.7±10.7
F- normalized intensity ‰ 1.10 2.72±0.42 63.17±21.78
CF3

– normalized intensity ‰ 0.13 0.20±0.08 0.65±0.07
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Fig. 19. Binding of biotinylated Allo A lectin to aryl lactose derivatized PS surfaces. Derivatized
surfaces were incubated with Allo A lectin and then extensively washed to remove physisorbed
lectins. [35S] streptavidin was incubated and the surfaces were again rinsed to remove excess
streptavidin. Finally, radioactivity was measured by scintillation counting. The radioactivity
is higher on sample C; after [105]
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Fig. 20. Binding of biotinylated Allo A lectin to MAD-Gal derivatized PS surface. The deriva-
tized PS surfaces were incubated with Allo A lectin and then extensively washed to remove
physisorbed lectins. [35S] streptavidin was added and the surfaces were again washed to re-
move excess streptavidin. Finally, radioactivity was measured by scintillation counting. The
radioactivity is higher on sample C and increases with the concentration of the MAD-Gal so-
lution (C, C1 and C2 corresponding to 0.25, 0.025 and 0.0025 mmol/l, respectively) used for
immobilization. This illustrates the higher binding of streptavidin to the surface C. I corre-
sponds to incubation of MAD-Gal grafted PS with asialofetuin and Allo A lectin. 100% corre-
sponds to the total added radioactive streptavidin; after [105]
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immobilized on PS as a function of the MAD-Gal concentration used for immo-
bilization.

Therefore, the difference in lectin binding can be attributed to differences in af-
finity of the lectin for the different terminal galactose residues at the surface. Ac-
cording to Yamashita [98] the affinity of the lectin was observed to decrease for
various substrates such as phenyl b-D-galactopyranoside, O-nitrophenyl b-D-ga-
lactopyranoside, lactose, and lactulose. It is therefore possible that in this case and
as for phenyl b-D-galactopyranoside and O-nitrophenyl b-D-galactopyranoside,
the succinimidyl group enhanced the affinity of the lectin towards the galactose of
MAD-Gal relative to the galactose residue of the immobilized lactose.

On the cellular level, functionality of the galactose and lactose residues was test-
ed with primary rat hepatocytes. The MAD-Gal coated surface altered hepatocel-
lular function. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide) and Neutral Red (NR) uptake (Fig. 22) increased for hepatocytes cultured
on MAD-Gal coated polystyrene surfaces and the increase correlated with the den-
sity of galactose molecules on the surface. MTT formation and NR uptake in-
creased up to a concentration of 2.5 mmol/l galactose and showed no saturation
effect. CMF stands for crude membrane fraction which is taken as a reference.

NR uptake is related to lysosomal activity while MTT is related to the bioreduc-
tive uptake, when lectins also specific of galactose residues (RCA) were added most
probably because lectins bind to the terminal galactose residues of MAD-Gal. In
the case of lactose modified polystyrene, no increase in the NR uptake was ob-
served (data not shown). On the other hand, when surfaces are then incubated
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Fig. 21. F– normalized intensity values (absolute intensity of F–/(total intensity – H– intensity))
and fluorine atomic percentages are displayed as a function of the MAD-Gal concentration
used for immobilization. The intensity of surface characteristic signatures increases with in-
creasing density of MAD-Gal; after [105]
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with 14C CMP-NeuAc and a-2, 6-sialyltransferase, radioactivity was only detected
on lactose modified PS (not illustrated).

It was also demonstrated that the radioactivity on the surface increased with in-
cubation time. When incubated without the enzyme, radioactivity was similar to
the background level. These results illustrate that the enzyme was able to recognize
lactose on PS surface as a substrate for the transfer of sialic acid and to catalyze this
transfer [105].

Improvement of the biological interactions will require more complex struc-
tures (cluster, spacer design, oligosaccharides). For example, as in the case of
asialoglycoprotein receptor, a tri-anternary structure of the galactose residues in-
creases the affinity of the receptor for the blood circulating glycoprotein. It was
also demonstrated that the distance between the residues of the tri-anternary
structure influences the affinity [105]. In a similar manner surface glycoengineer-
ing will require such an architectural design.

From the presented data it is concluded that diazirine-containing photorea-
gents containing mono- and disaccharides can be synthesized and immobilized on
polystyrene. Biological activity of the modified polystyrene was demonstrated
with Allo A lectin, primary rat hepatocytes and a-2, 6-sialyltransferase (not shown
here) [105]. It was also demonstrated that the biological activity was not only de-
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Fig. 22. Neutral Red (NR) uptake is related to the lysosomal activity. The NR uptake decreased
with the decreasing of surface galactose residues (C0, C, C1, C2 corresponding to 2.5, 0.25,
0.025, and 0.0025 mmol/l). The NR uptake was similar to that of surface A (plain polystyrene)
when the surface was incubated with a lectin (RCA) that protects the galactose residues. Hepa-
tocytes possess higher NR uptake on asialofetuin coated surfaces than on surface A, but lower
than on MAD-Gal grafted PS. 100% corresponds to surface A; after [105]
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pendent on the terminal residue but probably also on the spacer structure. Never-
theless, the combination of chemistry, surface analytical tools, and biology is
found to be a powerful feedback system for the design of bioactive glycoengineered
surfaces.

5
Concluding Remarks

This review illustrates the efficiency of the surface modification of polymers with
bio-specific properties allowing key-lock interactions with cells. An advanced
chemistry is needed to design new polymers exhibiting control of non-specific cell
attachment allowing further surface bio-specific surface interactions. New compo-
nents can be designed permitting bio-active surface modifications like photoad-
dressable carbohydrate compounds. Furthermore, surface analytical tools like XPS
and ToF-SIMS are important for the preparation and control of the intended sur-
face properties. Their spectra and images give insight into the top-surface compo-
sition with a high sensitivity. They can even be directly correlated to biological re-
sults such as the increase of MAD-Gal surface density correlated with the increase
in the observed biological response. The complementarity of both techniques is
also illustrated by these examples. The difference in probing depth allows high-
lighting compositional differences at the surface as well as gaining information on
functional group orientation. This review illustrates that surface analysis tech-
niques are powerful analytical means for the control of bio-active polymer engi-
neering. The high sensitivity (ToF-SIMS) and the possibility to quantify data
(XPS) identify these techniques as a major tool for further developments of bio-
materials.
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Polymers have generated considerable interest in a number of innovative domains for biomed-
ical applications. There is a great need to develop and design polymers for better acceptability
to the biosystem that includes the blood and tissue compatibility and a perfect cell-material in-
teraction. The modification of existing polymers by careful designing of the macromolecular ar-
chitecture is one of the most attractive ways to develop such biomaterials. Plasma and high-en-
ergy radiation, such as gamma radiation and electron beam lead to enough activation of poly-
mers so that specific monomer may be grafted. The extent of modification, i.e., the degree of
grafting may be easily controlled by the careful variation of the radiation exposure and reaction
conditions. The graft modification may be carried out almost on all polymers with the creation
of a desired functional chemistry both on the surface and in the bulk matrix. Such biomaterials
are being used for implants, sutures, tissue engineering, and as structured surface materials. The
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neering where human cells are seeded on top of a polymer support and are harvested as tissue.
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1

 

Introduction

 

The use of polymers in medicine originated thousands of years ago when Egyp-
tians were making use of fibrous materials as biomedical devices using naturally
derived materials for wound closure. The scenario changed rapidly in this century
with the birth of synthetic polymers having a wide range of physico-chemical char-
acteristics. A large number of polymers available today have been investigated for
their application as biomaterials, which has in fact led to the development of a few
innovative materials finding places in medicine, surgery and pharmaceutical ap-
plications. Enormous efforts have been made to understand these materials and
their application in the biosystem [1]. Biomaterials are materials which are derived
from biological sources or which are used in contact with the human body and tis-
sues such as implants or supplementary materials (vascular grafts, artificial hearts,
sutures, and intraoccular lenses). Biomaterials require certain criteria for their
performance in specific medical application, which takes into account the me-
chanical behavior, bioreceptivity, tissue compatibility, and immune as well as bio-
logical response. Commonly, polymers such as nylon, polyester, polypropylene,
and Teflon are used as biomaterial. Since it is the surface of a biomaterial which
first comes into contact with the living body when the material is placed in the bi-
osystem, the performance of a material in biological environment would need a
pertinent combination of surface characteristics and mechanical properties. The
complexity arises because of the large differences in the requirements of a material
due to the wide range of application sites in the human body. For example, a pol-
ymer material in contact with blood would experience cell adhesion, which subse-
quently could lead to thrombogenesis. At the same time, for polymers as implants,
the tissue could provoke an adverse reaction in the form of inflammation.

The initial use of polymers in medicine was in the form of implants and wound
dressings. The new era is witnessing a number of technically important domains
such as tissue engineering where, based on the understanding of bio-receptivity
and polymer-cell interaction, harvesting of an organ is achieved. This requires per-
fect knowledge of the biological surface and of material engineering, which opens
up a challenging domain of human organ reconstruction and design, driving an
expansion of the polymeric biomaterials field.

The cell-polymer interaction is believed to be mainly dependent on the physico-
chemical properties of the material surface, surface free energy, hydrophilicity, and
surface morphology [2–6].

 

 

 

The common polymers generally do not possess prop-
er surfaces as required for biomedical applications. A functional biomaterial
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would need its proper surface chemistry with excellent retention of bulk charac-
teristics [7–9]. Both blood and tissue compatible materials have been modified by
different methods involving the chemical and radiation routes. A comprehensive
review of different modification methods is presented in Table 1. The table shows
that quite different covalent and chemical modification methods exist. The cova-
lent method offers a more stable modified surface as compared to other methods.
The graft modification is one of such methods that provide covalent modification
of materials with the creation of interesting architecture. Here the discussion will
be confined to plasma and radiation-induced graft modification of polymers to
produce biomaterials with pre-designed surfaces and bulk structures.

 

2

 

Graft Modification of Polymers

 

As outlined above it is desirable to modify polymers selectively for specific appli-
cations without losing much in terms of the inherent characteristics. The better the
retention of the bulk properties, the more appropriate is the modification ap-
proach. In this respect, graft copolymers offer novel materials where the inherent
polymer is represented by the backbone and the branches are formed by the graft-

Table 1. Physical and chemical surface modification methods [61]

Covalently attached coatings
Radiation grafting (Electron accelerator and Gamma)
Photografting (UV and visible sources)
Plasma (gas discharge) (RF, microwave, acoustic)
Gas phase deposition
Ion beam sputtering
Chemical vapor deposition
Chemical grafting (e.g., ozonization+grafting)
Silanization
Biological modification (biomolecule immobilization)
Modification of the original surface
Ion beam etching (e.g., argon, xenon)
Ion beam implantation (e.g., nitrogen)
Plasma etching (e.g., nitrogen, argon, oxygen, water vapor)
Corona discharge (in air)
Electron beam treatment
Ion exchange
UV irradiation
Chemical reaction
Non-specific oxidation (e.g., ozone)
Functional group modifications (oxidation, reduction)
Addition reactions (e.g., acetylation, chlorination)
Conversion coatings (phosphating, anodization)
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ed monomer (Fig. 1). It is the grafted branches that introduce desirable properties
in the polymer materials. If the polymer has hydrophobic character, the grafting of
a polar monomer would lead to interaction between the material and water. This
method is so promising that even a PTFE surface may be made into a hydrogel lay-
er. Although there are different ways to synthesize graft copolymers, plasma and
radiation methods have become the most versatile in terms of the physico-chemi-
cal behavior of the modified materials. These methods provide materials with high
level of purity; they are surface-selective or may lead to the bulk modification of
the matrix as well. The modification involves treatment of the polymer surface
with plasma or high energy radiation to activate the surface or the bulk, respective-
ly. This activated surface is subsequently treated with a polymerizable monomer
under appropriate conditions so that the monomer is grafted on the polymer,
thereby introducing desirable properties in the material based on the chemical na-
ture of the monomer. The characteristics of the biomaterial would be therefore a
function of the degree of grafting and graft distribution within the polymer or on
its surface.

 

2.1
Plasma Modification

 

Plasma modification of polymers is an extremely useful way of tailoring a polymer
into desired material by selective creation of the chemistry and molecular struc-
ture on the surface [10–12]. Plasma is the ionized state of a gas with an energy dis-
tribution in the range of 10–20 eV and is effective in controlled changes on the pol-
ymer surface. The surface chemistry may be altered by proper selection of the na-
ture of the gaseous medium. The gases such as oxygen, ammonia, and carbon di-
oxide produce functionalities such as hydroperoxide, amino, and carboxylic
groups, respectively. However, inert gases such as argon lead to the formation of
radical sites on the polymer backbone, which are transformed into polar function-
ality in the presence of oxygen [13]. These functionalities act as the 

 

‘anchorage sites’

 

for the attachment of the biological molecules. In the former case, if the presence

A

B

Backbone

Grafted Chain

Fig. 1. Schematic representation of the graft copolymer structure
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of the functionality is sufficient, the surface may become “bioreceptive”. This has
been observed in polyethylene films treated under ammonia or nitrogen/hydrogen
plasma, which leads to the amination of the surface for the subsequent immobili-
zation of protein via covalent coupling of glutaldehyde [14, 15]. The biomaterial
scientists and technologists have been following this method successfully either by
using the direct or the indirect method. In the first case, the monomer is exposed
to very mild plasma environment (plasma deposition or plasma polymerization)
in the presence of a polymer surface. In the second method, the polymer is exposed
to the plasma and the activated surface is treated with a monomer, which initiates
the graft polymerization (plasma grafting) (Fig. 2).

In the recent past, a wide range of monomers including both the aliphatic and
fluorinated ones have been utilized for the polymerization where the extent of
modification is governed by the plasma exposure conditions as well as by the
chemical nature of the monomer [16]. The surface properties are altered by using
monomers in the vapor phase for the plasma exposure. Allylamine and acrylic acid
are polymerized on polyethylene (LDPE) surfaces where a brownish yellow film is
formed [17]. However, the plasma polymerization of acrylic acid leads to transpar-
ent and highly crosslinked films on the surface and shows a less thrombogenic na-
ture in terms of platelet adhesion and platelet spreading than the untreated PE sur-
face. The surfaces developed at low plasma energy show higher thrombo-resist-
ance. It is important to mention that during the process of surface construction in
plasma polymerization, the monomer forms some sort of polymer coating on the
surface. However, in graft polymerization a definite thickness on the surface is
modified with significant alteration in the surface morphology depending on the
degree of grafting. This is the reason that most of the researches on plasma modi-
fication in the recent time have gone to the tailoring of polymer surfaces by graft
polymerization of different monomers [18–22].

PET surface may also be modified by plasma-induced graft polymerization of
acrylic acid [18]. The exposure of the film under oxygen plasma leads to the for-
mation of peroxide and hydroperoxide groups (Fig. 3). The modified surface con-
tains a host of such polar functionalities and initiates the grafting of acrylic acid by

Ar
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NH3

radicals

–OH/–OOH

–NH2

}

Graft
Copolymer

Monomer

Plasma
Polymerization

POLYMER

Plasma  Monomer

Fig. 2. Plasma modification of polymers
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decomposition of hydroperoxides at elevated temperature. The degree of grafting
is considerably influenced by the plasma exposure parameters, such as plasma
power, pressure, exposure time, and the reaction conditions involving monomer
concentration and reaction time. The monomer concentration has profound in-
fluence on the degree of grafting (Fig. 4). The grafting increases with the increase
in the acrylic acid concentration, reaches maximum, and then tends to decrease.
The trend in grafting represents typical of a gel effect probably due to the viscosity
enhancement and the lack of termination of growing chains. At higher monomer
concentration, the extensive homopolymerization may proceed leaving behind
very little monomer for the grafting reaction. Similar trend in the 

 

N

 

-vinylpyrro-
lidone grafting on polysulfone has been observed where a continuous increase in
the graft levels in the whole range of monomer concentration (up to ~10%) takes
place [23]. This approach has been extended to the grafting on silicone rubber by
exposing the Ar plasma treated surface to oxygen atmosphere [24]. This hydroper-
oxidized surface is subsequently treated with 

 

2-

 

hydroxyethyl methacrylate (HE-
MA) to introduce hydroxyl functionality. It is observed that the plasma treatment
time influences the graft add-on, significantly (Fig. 5). There is an optimum plas-
ma treatment time that is required for the maximum grafting to take place. The
higher exposure may lead to the loss of active centers that are otherwise responsi-
ble for the peroxidation during exposure to oxygen – an observation made for the
grafting of acrylamide onto polyethylene surfaces as well [25].

Modification of polyurethanes as a blood contacting material is achieved by
coating the polymer surface with heparin as the most suitable biomolecule that
avoids thrombogenesis. The immobilization needs a functionalized surface that
may offer sites for the heparin bonding. It is observed that helium plasma treat-
ment of polyacrylonitrile and polysulfone followed by exposure to air leads to per-
oxide species of the order of 10 nmol/cm

 

2

 

, which are available for decomposition

Grafted Surface

Polymer Film

Acrylic acid

Plasma

G
ra

ft
in

gO2

H
H

H

Polyacrylic 
acid chains

O

O = C

O

OO

Fig. 3. Plasma-induced graft polymerization of acrylic acid into polymer films
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to initiate the grafting process [26]. Although, the magnitude of peroxidation
would depend on the nature of the polymer, the oxidative functionality is suffi-
cient for the initiation of the grafting of acrylic acid and methyl acrylate on the
polyurethane surface [27–29]. Since this way a sufficient amount of carboxyl
groups is fixed at the surface, these groups may be directly used for the reaction
with heparin and insulin. The carboxyl groups offer sites for the coupling with
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Fig. 4. Variation of the degree of grafting with the acrylic acid concentration on plasma treated
PET films [18]

0

200

400

600

800

1000

1200

1400

0 30 60 90 120 150 180 210 240

Treated Time (sec)

G
ra

ft
ed

 A
m

o
u

n
t 

(m
g

/c
m

2 )

Fig. 5. The effect of the amounts of grafted PHEMA on Ar-plasma treated from 0 to 240 s of
treated time (60 W, 200 mtorr) [24]



 

42

 

B. Gupta · N. Anjum

amino group terminated polyethylene oxide (PEO) where they are directly used
for the interaction with heparin by carbodiimide activation method.

PEO is a non-toxic water-soluble polymer which is extensively used for biomed-
ical applications. PEO resists the adsorption of plasma proteins because of their
strong hydrophilicity, chain mobility, and lack of ionic charge [30]. The PEO im-
mobilization on any polymer surface would result in the decrease in the protein
adsorption and platelet adhesion. This versatile nature of PEO has led to many
studies not only on the preparation of PEO derived surfaces but also on the subse-
quent uses of these surfaces as biomaterials [31–34]. The PEO layer if adhered on
the normal material surface may be washed off because of the absence of any in-
teraction between the two surfaces. Therefore, covalent immobilization of PEO
has been carried out either by grafting PEO molecule on a base polymer or by
grafting a monomer bearing pendant PEO groups.

Fluorinated surfaces are known to have low surface energy and any attempt to
fluorinate a polymer surface would lead to a biomaterial with low profile in protein
adsorption. Vinylidene fluoride and chlorotrifluoroethylene have been grafted
onto polyethylene so that the polymer surface acquires higher hydrophobicity as
evident from the enhancement in the contact angles of the modified films. An al-
ternative to the development of a heparinized polyurethane surface is the treat-
ment of an oxygen-plasma-exposed-surface with 1-acryloylbenzotriazole. The
grafted surface is hydrolyzed to carboxylic groups or is subsequently aminated to
free amine so that heparin may be immobilized by the carbodimide route [35].

 

2.2
Ultra Violet (UV) Modification

 

UV irradiation of polymers has been observed to be an effective technique to mod-
ify polymers for biomolecule immobilization. The polymer surface is modified by
photo-induced graft polymerization of different monomers, such as acrylic acid,

 

2

 

-acrylamidomethylpropane sulfonic acid, and styrene sulfonic acid. All these
monomers have ionic functionality and lead to high graft densities for the immo-
bilization of collagen and other proteins. The surface density of polyacrylic acid
grafts reaches up to 100 µg/cm

 

2

 

 under appropriate reaction conditions and is
enough for protein immobilization [36].

The hydrophilicity of the catheter surface is an important criterion for enhanc-
ing lubricity of the biomaterial and has been introduced by UV induced grafting
of polar monomers [37]. In an attempt to produce balloon catheters, polyethylene
films and catheters are grafted with dimethylaminoethyl methacrylate (DMAE-
MA) and acrylic acid under UV irradiation [38]. The acrylic acid leads to much
higher graft density as compared to the acrylate monomer and an autoacceleration
in the grafting of acrylic acid is observed (Fig. 6). The grafting of DMAEMA, on
the other hand, does not show any acceleration and levels off much faster. In an-
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other attempt, the grafting of glycidyl methacrylate on polymers has been carried
out with a view that the epoxy group offers a versatile site for the covalent immo-
bilization of biomolecules [39]. The epoxy group opens up in the presence of dif-
ferent functional groups, such as amino, carboxyl, and hydroperoxides and forms
stable bonding with different molecules. In order to achieve high graft densities,
degassing of monomers is an important step prior to the grafting. However, this
may be overcome by the addition of some agents such as sodium periodate
(NaIO

 

4

 

), which helps in oxygen depletion thereby allowing the grafting reaction to
proceed in an efficient manner [40].

Polymers such as styrene-butadiene-styrene block copolymers have been mod-
ified by graft polymerization of vinyl pyridine, which is quaternized with io-
domethane. Such a membrane is then able to bind heparin as a function of the
amount of the grafted component [41]. A combination of plasma and UV irradi-
ation may be used for the surface grafting on polymer surfaces. Silicon surfaces are
exposed to argon plasma with subsequent exposure to air in order to introduce
peroxides and hydroperoxides. The oxidized surface is subsequently grafted with
polyethyleneglycol methacrylate by UV irradiation [42]. Even a short plasma ex-
posure of 10 s is enough to generate functionality for the UV grafting. As a general
trend, the graft densities on silicon surfaces show an increasing trend with the in-
crease in monomer concentration and UV exposure time.

 

2.3
Radiation-Induced Modification

 

As the third technique for polymer modification, radiation-induced graft polym-
erization has been extensively used since the starting material polymer not only ac-
quires required properties but also retains most of its inherent characteristics.
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Fig. 6. Effect of UV irradiation time on grafting density using (filled squares) DMAEMA 1 wt%
and (filled circles) AAc 10 wt% solution [38]
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Both gamma rays and electron beam are used for the activation of polymers. The
radical sites are created uniformly across the bulk of the material so that the mod-
ification becomes uniform across the matrix. Moreover, the graft densities may be
easily controlled by proper selection of the irradiation and synthesis conditions
[43]. One of the major attractions of this modification is that the biomaterial thus
produced is highly pure as no initiator and related impurities remain in the matrix.
Several studies have been devoted to the development of biomaterials based on the
radiation grafting process [44–46]. There are three distinct approaches for the
graft polymerization of a monomer into a polymer, i.e., simultaneous irradiation,
preirradiation in air, and trapped radicals methods (Fig. 7). Whatever method one
adopts for the grafting reaction, the final product is almost identical but with some
variation in the physico-chemical structure. Significantly high radiation doses are
needed to achieve sufficient concentration of active species in the preirradiation
method as compared to the simultaneous irradiation method. As a result, addi-
tional physical changes in the biomaterial matrix are imparted. It is important to
note that the electron beam activation needs much shorter times as compared to
the gamma irradiation and hence the degradation processes are better contained
in electron beam irradiation.

Blood compatible materials need to be designed in such a way that thrombus
formation (adsorption of certain plasma proteins and adhesion of platelets) is
minimal. Since it is the surface of the material that induces thrombogenesis, prop-
er tailoring of the surface would be beneficial in improving biocompatibility with-
out altering the bulk properties of biomaterials. Polyethylene oxide (PEO) is a ma-
terial with significantly high blood compatibility. As discussed earlier, the nonspe-
cific protein adsorption on PEO surfaces is minimized because of the absence of
any partial charges in spite of the increase in the surface energy. The low affinity of
PEO for proteins and other blood components has stimulated many investigators
to study the blood-PEO based biomaterial interaction [47, 48]. The PEO-bioma-
terial is obtained from a polyethylene precursor modified by graft polymerization

Simultaneous
radiation grafting

Preirradiation
grafting

Trapped radicals
method

Polymer

Co-60 Co-60

Co-60/
Monomer

Monomer Monomer

Fig. 7. Schematic representation of the radiation grafting process
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of polyethyleneglycol methacrylate by preirradiation method. The degree of graft-
ing is found to be strongly dependent on the reaction conditions. As to be expected
for a radical-initiated reaction, the storage time of the irradiated film prior to the
reaction influences the degree of grafting considerably. The storage at lower tem-
perature is very effective in retaining the grafting levels (Fig. 8). The room temper-
ature storage, on the other hand, leads to drastic reduction in the grafting, while
storage at –130 °C produces no change in the grafting even after 20 days of storage
[49]. It seems that at that temperature the segmental mobility is so low that the free
radicals that are produced during the irradiation remain trapped within the ma-
trix. It is important to mention that the initial loss in radical concentration and
hence the grafting ability depends on the nature of polymers. While low-T

 

g

 

 hydro-
carbon polymers such as polyethylene show some loss, the high-T

 

g

 

 fluoropolymers
such as tetrafluoroethylene-

 

co

 

-hexafluoropropylene (FEP) do not undergo a
strong decrease in grafting ability even after the storage for three months [50, 51].

Radiation-induced cografting of polyethyleneglycol methacrylate (PEGMA)
and methoxypolyethyleneglycol methacrylate (MPEGMA) with HEMA onto silas-
tic films has been carried to produce non-fouling polymer surfaces [52]. The ex-
tent of grafting is influenced by the monomer concentration and the relative com-
position of the two monomers. An increase in the PEG monomers in the mixture
leads to the decrease in the grafting because of the low reactivity of the PEG mon-
omers as compared to HEMA (Fig. 9). Virtually little grafting proceeds in the me-
dium comprising pure PEG monomers. It is important to see that the molecular
weight of the PEG unit in the monomer influences the degree of grafting signifi-
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cantly. The grafting yield decreases with the increase in the PEG molecular weight
in a monomer. This decrease is confined to an ‘

 

n

 

’ value of 20, beyond which a pla-
teau in the graft level is attained. The decrease in grafting is associated with a steric
effect of the long polymer chain. The shielding by PEG group may also lead to the
lower graft yields.

A morphological investigation on the biomaterial surface shows that, at low
graft level, the grafts are confined more to the surface leaving behind the bulk more
or less intact. Once the grafting increases on the surface, the thickness of grafted
layer also increases. This is due to the fact that the grafting proceeds by a ‘

 

diffusion
controlled’

 

 mechanism where initial grafting takes place at the surface only and
proceeds further by progressive diffusion of monomer through the medium swol-
len grafted layers [50]. It has been observed that grafted monomer forms a distinct
phase within the polymer matrix and may lead to the incompatibility and surface
nonhomogenity depending on the extent of grafting.

The grafting of 

 

non

 

-PEG monomers such as acrylamide and HEMA has also
been carried out on polymers to introduce antithrombogenic characteristics [53,
54]. The degree of grafting is considerably influenced by the irradiation condi-
tions, film thickness, and soaking time. It is observed that the nature of the solvent
plays an important role in the grafting process [53]. Of all solvents such as water,
benzene, dichloroethane, and chlorobenzene, water showed the least grafting be-
cause of its nonswelling nature towards PP (Fig. 10). All other solvents act as swell-
ing agents for PP and result in maximum possible area for the monomer diffusion
into the polymer matrix so that additional grafting takes place in the polymer bulk.
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Similar behavior is observed in the grafting of HEMA on chitosan where solvent
composition influences the graft levels in such a way that a maximum is observed
at 50% in water-methanol mixture [54]. Probably water addition to the grafting
mixture helps in better accessibility of the monomer to the grafting sites within the
bulk. Once methanol content in the mixture increases beyond 50%, the grafting
decreases due to the inhibitory action of methanol. Similar observations have been
made in the acrylamide grafting into polyethylene fibers [55]. Radiation grafting
of acrylic acid onto polypropylene has been carried out to develop antimicrobial
materials. It is found that the addition of organic and inorganic chemicals to the
grafting reaction influences the degree of grafting considerably [56]. Among the
acids, sulfuric acid addition enhances the grafting almost two-fold while acetic
acid has the least influence. However, the addition of inorganic salts such as ferrous
sulfate and copper sulfate diminishes the degree of grafting due to the inactivation
of growing chains by metal ions. Attempts have been made to modify polymer sur-
faces by grafting thermosensitive polymers. Such a biomaterial may be expected to
provide thermo-responsive conformational changes in the body. In this process 

 

N

 

-
isopropylacrylamide has been grafted on to polystyrene surface [57]. The electron
beam grafting led to a surface with 1.9–2 µg/cm

 

2

 

 graft with polyisopropylacryl-
amide.
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3

 

Applications

 

3.1
Surface Construction

 

The initial response of the body towards a biomaterial depends on the surface
characteristics because it is the surface of the biomaterial that comes in contact
with the living tissues. Hence, proper designing of the surface is of utmost impor-
tance for enhanced compatibility of the biomaterial. All the techniques discussed
above produce biomaterials with desired surfaces depending on the chemical na-
ture of the polymer. The magnitude of the surface changes is reflected in contact
angle variation of polymers as a result of specific modification. The higher the hy-
drophilicity of the surface, the higher is the decrease in the contact angle. This is
reflected in the water contact angle and surface energy of the biomaterial as the
graft level increases [39, 41]. Acrylic acid (AA

 

c

 

) grafting leads to much higher de-
crease in contact angle as compared to the 

 

2

 

-dimethyaminoethyl methacrylate on
PE surface [38]. It is observed that the ionization of the functional groups leads to
the further lowering in contact angle and reaches a value less than 20° for acrylic
acid grafted PE surface (Fig. 11). The trend in the contact angle variation in fact
depends more on the hydrophilicity of the monomer; the nature of the polymer
has little impact on that. This is what has been observed in the identical trends in
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contact angle variations in acrylic acid and acrylamide grafting on FEP, PE, and
PET surfaces [38, 58–60].

The surface morphology of materials is often considerably influenced by the
graft modification irrespective of the type of modification [52, 59]. The surface
roughness is more severe after plasma treatment due to the etching process as com-
pared to the gamma radiation grafting. Plasma leads to a hill-valley structure on
the surface with a nano-scale frequency [13]. As a matter of fact, surface roughness
increases with the increase in the graft levels in a polymer. At higher graft levels the
grafted moiety forms independent domains within the polymer matrix. As a re-
sult, polymer chains are pushed apart leading to a non-homogeneity on the sur-
face. However, any post-grafting immobilization would further alter the surface
morphology as observed in the collagen immobilization. Collagen being a macro-
molecule forms independent structures on the surface and overshadows the inher-
ent non-homogeneity on the grafted surface. It is therefore the hydrophilicity and
contact angle of the collagen immobilized surface that needs to be considered for
subsequent applications (Fig. 12).

The most critical requirement in the surface design is the development of a sta-
ble surface. The surface undergoes rearrangement of atoms and molecules in re-
sponse to the external environment and leads to changes in the chemistry and
morphology [61]. The problem of surface instability is more severe with the plas-
ma exposed materials where the modification is confined to a very thin layer of few
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nanometers and polymer chains tend to minimize the surface energy by move-
ment of this functionality towards the bulk of the matrix [18]. The surface energy
may be altered by linking these surface functional groups with a large molecule by
graft polymerization. Graft polymerization of acrylic acid onto oxygen plasma ex-
posed PET surface has been effective in inhibiting the surface migration. The poly-
acrylic acid grafts, as a result of bulky structures, reduce the mobility of surface
chains and hinder the surface rearrangement. This is evident from the contact an-
gle variation of the grafted surfaces, which remains almost identical for the whole
range of the storage periods.

Tubular devices, such as catheters, cannulae, and endoscopes are inserted in the
body orifices. Effective lubrication of the device surface is needed to overcome the
frictional resistance between the device surface and the mucous membrane during
insertion or removal. The coefficient of friction is usually a function of several var-
iables including material, configuration, and applied tension. Thus braided su-
tures have higher friction as compared to the monofilament ones. The graft po-
lymerization of hydrophilic monomers onto device surface is extremely useful in
modifying these surfaces [62, 63]. The grafted device surface by virtue of the hy-
drogel nature absorbs water and undergoes quick swelling, which leads to signifi-
cant reduction in the coefficient of friction. The grafting of dimethylacrylamide
onto polypropylene surface leads to a material with high level of hydrophilicity,
which makes the surface slippery. As a result, the coefficient of friction decreases
fast (Fig. 13).
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grafted polypropylene film as a function of graft density [7]
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3.2
Sutures

 

Considerable work has been carried out on the design of surgical sutures and pros-
thetic devices by grafting specific monomers onto a suture surface. Hydrogels are
good candidates for biomedical applications because of their excellent swelling in
aqueous media, which provides a continuous path for permeation and diffusion of
low molecular weight metabolites in tissues. Hydrogels show very weak mechani-
cal characteristics in the swollen state and therefore their application as suture ma-
terial is restricted. One of the ways to have hydrogels for biomedical application is
to graft them on polymer supports such as PET, Nylon, and PP monofilaments and
multifilaments. As a result, one can achieve a surface where bulk properties of the
polymer would be retained to a large extent and the hydrogel surface would per-
form the job of a biocompatible layer. Several studies have been carried out on the
radiation-induced grafting of such monomers as 

 

2

 

-hydroxyethylmethacrylate
(HEMA), acrylic acid, acrylamide, and 

 

N

 

-vinylpyrrolidone onto inert polymers to
produce a material with the surface properties of a hydrogel and with better me-
chanical properties [64–66]. The advantage of the grafting method over the mod-
ification through additives is that in the latter case incompatibilities and phase sep-
aration persist which adversely affect the physical properties of the sutures.

The development of antimicrobial sutures is a step further in the area of bioma-
terials. The main drawback of braided sutures is the growth of bacteria in the inter-
spaces between filaments, which causes infection [67]. The grafting of polar or
ionic monomers onto these braided sutures may lead to a surface with ionic func-
tionality where a suitable drug may be immobilized. Antimicrobial silk sutures
have been developed by the grafting of methacrylic acid (MAA) onto braided mul-
tifilament and subsequent immobilization of 

 

8

 

-hydroxyquinoline drug on the

Table 2. Antimicrobial activity of 8-HQ immobilized Silk-g-methacrylic acid samples (degree 
of grafting: 63%) [68]

Microorganism Sample Antimicrobial activity zone of inhibi-
tion (cm2)

Before release After 32 days release
E. coli Pure silk 0 0

Silk-g-MAA 0 0
Silk-g-MAA+8-HQ (25.2%) 19.6 2.5

S. aureus Pure silk 0 0
Silk-g-MAA 0 0
Silk-g-MAA+8-HQ (25.2%) 10.2 2.0

P. aeruginosa Pure silk 0 0
Silk-g-MAA 0 0
Silk-g-MAA+8-HQ (25.2%) 7.1 0
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grafted surface [68]. As the degree of grafting increases, the drug loading on suture
increases because of the increased interaction between the carboxyl groups and the
drug. The antimicrobial activity of these sutures against various bacteria as meas-
ured by the zone of inhibition shows that the sutures are effective against microor-
ganisms and possess effective antimicrobial characteristics (Table 2).

The graft polymerization of monomers on polymers is always accompanied by
an alteration in the physical structure of the biomaterial. The most pronounced
changes occur in the crystalline regions and have profound influence over the me-
chanical properties [69]. The crystallinity in gamma radiation grafted PP suture
decreases to two third of the original value for a graft level of 60% polyHEMA.
These changes need not be considered as a loss of crystalline zones of PP. Instead,
a dilution of the inherent crystallinity takes place due to the incorporation of
amorphous grafted moiety. The tensile strength also varies with the graft add-on.
Tensile strength increases initially but a sharp reduction is observed beyond 17%
graft add-on (Fig. 14). The initial increase arises from the filler action of polyHE-
MA microstructure within the amorphous region of polypropylene. At higher
graft add-on, the compactness of chains is adversely affected due to pushing apart
of chains and leads to the loss in tensile strength. In order to overcome the incom-
patibility of an ionic monomer grafted suture, non-ionic monomers such as acry-
lonitrile are grafted onto a PP suture. The tensile retention in such a suture is much
better than an acrylic acid grafted one. The nitrile group in the grafted suture is so
versatile that it may be transformed to various functional groups such as amino,
amide, and carboxylic sites. Another advantage of the acrylonitrile hydrolysis
route over the acrylic acid one is that very little homopolymerization occurs dur-
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Fig. 14. Variation of tensile strength of polypropylene suture with percent grafting (open
squares) straight and (open circles) knotted [69]
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ing the reaction so that relatively pure grafts are produced without the impurity of
the occluded homopolymer. Nylons have also been modified by graft polymeriza-
tion of acrylic acid so that the carboxylic acid groups may be used to immobilize
antibiotics such as penicillin and gentamycin which introduces the antibacterial
property in relation to Gram positive and Gram negative bacteria [70]. The metal-
lic complexes of polymeric material have been observed to extent antimicrobial
behavior [71]. In such cases, the functionalized surface such as polypropylene-

 

g

 

-
polyacrylic acid produced by preirradiation grafting is complexed with metallic
salts. The complexation occurs with the carboxylic group and behaves as the anti-
microbial material most probably by ionic interaction.

 

3.3
Implants and Drug Release Systems

 

There is an increasing demand for blood and tissue contacting materials in the
medical domain. Coupling proteins and other biomolecules to a polymer surface
is an attractive way to develop surfaces for medical applications. The haemocom-
patible materials require the least interaction of blood proteins and platelet adhe-
sion. Since polyethylene oxide is known for the low affinity towards proteins, the
grafting of polyethyleneglycol methacrylate on polyethylene film has been carried
out to achieve this task [5]. This as a result leads to the reduced amount of ad-
sorbed plasma protein as the degree of grafting increases. The platelet adhesion is
also suppressed considerably on the grafted surfaces.

Heparin may also be immobilized onto the plasma grafted surfaces for the an-
tithrombogenic characteristics. By virtue of its anticoagulant behavior, the modi-
fied polymer surface offers antithrombogenic properties. PET knitted fabric has its
application in prosthetic arterial graft where it is necessary that the surface is blood
compatible. This has been achieved by the grafting of acrylic acid on PET fabric
followed by the coupling of PEO as the spacer [58]. The heparin is subsequently
immobilized on this modified surface (Fig. 15). The thrombus formation on poly-
acrylic acid grafted PET does not show much variation as compared to the virgin
PET. However, PEO-linked grafted surface shows significant reduction in the
thrombus formation. The heparin immobilization further leads to reduced
thrombus formation on the knittings. A similar approach has been followed to-
wards the development of blood compatible polyurethane by graft polymerization
of acrylic acid and methylacrylate [27]. Polyurethane is one of the most widely
used biomaterials as catheter and heart devices due to its excellent mechanical
properties and good blood tolerability. Its antithrombogenic characteristics may
be further improved by incorporating heparin. The polyurethane surfaces having
PEO content of 32–47 nmole/cm

 

2

 

 lead to the heparin immobilization in the range
of 1.16–1.3 µg/cm

 

2

 

. Since the heparin is covalently bonded, the selectivity of the
surface is much higher than the ionically immobilized heparin (Table 3).
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The heparin immobilized polyurethane surfaces (prepared by plasma grafting of
1-acryloyl benzotriazole and subsequent hydrolysis/amination) are effective in
suppressing thrombus formation. The adhesion of peripheral blood mononuclear
cells was also lower on such modified surfaces [72]. Heparin immobilized on vinyl
pyridine grafted styrene-butadiene-styrene block copolymers also shows good
biocompatibility. The adsorption of albumin and fibrinogen are reduced with the
increasing graft levels and heparin content [41].

Thermo-sensitive polymers have been evaluated as well for platelet adhesion
[73]. The platelet behavior on these grafted surfaces depends on the temperature.
Below the lower critical solution temperature (LCST) of 32 °C in poly(

 

N

 

-isopro-
pylacrylamide) grafted surface, the platelets on a grafted surface display a round
shape and oscillating vibratory micro-Brownian motion. This observation is sim-
ilar to the PEG-grafted surfaces where platelet activation is inhibited. Above LCST,
surfaces facilitate the cell adhesion and culture where cells readily adhered, spread,
and developed the characteristics of pseudopodia on the surface. The controlled
delivery of drugs from modified polymers has been an interesting area. Polymers

PET
O2 plasma
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In air
OOH

acry lic acid, 25 °C

Sodium pyrosulfite

O-(-CH2-CH-)n-

COOH

1) WSC, pH 4.7

2) H2N–(PEO)-NH2

O-(CH2–CH-)-

C = O

NH-(PEO)-NH2

1) WSC, pH 4.7

2) Insulin and/or Heparin

PET-P-Insulin: PET-in
PET-P-Heparin: PET-He
PET-P-Insulin-Heparin: PET-I-H

O-(CH2–CH-)-

C = O

NH-(PEO)-NH Insulin and/or Heparin

Fig. 15. Schematic diagram showing the immobilization of insulin and/or heparin on PETs
[58]

Table 3. Concentration of PEO and heparin immobilized onto PU surfaces [27]

Sample Concentration of PEO (nmole cm–2) Amount of heparin (µg cm–2)a

PU-6 42±4
PU-33 32±5
PU-6-Hep 42±4 1.3±0.09
PU-33-Hep 32±5 1.16±0.07

aMeasured with toluidine blue (n=4)
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are modified by grafting appropriate monomer bearing polar or ion exchange
sites. A suitable drug is immobilized on the surface to achieve the required dose.
As soon as this drug loaded polymer comes into contact with the body, the matrix
swells and it releases the drug to the external environment.

3.4
Tissue Engineering

Millions of surgical procedures are performed annually to treat patients suffering
from organ disorders. With the increasing demand for polymers in tissue engi-
neering in treating patients for the loss or failure of an organ or tissue, it is becom-
ing necessary to design and develop a polymer for immobilization of biologically
active molecules and living cells [73–77]. The polymers are made into scaffolds of
required shape and size and living cells from the patient are seeded onto the poly-
mer surface and are harvested as tissue for its subsequent transplantation to the
patient. The expanded tissue is therefore structurally integrated in the body. This
overcomes the problem of donor shortage and transplant rejection of the bioma-
terial [78]. The innovations in this area are that it opens up a straight forward
route to the harvesting of many of the body parts without biological complica-
tions.

Tissue engineering presents enormous challenges and opportunities for mate-
rial scientists from the perspective of both the material design and material
processing. The polymers have either no functional groups or a very low level of
functionality if at all, which may not necessarily lead to a bio-interactive surface.
Such polymers, therefore, need selective modification of their surfaces to intro-
duce functionality, such as hydroxyl, carboxyl, amino, and imino groups in a suf-
ficiently large quantity. These functional groups act as sites for the immobilization
of proteins and subsequently seeding of human cells.

The modification of polymers may be achieved by the graft polymerization of
specific monomers by ultraviolet, plasma, and high energy radiation. The first two
methods are surface selective and hence the graft modification remains confined
to the depth of a few nanometers on the surface of the polymer. The plasma-in-
duced graft modification has proven highly successful as a means to develop func-
tional interfaces for the immobilization of biomolecules and cell cultures [79, 80].
The graft polymerization on the activated polymer leads to brush like branches on
the polymer surface, which are involved in the protein interaction. PET surface in
the form of films, fibers, and fabrics has been extensively studied for the immobi-
lization of biomolecules on the grafted surface [81]. Collagen is the most interest-
ing surface for tissue adhesion and its proliferation by direct attachment on the
substrate surface. Hence, the collagen immobilization onto a polymer support
would be the proper interface for extra cellular matrix (ECM)-tissue interaction.
It is found that the grafting of acrylic acid leads to a surface that contains carboxyl
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functionality where collagen may be immobilized by the dip-coating process. The
higher the carboxyl content, the higher is the collagen immobilization due to in-
creased functional group interaction (Fig. 16). The slightly negatively charged
polyacrylic acid, having some deprotonated carboxylic acid functions, interacts
with the positively charged protonated amines on the collagen to form an ionically
crosslinked surface. The amount of collagen on PET surface depends on the degree
of grafting and relatively high amounts of collagen (>10 µg/cm2) could be immo-
bilized on the surface (Fig. 17). The washing of the dip-coated surface, however,
leads to almost 50% loss in collagen. This arises due to the loosely bound collagen
being washed away.

Urinary bladder reconstruction is one of the most recent innovations in the do-
main of the tissue engineering. The bladder urothelial cells and smooth muscle
cells may be seeded onto a polymer support, cultured in vitro, and expanded to a
required size [82–86]. Here textile materials offer innovative surfaces for bladder
construction [83]. Knitted scaffolds out of both the biostable scaffolds – such as
polyester – and the biodegradable ones – such as polyglycolic acid – may be used
for the cell seeding. The collagen immobilized PET surfaces provide excellent in-
terface for the seeding of urothelial cells and smooth muscle cells. These cells ad-
here and grow well on the collagen immobilized surfaces (Fig. 18). The knitted
PET structures offer a better simulated matrix for bladder construction. The ad-
vantage is that they elongate under stress. The large hysteresis of the knitted struc-
tures is not only due to the hysteresis of the yarn itself but mainly due to the
straightening of the loops and the possibility of the movement of the yarn relative
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to the individual loops. The important aspect of knitted structures is that the de-
formation is nearly reversible. Hence, the growth of urothelial cells and smooth
muscle cells on the knitted surfaces may lead to a more appropriate platform for
the cell seeding [84–85]. Biomimetic surfaces may be produced by UV graft mod-
ification of PE surface with vinylmethoxysilane and subsequent hydrolysis [86].
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Fig. 17. Variation of Vitrogen content with the graft density on plasma grafted PET-g-PAA
films [59]

Fig. 18. Smooth muscle growth on Vitrogen immobilized PET-g-PAA film (5 µg/cm2) PAA
[59]
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The modified surface, as investigated in a simulated body fluid, showed a dense
and homogeneous bone mineral like apatite layer even on fibers, which may be
subsequently woven up into a composite structure to produce a three-dimensional
structure analogous to that of natural bone.

There is an increasing demand for biodegradable polymers for scaffold prepa-
ration. Poly(a-hydroxy acids) such as polyglycolic acid and polylactic acid and
their copolymers offer the required physico-chemical characteristics for their
function as extra-cellular matrix in tissue engineering. These polymers may not
necessarily need a graft modification to enhance the surface functionality; instead
surface hydrolysis may be enough for a functionalized surface. The advantage of
such polymers is that their degradation rate may be easily controlled by careful
composition of the copolymers. The extra-cellular matrix degrades and leaves be-
hind an intact patch of the tissue at the transplantation site.

Tissues engineering has been successful in designing and transplantation of ar-
tificial hair into human skull [36]. The artificial hair is fabricated from poly(ethyl-
ene terephthalate) monofilament where the tissue contacting part of the filament
is modified to make it biocompatible. In this process, the monofilament is modi-
fied by grafting of acrylic acid using suitable initiation process, such as UV radia-
tion. This modified filament is subsequently immobilized with collagen using glu-
taraldehyde crosslinker. Cells may be immobilized onto this modified surface for
subsequent implantation into the human skull. This procedure is so exciting that
it has been applied to more than 110,000 scalps for hair replacements world wide.
Vascular grafts are also important domains of tissue engineering, as shown by ap-
proximately 750,000 coronary artery bypass graft surgeries. The traditional meth-
od of treatment is to use a blood vessel from another location in the patient
(autograft), e.g., from the leg. The problem with the autograft procedure is that it
requires multiple surgeries and increased risk and cost to the patient. Moreover
30% of bypass patients lack suitable vessels. Tissue engineered grafts therefore pro-
vide a feasible alternative. There are several factors to consider in graft develop-
ment, including the permeability, since it is a fluid-containing device, and the flex-
ibility, it must be readily handled and sutured securely into place. Braided fibers
and knitted textiles are excellent materials for the ECM which may be modified by
incorporating polar functional groups for collagen immobilization where cells
may be seeded in a three-dimensional manner and a graft may be produced.

4
Conclusion

Polymers have developed enormous interest in a number of bio- and medical re-
lated applications where physico-chemical characteristics of both the surface and
the bulk need to be tailored. Since the biomaterial remains in close contact with
the living body, the reaction from the tissues would be a function of the surface
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characteristics. Almost no material can act as a completely biocompatible one.
Therefore it is needed to develop polymeric materials with the minimum adverse
response from the body. The polymer surfaces needs proper designing in terms of
the chemical functionality in such a way that the compatibility of the biomaterial
with the body is enhanced. Graft polymerization of specific monomers offers an
attractive route towards the modification of polymers so that the material acquires
desired properties while retaining most of the inherent characteristics. The extent
of compatibility, therefore, rests with the chemical nature of the monomer and its
content in the modified matrix.

Both plasma and high energy radiation are being used for the selective intro-
duction of chemical functionality. Plasma-induced graft polymerization is an in-
novative way in terms of the nano-scale thickness modification of the surface. This
is an advantage in terms of almost complete retention of the mechanical strength
of the biomaterial after graft modification. This is helpful in designing surfaces for
innovative areas of tissue engineering where human cells are seeded on the nano-
structured surface for subsequent harvesting into a tissue. The radiation, on the
other hand, leads to surface and bulk modification of the material. As the grafted
component remains thoroughly distributed across the matrix, the whole matrix is
functionalized but the tensile strength may be adversely affected. It is important to
mention here that the tensile strength will be a function of the amount of the graft-
ed component and its compatibility with the original matrix. There is a wide spec-
trum of application areas of biomaterials. The area of tissue engineering has fur-
ther opened up a newer domain of biomaterials where proper simulation of poly-
mer-cell interaction needs to be followed.

As a matter of fact the role of polymers as biomaterial is spreading fast. Many
more domains should be coming up in the next generation of materials where
more attention on the matching of the physical properties with the chemical func-
tionalization will be required. Here, proper weaving of the knowledge of a material
scientist and a biotechnologist will be required to upgrade the concept of bioma-
terial in innovative domains.
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Medical polymers undergo changes in both structural and mechanical properties when sub-
jected to ionizing radiation. Certain classes of polymers are susceptible to chain scission
mechanisms while others are altered through crosslinking processes. These generalizations are
complicated by the atmosphere in which the polymer is exposed to the ionizing treatment. Be-
cause these devices must be sterilized prior to implantation their long-term structural evolu-
tion owing to the effects of ionizing radiation coupled with environment must be understood.
This work summarizes the wide-ranging effects of ionizing radiation on the mechanical and
structural properties of medical polymers.
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1

 

Sterilization of Implantable Devices

 

Sterilization of implantable devices is a critical concern to the medical industry.
Such devices are either implanted for short duration in the body or they are im-
planted with the intent that they will achieve their function for several decades,
and in some cases for the duration of the patient’s life. This requires that the device
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must be sterile at the time of implantation to minimize risk of infection and that
the sterilization method chosen must not degrade the properties of the biomedical
material.

Infection is an important concern for the medical device industry. While the ex-
act causes of infection remain unclear there appears to be an association of im-
planted biomedical devices with an enhanced likelihood for infection [1, 2]. The
pathway for such infections is complicated and depends on numerous factors in-
cluding the material used in the device, as well as the device location and expected
implantation time [3]. For example a catheter associated with balloon angioplasty
may be in place for minutes while a total joint replacement device may be expected
to function in-vivo for two decades or more. Some materials appear to be more
sensitive to bacterial contamination because of their composition, microstructure,
degree of porosity, or surface chemistry of the material itself [4, 5].

Matthews et al. [1] define sterilization as the removal or destruction of all mi-
croorganisms from a contaminated material or device. However, the death of the
microorganism is an exponential function of stress, and therefore it is typically de-
fined by its capability to meet an end-point specification. In the medical device in-
dustry, the probability that the microorganism or bacterial contamination will
survive a sterilization procedure defines its sterility. The FDA allows a device to be
labeled as sterile if the number of non-sterile devices is less than one in a million
(less than one device out of a lot of one million can show biological contamina-
tion). Sterilization methodology must provide pathways for spore death or must
render the microorganism incapable of reproduction so that the device cannot
support bacterial life in vivo.

The simplest sterilization techniques utilize elevated temperature. Steam is used
for penetrable materials while dry heat is used for materials that are impenetrable
to steam. Saturated steam sterilization utilizes temperatures in the range 120–
135 °C for extended periods of time. Dry heat sterilization uses temperatures in the
range 160–180 °C. This poses a unique problem to polymeric biomaterials, which
are sensitive to the elevated temperatures. Sterilization can also be accomplished
with chemical methods at lower temperatures. Low temperature steam can be cou-
pled with formaldehyde and sterilization can also be accomplished by exposure to
liquid glutaraldehyde. A limitation of these methods is that they can leave post-
sterilization chemical residues on the polymeric devices. A chemical method,
which has been quite successful in the medical industry, is ethylene oxide (EtO) gas
(C

 

2

 

H

 

2

 

O) sterilization. This method uses an alkylation process to react with amino
acids and protein groups for biocidal action. In the 1970s EtO was the most prom-
ising low temperature sterilization technology available. It was commonly used in
medical devices and was adopted by numerous orthopedics and cardiovascular
companies as the sterilization method of choice. EtO sterilization does have limi-
tations however. It is a know carcinogen and must be handled with great care. Fur-
thermore, devices sterilized with this gas must be out-gassed for several days in or-
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der to remove gaseous contaminants. For many medical companies, these limita-
tions were sufficient to look for alternative sterilization methods for their polymer-
ic devices. Several medical industries have now looked at low temperature gas plas-
ma treatment as a viable sterilization technique [6]. Initially, however, the majority
of the medical community and in particular the orthopedics industry switched to
ionizing radiation for its sterilization efficiency and cost effectiveness.

Ionizing radiation is a method capable of delivering high effectiveness at rela-
tively low cost. These treatments include gamma radiation, X-rays, or accelerated
electrons. Cobalt 60 is used as the primary source for gamma radiation. Since its
inception as a sterilization tool in the 1960s, gamma radiation sterilization is per-
formed at a standard dose of 2.5 Mrad (25 kGy). Linear accelerators provide elec-
tron beams at energy levels that do not exceed 10 MeV but are limited in depth of
penetration. The biocidal efficiency of ionizing radiation relies on free radical for-
mation and its ability to diminish DNA replication in any bacterial spore or mi-
croorganism present in the medical device. A benefit of ionizing radiation is that
it is carried out at ambient temperature, it can be through penetrating, and it re-
quires no outgassing prior to implantation.

Ionizing radiation is being used at an increasing rate by the medical industry for
the sterilization of devices comprising polymer components [7–9]. This has
caused concern in the scientific community as polymers typically undergo some
form of radiation-induced degradation. This can range from minor discoloration
to severe oxidative embrittlement and deterioration of structural properties [10–
12]. Understanding the reactions of radiation chemistry with various polymer
classes used in biomedical devices is key to evaluating the longevity of devices ster-
ilized by ionizing methods.

 

2

 

General Effects of Ionizing Radiation on Polymers

 

2.1
Interaction of Radiation with Polymers

 

In general, the exposure of polymers to ionizing radiation will alter their basic mo-
lecular structure and associated macroscopic properties. These molecular changes
are brought about through a complex set of reactions upon exposure to radiation
energy. Polymers are altered primarily through several basic schemes: electron ab-
sorption and subsequent cleavage that give rise to radical formation, radical com-
bination resulting in the formation of crosslinks, or disproportionation to give
scission, and gas evolution [13–17]. The deposition of high energy photons, such
as gamma rays, in a polymer occurs via three physical mechanisms [18]: Compton
scattering in which an electron is ejected while the photon is scattered, the photo-
electric effect whereby a photon is absorbed and an orbital electron is ejected, and
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pair production in which a positron-electron pair is produced. In general, Comp-
ton scattering is the dominant activated in polymers.

There are several sources of ionizing radiation. These include gamma rays gen-
erated from a Cobalt-60 (1.17–1.33 MeV) or Cesium-137 source (0.66 MeV), and
e-beams generated from electron accelerators (0.1–10 MeV) or Bremstrahlung X-
rays from accelerators (3–10 MeV) [19–23]. The standard unit of absorbed dose is
the Gray (Gy) which is equivalent to the energy imparted by ionizing radiation to
a mass of matter corresponding to one joule per kilogram. One Gray is also equiv-
alent to 6.25

 

¥

 

10

 

8 

 

eV/kg. Another common unit of radiation dose, often encoun-
tered in the medical industry, is the rad, which is equivalent to the energy of ab-
sorption of 0.01 joule per kilogram (0.01 Gy).

 

2.2
Molecular Changes

 

Molecular changes brought about through ionizing radiation are commonly char-
acterized with a G factor that quantifies the yield of an event [24, 25]. These events
may include changes to molecular weight, gel content, or other molecular altera-
tions. The 

 

G

 

 factor is defined as the event yield per 100 eV of energy and carries
units of µmol/J. Most commonly, the 

 

G

 

 factors are described for crosslinking 
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),
scission 
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), and gas evolution 
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).
Molecular weight of a polymer, and its distribution, can be drastically altered by

exposure to ionizing radiation. These high-energy treatments result in free radical
generation, main chain scission and crosslinking, and subsequently alter the dis-
tribution of chain size in the bulk polymer. Much work has been done to develop
the theoretical basis for molecular weight changes owing to high-energy radiation
exposure [26–29]. For a linear polymer enduring chain scission, the basic form of
the equation describing the change in molecular weight distribution is given as
[29]

where

 

r

 

 is the probability that a polymer chain undergoes scission in unit time, 

 

p

 

 is the
degree of polymerization, and 

 

f
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p,y

 

) is the weight fraction of polymer molecules
having 

 

p

 

 structural units. The term on the left describes the decrease in molecules
having 
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 structural units due to main chain scission. The term on the right de-
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scribes the increase of the molecules having 

 

p

 

 structural units due to scissions of
those molecules having l units. The solution to the above equation takes the form
[29]

where 

 

f

 

(

 

p

 

,0) is the initial weight fraction. The 

 

G

 

 factor for scission, 

 

G

 

(

 

S

 

) takes the
form [29]:

Where 
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d

 

 is the radiation dose and 

 

N

 

A

 

 is Avagadro’s number. The number av-
erage degree of polymerization, 

 

P

 

n

 

, in the absence of any crosslinking is given as
[29]:

where 
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n

 

 

 

is the number average degree of polymerization prior to irradiation. If
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n,i

 

 and 

 

M

 

n

 

 are the number average molecular weight prior to and subsequent to
irradiation, respectively, then:

This indicates that the alterations to the 

 

number

 

 average molecular weight de-
pend only on 

 

M

 

n,i

 

 and the scissions per structural unit rather than on the initial
molecular weight distribution. However, changes to the 

 

weight

 

 average molecular
weight resulting from radiation-induced scission do depend on the initial molec-
ular weight distribution. For the case of an initial uniform distribution, the relative
change in weight average molecular weight takes the form [29]:

For the case of an initial random distribution, the relative change is given as:

When only degradation occurs within the polymer, the evolution of molecular
weight distribution will approach that of a random case, such that 
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Under conditions of simultaneous crosslinking and scission, the 

 

G

 

 factor takes
the form:

Where 

 

x

 

 is the number of crosslinks per structural unit, or crosslink density. If
scission and crosslinking occur at the same time it is typically assumed that they
are independent events. That is, the evolution in molecular weight can be deter-
mined by summing the effect of scission and then subsequently the effect
crosslinking. For such cases, the 

 

number

 

 average molecular weight changes is de-
scribed as [29]:

As before, the number average molecular weight is not a function of the initial
molecular weight distribution. The weight average molecular weight, however,
does depend on the initial distribution. For an initial random distribution, the rel-
ative change in 

 

weight

 

 average molecular weight is given as:

and for a uniform initial distribution:

For the case of crosslinking without scission effects, the polymer will increase
the molecular weight until its value becomes infinitely large. As this occurs, gela-
tion occurs in the portion of the polymer that is insoluble in any solvent, increases
with radiation dose. The point at which the very same gel is formed is termed the
gel point and the concomitant crosslink density at this point, 
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g

 

, is defined as [29]:

The number of crosslinks at the gel point is equal to half the ratio of the total
number of structural units to the weight average degree of polymerization prior to
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2.3
Free Radical Reactions

 

For polymeric materials the primary mechanism of damage occurs via free radical
formation. Parkinson [18] has outlined the basic steps for the generation of reac-
tive free radicals resulting from ionizing treatment. The damage is initiated with
the ejection of a high-energy electron. The reaction is depicted below:

These highly excited electron states may undergo radiationless or radioactive
decay. They may also decay through a chemical pathway via heterolytic bond cleav-
age leading to the generation of ions or via homolytic bond cleavage resulting in
the generation of free radicals:

In general, for polymers, it is the free radical generation that dominates. This
leads to free radical reactions that depend on the chemistry of the polymer and
may be coupled with the environment. Such reactions can result in main chain
scission, recombination, or disproportionation as exampled below in polyethyl-
ene:

If the side group of the polymer is involved in scission, small radical fragments
are generated, such as a hydrogen radical. The danger in this reaction is that this
small radical is highly reactive and mobile, and it may be able to diffuse great dis-
tances triggering numerous reactions.

 

2.4
The Effect of Environment

 

Ionizing treatment can result in chain scission or crosslinking depending on the
environment in which the radiation is performed, and the availability of reactive
gases or radicals within the polymer itself. Further, susceptibility to one degrada-
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tion scheme or the other is dictated by the intrinsic backbone chemistry of the pol-
ymer. Many polymers undergo both scission and crosslinking, but often one
mechanism predominates.

 

2.4.1

 

Absence of Oxygen

 

The nature of the polymer structure determines its response and physical change
upon exposure to ionizing radiation. In general, as shown below, the polymers of
Type (A) will undergo a predominant scission mechanism while polymers of Type
(B) will be susceptible to crosslinking:
– Type A: (CH

 

2

 

-CR

 

¢

 

 R

 

¢¢

 

) favors scission
– Type B: (CH

 

2

 

-CHR) favors crosslinking

As an example, poly(methylmethacrylate) (PMMA) is representative of a Type A
polymer with side groups, R

 

¢

 

=CH

 

3 

 

and R

 

¢¢

 

=COOCH

 

3

 

 and it predominately de-
grades via chain scission. On the other hand, poly(methyl acrylate) is a Type B pol-
ymer with side group R=COOCH

 

3

 

 and it readily crosslinks. In general, polymers
with high concentrations of quaternary carbon atoms along the chain undergo
scission while polymers lacking this feature predominantly crosslink. The presence
of unsaturation in the polymer chain aids this effect and enhances the yield of
crosslinking (natural rubber is an example). Also, the presence of aromatic groups
lower the yield of any reaction due to radiation (polystyrene is one of the most ra-
diation resistant polymers). Table 1 provides a summary of the general polymer
schemes that are susceptible to either crosslinking or scission.

Table 1. Summary of the general polymer schemes which are susceptible to either crosslinking 
or scission when subject to ionizing radiation in the absence of oxygen

Polymers prone to scission Polymers prone to crosslinking

Poly(methyl methacrylate) Polyethylene
Polyisobutylene Polypropylene
Poly a-methylstyrene Polystyrene
Poly(vinylidene chloride) Polyacrylates
Poly(vinyl fluoride) Polyamides
Polyacrylonitrile Poly(vinyl chloride)
Polytetrafluorethylene Polyesters
Cellulose and derivatives Unsaturated elastomers
DNA Natural rubber
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2.4.2

 

Presence of Oxygen

 

The ambient environment drastically affects the response of a polymer to radia-
tion exposure. When ionizing radiation is performed in air there can be a severe
propensity for structural degradation of the polymer. Most polymers, even those
that crosslink in an inert environment, will have a tendency to undergo chain scis-
sion when oxygen is available during ionization [30, 31]. In such cases, the general
classification described in Table 1 is no longer valid. Also damage often occurs at
much lower radiation doses, and degradation becomes a time dependent process.

The time dependent mechanism of free radical reactions poses serious concern
for radiation degradation of polymers, particularly in the presence of oxygen due
to its high diffusional mobility and reactivity. Parkinson [18] has outlined the free
radical reactions in radiation-induced polymer oxidation as follows:

The high diffusional mobility of oxygen provides a greater penetration into pol-
ymer and results in the generation of reactive free radicals that can be long-lived.
Oxygen traps free radicals and drives reactions that are oxidative in nature. These
chemical reactions result in the generation of oxidative products created within the
polymer and include the formation of carboxylic acids, ketones, esters, alcohol de-
rivatives, and peroxide based species [32, 33]. Free-radical reactions result in gas-
eous products, and in the presence of oxygen these can include carbon dioxide,
carbon monoxide, and water vapor. When peroxides degrade, chain branching is
favored and reactions result in further radical generation. This provides a pathway
for the generation of numerous free radicals within the polymer. Additionally, the
peroxide decomposition is temperature dependent. This results in a polymer that
has both a time and temperature dependent degradation mechanism. Moreover,

R – R } initiation

R – O RO } propagation

RO – RH RO H +  R }

RO H – RH RO + OH}  chain branching

RO – RH ROH+R }

OH – RH H O+R

RO H, RO ,  R scission and crosslinking

2RO RO R +O } termination

2 2

2 2

2

2

2 2

2 2 2

gÆ

Æ

Æ

Æ

Æ

Æ

Æ

Æ

∑

∑ ∑

∑ ∑

∑ ∑

∑ ∑

∑

∑ ∑

∑



 

The Effects of Radiation on the Structural and Mechanical Properties of Medical Polymers

 

73

 

the depth of oxidation within the polymer depends on the oxygen-permeation
rates and consumption rates per absorbed dose as well as the dose rate itself. Thus
the polymer has far less stability than its counter part radiated in an inert environ-
ment.

Such post-irradiation degradation schemes can render a polymer both oxidized
and embrittled [34]. This has serious consequences for the medical device industry
that uses gamma radiation for sterilization and relies on stability of shelf storage
prior to implantation. In such instances the details of the sterilization environment
and subsequent shelf storage become paramount to long-term integrity of the pol-
ymer.

 

2.4.3

 

Effects of Temperature

 

The temperature during irradiation can have a profound effect on the radiation
chemistry. Below the glass transition temperature, a large number of stable radi-
cals are generated and trapped in the glassy state [35]. Correspondingly, this re-
duces the net crosslinking due to immobility in the glassy state. Above the glass
transition temperature, the tendency toward crosslinking or scission is enhanced
depending on the polymer chemistry. For example, in polyethylene if irradiation
is done at liquid nitrogen temperatures allyl double bonds are prevented from
forming. On the other hand, if polyethylene is irradiated in the melt the yield of
crosslinks is greatly enhanced. Polystyrene shifts its tendency from crosslinking to
scission as the temperature is brought above the glass transition temperature. In
some fluoropolymers, the opposite trend is observed. Crosslinking is favored at
temperatures above the glass transition. The effect of temperature can be further
accelerated in the presence of mechanical stresses on the material [36]. This is like-
ly the result of weakened chemical bonds under stress and the plasticizing effect of
the polymer via radiochemical products.

 

2.5
The Effect of Irradiation on Structure and Mechanical Properties

 

During irradiation, semicrystalline polymers undergo structural changes resulting
in imperfections in the crystalline phase. In general, as higher degrees of radiation
are sustained the crystalline structure evolves to a degraded structure resulting in
an accompanying decrease in the crystalline melting point, Tm. Poly(ethylene
terephthalate) exhibits a 25 K depression in melting point when radiated to a dose
of 2000 Mrad [37]. In some instances, the polymer will increase its net crystallinity
and density with increasing radiation. An example of this is ultra high molecular
weight polyethylene (UHMWPE). Because UHMWPE has a very high molecular
weight (~4–6 million g/mol) and a relatively low crystallinity (~50%), the result of
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ionizing radiation is a scission-based process resulting in smaller chains. The
smaller chains pack more efficiently and result in an increased density and crystal-
linity upon irradiation [38]. Similar effects are observed in PTFE and poly(vinyli-
dene fluoride) PVDF. The effect of increasing crystallinity and density can alter ba-
sic mechanical properties such as yield stress and modulus.

In general, for flexible polymers that experience crosslinking as a result of ioni-
zation, the elastic modulus tends to increase while the strain to failure decreases.
With increasing dose, the polymer becomes stiffer, harder and at a sufficiently high
dose it becomes brittle. Figure 1 shows the effect of radiation dose on a polychlo-
roprene polymer. For flexible polymers susceptible to scission, the mechanical
properties such as tensile strength, modulus, and elongation decrease with dose.
For these polymers the mechanical properties are continuously diminished and
may ultimately evolve into viscous liquids. Flexible polymers and elastomers are
commonly susceptible to radiation-induced damage while glassy polymers and
crosslinked resins tend to be more resilient. Glassy polymers that undergo
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Fig. 1. The effect of radiation dose on the mechanical properties of a polychloroprene polymer.
E denotes elongation at break, H represents Shore D hardness, and R represents the tensile
strength [18]
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crosslinking are resistant to deterioration and experience little change in their me-
chanical properties. Modulus is often retained in glassy polymers that are suscep-
tible to scission but tensile strength is lost with increasing radiation dose. However,
at low crosslinking levels brought about through irradiation, polystyrene can be
altered from a glassy polymer to a rubbery material as the polymer behaves like an
elastic network above its glass transition temperature [39]. Crosslinked, thermo-
setting plastics are highly resistant to radiation damage because of their high con-
centration of polar groups and intermolecular dipole-dipole interactions.

 

3

 

Specific Effects of Radiation on Medical Polymer Classes

 

3.1
Polyethylene

 

Polyethylene has numerous applications in the medical industry ranging from
catheters to bearing surfaces for joint replacements [40, 41]. As one of the most vi-
able commercial polymers, polyethylene has been the subject of extensive radia-
tion studies. In fact, there is a plethora of research devoted to the crosslinking of
polyethylene for commercial applications ranging from paraffins to UHMWPE
[38, 42–47]. As previously described, when polyethylene is exposed to an ionizing
radiation environment in the absence of oxygen it will favor crosslinking. The
crosslinks generated are located primarily in the non-crystalline phase and along
the lamellar-amorphous interphase [42]. When polyethylene is irradiated in the
melt a greater density of crosslinks can be created at the expense of the crystalline
phase. In general with increasing crosslink density there is a concomitant reduc-
tion in crystallinity. Further, as a result of the backbone structure of the polyethyl-
ene chain, there will be several unique responses to ionizing radiation including
the generation of hydrogen gas, the unsaturation of transvinylene bonds, the deg-
radation of vinyl end groups, and capability for high crosslink efficiency. Trans vi-
nylene unsaturation does not depend on the molecular weight but is linearly de-
pendent on the radiation dose making it a successful dosimeter [48].

In general, ionizing radiation via e-beam or gamma rays that results in
crosslinking is considered beneficial to the mechanical properties of polyethylene.
Moderate crosslinking in HDPE results in an increase in both yield strength and
tensile modulus [38]. For UHMWPE, radiation in the melt results in a high yield
of crosslinking with little scission. With increasing crosslink density there is a cor-
responding evolution of crystallite morphology from lamellar to micellar [49].
Crosslinking of UHMWPE is of great interest to the orthopedics community. Re-
cent studies on the wear behavior of highly crosslinked UHMWPE used as the
bearing surface for total joint replacements suggests that crosslinking could dras-
tically improve the wear resistance of UHMWPE [50–54].
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On the other hand, if precautions are not taken to prevent the presence of mo-
lecular oxygen at the time of irradiation, polyethylene will undergo a dominant
scission mechanism. This has lead to numerous embrittlement problems associat-
ed with oxidation and chain scission [9–12]. This radiation chemistry plagued the
orthopedics community for years when many medical device companies utilized
gamma radiation in air as the primary sterilization method [55].

A case study describing the effects of ionizing radiation on UHMWPE and the
implications for the medical community is provided below.

 

3.2
Polypropylene

 

Polypropylene, in its isotactic semicrystalline form, is commonly used in non-re-
sorbable sutures. This thermoplastic polymer undergoes both crosslinking and
scission mechanisms when irradiated. This polymer suffers from post-radiation
deterioration of mechanical properties regardless of whether oxygen is present or
absent at the time of radiation [56]. However, oxidative degradation dominates
this post radiation evolution in physical properties and results in a reduction of
modulus, tensile strength, and strain to failure [57]. The loss of strain to failure fol-
lows first order kinetics and results in a reduction from 900% elongation to failure
to values approaching 20% at a radiation dose of 160 Mrad [58, 59].

3.3
Fluoropolymers

Fluoropolymers are fully or partially fluorinated polyolefins that provide chemical
inertness, thermal resistance, mechanical durability, and lubricity. These unique
properties are due to the fluorine sheath that protects the carbon backbone from
chemical attack. Most fluorocarbon polymers are semicrystalline due to the spatial
packing efficiency of the linear or helical polymer chains. Fluoropolymers are used
in a wide variety of medical applications ranging from vascular grafts to microflu-
idic devices [60]. While there are a wide range of fluoropolymers available, the use
of these materials for biomedical applications is predominantly based on poly-
tetrafluoroethylene in expanded form. The success of this biomaterial has resulted
from its micro porous structure, which allows bio-integration for fixation and
provides structural integrity. The most successful medical applications of e-PTFE
are found in cardiovascular surgery where e-PTFE vascular grafts are used for ves-
sel reconstruction. In orthopedic surgery, e-PTFE has been used as a replacement
for the anterior cruciate ligaments in the knee. As with all medical devices it is like-
ly that this polymer can be subjected to ionizing radiation as a standard steriliza-
tion scheme.
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Fluoropolymers, given their chemical and structural inertness, are surprisingly
susceptible to post-radiation degradation [61]. Moreover, the resulting response to
ionizing radiation depends on the backbone chemistry of the fluoropolymer. As a
general rule, there is a greater likelihood for crosslinking with increased hydrogen
on the polymer backbone. So PVF will favor crosslinking while PTFE will be sus-
ceptible to degradation. The latter is very susceptible to scission processes, and in
fact ionizing radiation can be used to tailor the molecular weight of this polymer
commercially [62]. Similar to polyethylene, PTFE is plagued with peroxy-based
free radical generation when exposed to ionizing radiation, and such radicals are
long-lived in the polymer. Hedvig [63] has investigated the tensile properties of
gamma radiated PTFE and has found a 90% reduction in strain to failure and
nearly a 40% reduction in tensile strength. Like polyethylene, the crystallinity of
PTFE is found to increase with increasing radiation dose up to 100 Mrad due to
scission mechanisms. Beyond this dose point the crystallinity is reduced due to an
increase in free volume of the polymer [63]. Deterioration of structural properties
of PTFE can be minimized if radiation is performed in a vacuum environment. In
this case crosslinking mechanisms can be activated and increases in tensile
strength can be achieved.

3.4
Polyacrylates and Polymethylmethacrylates

Polyacrylates and polymethylmethacrylates are commonly used as medical adhe-
sives, and can be found commonly in the form of bone cements and dental resins
[40]. While these polymers appear to be quite similar in their backbone chemistry,
as mentioned above, there are subtle differences that render very different reac-
tions to ionizing radiation. Poly(alkyl acrylates) undergo crosslinking when ex-
posed to radiation, while poly (alkyl methacrylates) degrade very rapidly through
scission schemes. In fact the latter degrades so efficiently that this polymer is used
as a positive electron beam resist [64]. Similarly polyacrylates are quite stable when
radiated by ionizing methods; however polymethylmethacrylate is susceptible to
scission and is susceptible to severe loss in strength as a consequence [18]. This
degradation and the accompanying loss of mechanical properties are illustrated in
Fig. 2. Dickenson [65] has shown that the number of main chain scissions is pro-
portional to radiation dose in PMMA. A case study describing the effects of ioniz-
ing sterilization on the structure and mechanical properties of acrylic based bone
cements is provided below.
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3.5
Nylons

Nylons are commonly used as a suture material in the medical industry and in
some instances they are used in polymeric balloons for balloon angioplasty [40].
On the whole, nylon is characterized as a crosslinkable polymer but this class of
polyimides is susceptible to both scission and crosslinking. This behavior has been
linked to the number of methylene groups or hydrogen atoms on the polymer
backbone [66]. These polymers, like polyethylene, are drastically affected by the
environment in which irradiation is performed. In the absence of oxygen there is
little change in tensile strength with increasing dose; however, in the presence of
air there is substantial drop in both strength and elongation to break. Nylons can
be stabilized with the addition of an aromatic group – the aliphatic polyimides are
quite resilient to radiation damage.

3.6
Polyurethanes

Thermoplastic polyurethanes have broad applicability in the medical plastics in-
dustry and most notably in catheters [67]. Thermoplastic polyurethanes are block
copolymers that comprise amorphous and crystalline blocks. The former dictates
the elasticity while the latter determines the stiffness and strength. The amorphous
blocks are often composed of ethers or esters. The ethers are utilized where low
temperature flexibility, microbial resistance, and hydrolytic stability are needed,
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Fig. 2. Stress-strain behavior for PMMA exposed to four doses of gamma radiation in an inert
environment at 25 °C: (A) 40 Mrad, (B) 20 Mrad, (C) 4 Mrad, (D) unirradiated [18]
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while esters are used where tear strength, abrasion resistance, and toughness are re-
quired [67]. In general, crosslinking via radiation is used to improve the strength,
abrasion resistance, and modulus of these polymers. This enables the polymer to
be injection molded into complex shapes and then cured via ionizing radiation.

3.7
Polyesters and Biodegradable Polymers

Polyesters are used in numerous biomedical applications. Poly(ethylene terephtha-
late) also known as PET is used predominantly in woven fabric form for cardiovas-
cular prostheses. They are used for arterial patches and large diameter vascular
prostheses [40]. Aliphatic polyesters such as polycaprolactone are biodegradable
polymers with applications ranging from resorbable sutures to controlled drug de-
livery devices. Poly(glycolic) acid (PGA) and poly(lactic acid) (PLA) are the most
widely used bioerodable polymers. PGA is used in resorbable sutures and offers
enhanced strength due to its relatively high crystallinity. The amorphous form of
PLA is used for drug delivery while the semicrystalline form is used in degradable
sutures or for resorbable load bearing devices such as orthopedic screws. The
mechanism of biodegradation is broadly categorized into three mechanisms:
cleavage of crosslinks between water soluble chains, cleavage of side chains leading
to the formation of polar groups, or main chain cleavage. Because scission is the
predominant response of these polymers to radiation, great care must be made
when sterilizing these polymers. Ionizing radiation can alter the rate of degrada-
tion and can lead to premature failure of these devices. For this reason many re-
sorbable polymers are sterilized with EtO or plasma methods.

3.8
Hydrogels

Hydrogels are crosslinked water-swollen polymeric structures that are commonly
used in drug delivery and tissue engineering applications [40]. Hydrogels are made
by swelling crosslinked polymers in biological fluids or water. The crosslinked
structure is commonly prepared with ionizing methods such as gamma rays, X-
rays, e-beam, or ultraviolet light. Because ionizing methods are used for the
crosslinking mechanism, sterilization is typically done with non-ionizing methods
such as EtO or plasma so that the crosslinking dose and structural integrity of the
hydrogels can be controlled.
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4
Case Studies in Orthopedics

The use of polymers in orthopedics requires an implant material that tolerates
large fluctuating stresses due to contact loads, offers excellent tribological per-
formance, and provides long-term structural stability. For this reason the only suc-
cessful polymer used at the articulating surface is ultra high molecular weight pol-
yethylene (UHMWPE). Because of its exceptionally high molecular weight and tie
molecule density this polymer offers exceptional fatigue, wear, and abrasion resist-
ance. Further, in its bulk form it is highly biocompatible. It is susceptible to dam-
age, however, under long-term cyclic loads in vivo. This has been found to be ex-
acerbated by the effects of ionizing radiation when used as a sterilization tech-
nique. Similar effects have been found in acrylic based bone cements, which are
used to integrate the orthopedic device into the surrounding bone tissue. Studies
addressing the effect of ionizing radiation in orthopedic polymers have greatly
contributed to the understanding of the structural evolution resulting from expo-
sure to radiation sources associated with sterilization and processing. These stud-
ies are reviewed below.

4.1
Deterioration of Orthopedic Grade UHMWPE Due to Ionizing Radiation

Sterilization via ionizing radiation has been the primary culprit in the long-term
degradation of UHMWPE used for total joint replacements. As recently as 1995,
UHMWPE was customarily sterilized with gamma radiation in the presence of air
using a nominal dose of 25 kGy. In 1998, most United States Orthopedic Compa-
nies had transitioned their sterilization techniques to one of a few methods includ-
ing gamma radiation in an inert environment or a non-ionizing sterilization meth-
od using ethylene oxide or gas plasma. This change in sterilization practice was mo-
tivated by the plethora of scientific literature indicating that gamma sterilization in
air promoted oxidative chain scission and long-term degradation of desirable phys-
ical, chemical, and mechanical properties of UHMWPE [55, 68–76]. Major ortho-
pedic companies have discontinued sterilization of UHMWPE components using
gamma radiation in the presence of air; however, the long-term deterioration of this
polymer remains a clinically relevant problem. The reason for this continued chal-
lenge is that an estimated four million U.S. patients have been implanted with an
UHMWPE component that was sterilized in air during the period 1980–1995,
when gamma irradiation in air was the regular sterilization practice.

As discussed above, free radicals generated by ionizing radiation within UH-
MWPE are vulnerable to oxidation during shelf aging and after implantation.
Premnath et al. [55] suggested that shelf aging in air represents a more extreme ox-
idative challenge for irradiated UHMWPE than in vivo oxidation, because the
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concentration of dissolved oxygen in air has approximately an order of magnitude
greater concentration of oxygen than that dissolved in the surrounding body fluids
under physiological conditions. Radiation sterilization of UHMWPE in air, fol-
lowed by long-term shelf aging, is now understood to result in degradative changes
to the physical, chemical, and mechanical properties of the polymer [77–79]. For
this reason shelf aging has become the focus of numerous recent studies in an at-
tempt to understand and replicate the oxidation of UHMWPE. Post-irradiation
aging has been simulated using a combination of thermal conditioning and elevat-
ed oxygen partial pressures. Accelerated aging protocols have been employed not
only to differentiate the effects of gamma sterilization in air, but also to evaluate
the oxidation resistance of UHMWPE sterilized by alternative methods.

There are two currently accepted testing strategies that are considered as viable
accelerated aging protocols for UHMWPE. The first method developed by Sun et
al. preconditioned specimens in a standard air furnace at 80 °C for up to 23 days,
albeit at a controlled, slow initial heating rate of approximately 0.6 °C/min [80].
This study utilized a control group of UHMWPE components that had been gam-
ma radiation sterilized in air prior to accelerated oxidation or shelf aging for up to
10 years. Sun et al. found that, after 23 days of preconditioning, the maximum ox-
idation index in the specimens corresponded to that of 7–9 years of shelf aging. Al-
though Sun and colleagues matched the peak oxidation index between the precon-
ditioned and shelf aged components, a subsequent study showed that the distribu-
tion of oxidation through the thickness differed between the two groups [81]. The
shelf-aged components showed a subsurface oxidation peak, while the artificially
aged components had a maximum oxidation at the surface. The second method
devised by Sanford and Saum in 1995 [82] employed a rapid technique for accel-
erating oxidative degradation in UHMWPE. Specimens were aged in pure oxygen
under five atmospheres of pressure at 70 °C for up to seven days in order to achieve
a subsurface oxidation peak, similar to that observed in retrieved components.
Comparing the bulk average oxidation index from preconditioned components
with that from shelf-aged components validated their method. It was found that
one week of preconditioning at 70 °C and five atmospheres of pure oxygen resulted
in oxidation equivalent to five to ten years of ambient shelf aging. It should be not-
ed that accelerated oxidation methods for UHMWPE are not without their limita-
tions. For example, in a morphology study of UHMWPE that was gamma-radia-
tion sterilized in air and then preconditioned using Sun’s method, Crane et al. [83]
found the crystalline morphology in the preconditioned specimens was notably
different than in shelf-aged components. Further research is needed on the me-
chanical behavior and morphology of UHMWPE to elucidate the differences be-
tween thermal conditioning and long-term shelf aging.

The level of oxidation in aged UHMWPE components that have aged on the
shelf, in-vivo, or through accelerated means can be quantified using spectroscopic
techniques. Kurtz et al. performed numerous validation studies to ensure reproduc-
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ibility of spectroscopic characterization [76]. In the orthopedics community infra-
red spectroscopy has been the chosen analytical tool for the quantification of oxi-
dation. Figure 3 shows two infrared spectra from UHMWPE, one unirradiated and
the other highly oxidized. Note that in the highly oxidized sample there is absorb-
ance in the wave number range of 1680–1800 cm–1 which is known to be due to car-
bonyl containing chemical species, such as ketones, esters, aldehydes, and acids
[84]. Calculating the area under the vibrational peak can provide quantification of
the carbonyl vibration. This value is normalized to obtain a dimensionless number.

Primary attention is given to oxidation embrittlement which results in the de-
creased wear and fatigue resistance of the polymer. Researchers have shown gam-
ma radiation in air to be the primary culprit in degrading the mechanical and
structural integrity of UHMWPE [85]. There has been a strong correlation be-
tween delamination wear and surface damage with oxidation levels in the polymer.
Recent work by Baker et al. [86] has shown that ionizing radiation results in loss
of fatigue crack propagation resistance in UHMWPE. Further deterioration was
observed when the polymers were subjected to accelerated aging. Figure 4 shows
the effect of sterilization method and the effects of accelerated aging on the fatigue
crack propagation resistance of UHMWPE. Scanning electron microscopy was
used to provide an understanding of fatigue fracture mechanisms. Figure 5 shows
the accompanying scanning electron micrographs depicting a change from the (a)
ductile tearing observed in the non-sterilized (control) UHMWPE to the (b) cel-
lular microstructure observed in the highly embrittled UHMWPE subjected to
gamma radiation and accelerated aging in the presence of oxygen. It was found in

Fig. 3. Two infrared spectra for UHMWPE, one unirradiated and the other sterilized by gam-
ma radiation and highly oxidized. Note that in the highly oxidized sample there is absorbance
in the wave number range of 1680–1800 cm–1 which is the carbonyl peak containing ketones,
esters, aldehydes, and acids
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this work that accelerated aging caused a decrease in fatigue resistance regardless
of sterilization method. This work demonstrated that loss of fatigue resistance was
most severe for gamma radiation in air coupled with accelerated aging conditions.
Another study by Goldman and Pruitt [6] has shown that non-ionizing steriliza-
tion techniques such as EtO and low-temperature gas plasma retain the highest
ductility in the polymer and the associated resistance to growth of fatigue cracks.

At this time there is no clear scientific agreement as to which sterilization meth-
ods will provide the most beneficial long-term performance of the UHMWPE im-
plant. All of the sterilization methods currently employed by the orthopedic com-
munity fulfill their intended purpose, namely the elimination of bacterial spores
that could lead to infection and premature revision. Assessment of the specific

Fig. 4. Plot of crack propagation, da/dN, as a function of stress intensity range or crack driving
force, DK. The plot shows the effect of sterilization method and the effects of accelerated aging
on the fatigue crack propagation resistance of UHMWPE [86]
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sterilization methods has been complicated by the potential benefit of combining
the manufacturing and sterilization processes. For example, radiation doses in ex-
cess of 25 kGy are known to provide crosslinking in UHMWPE if performed in an
inert environment. Thus it becomes difficult to distinguish sterilization and
processing when ionizing radiation is employed as the crosslinking medium for
UHMWPE (discussed below).

Fig. 5a,b. Scanning electron micrographs depicting a change from: a the ductile tearing ob-
served in the non-sterilized (control) UHMWPE to; b cellular microstructure observed in the
highly embrittled UHMWPE subjected to gamma radiation and accelerated aging in the pres-
ence of oxygen
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4.2
Use of Ionizing Radiation and Low-Temperature Plasma Methods
for Controlled Crosslinking of UHMWPE

Recent studies in the orthopedic community have suggested that a high degree of
crosslinking can benefit the wear resistance of UHMWPE [87–89]. These initial
studies have led to a more thorough investigation into the effects of crosslinking
on the wear behavior of UHMWPE [90–92]. Based on the findings of these early
studies the efforts of the orthopedics community have shifted towards the manu-
facture of highly crosslinked UHMWPE network structures with a reduced con-
centration of residual free radicals. These crosslinked polyethylenes recently re-
ceived FDA approval in the United States for use in total hip and knee arthroplasty,
and the next few decades will determine their long-term success in-vivo.

While crosslinked UHMWPE appears to be an innovative trend in orthopedics,
there are several early examples of investigations on highly crosslinked UHMWPE
for bearing surface applications. One of the early attempts on the use of
crosslinked UHMWPE in total hip arthroplasty was by Oonishi et al. who reported
on improved wear resistance of UHMWPE crosslinked with high doses
(100 Mrad) of gamma radiation [89, 93]. Their clinical studies used four groups
of patients that are described in Table 2 [76]. The radiographic wear measure-
ments showed average rates of femoral head penetration of 0.076 mm/year for the
Co-Cr alloy femoral head/irradiated UHMWPE pair and 0.072 mm/year for the
alumina/irradiated UHMWPE. In comparison, with unirradiated UHMWPE lin-
ers the penetration rates were 0.247 and 0.098 mm/year for the Co-Cr and alumina
head groups respectively.

The current research in orthopedics is centered around the most favorable
processing conditions and the optimization of crosslink density for wear resistance

Table 2. Combined clinical wear data of the work of Oonishi et al. [89, 93] on g-irradiated UH-
MWPE

Group Femoral
component
(head size)

Acetabular 
component

Number of
patientsa

Average
follow-up 
(months)

Average
wear rate 
(mm/year)

I COP alloyb (28 mm) g-Irradiated 
UHMWPE

19 12 0.076

II Alumina (28 mm) g-Irradiated 
UHMWPE

9 6 0.072

III Co-Crc (28 mm) Conventional 
UHMWPE

15 8 0.247

IV Alumina (28 mm) Conventional 
UHMWPE

71 6 0.098

aExtracted from the graphs of references [76, 89, 93]; bStainless steel with 20% cobalt; cT-28 by Zimmer
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of the bearing surface. Jasty et al. [94] described the wear behavior of a new form
of UHMWPE (IMS-200). The acronym stands for irradiated in the molten state to
200 kGy. In their study, the polymer was heated to 140 °C and crosslinked in its
molten state using electron beam irradiation to a total absorbed dose level of
200 kGy. In hip joint simulator experiments carried out to 5 million cycles, there
was no detectable weight loss in the crosslinked components. Moreover, Jasty and
coworkers stated that the initial machining marks were still present on the articu-
lating surfaces of the liners after being subjected to 5 million gait cycles on the hip
joint simulator.

Muratoglu et al. [95] reported on the effect of crosslink density (radiation dose)
on the wear behavior and mechanical properties of UHMWPE. In their study, UH-
MWPE was crosslinked in air using electron beam irradiation to varying dose lev-
els and was subsequently melt-annealed in the molten state at 150 °C for 2 h. The
process was named CISM and the acronym stands for cold irradiation with subse-
quent melt-annealing. Melting was used to increase the chain mobility and en-
hance the recombination reactions between the residual free radicals and hence re-
duce their concentration. The ESR experiments showed no detectable residual free
radicals. Some properties were found to be independent of radiation dose level.
The melting point of the polymer remained unchanged as a function of absorbed
radiation dose. The crystallinity decreased from 54% to 48% upon the initial
CISM treatment but remained unchanged with increasing radiation dose. The
yield strength behaved in a similar way and decreased by about 14% (from 22 MPa
to 19 MPa). One of the negative aspects of crosslinking is the reduction in ductility
of the polymer. Their study demonstrated that the strain to failure and ultimate
tensile strength decreased progressively with increasing radiation dose. In spite of
this, the wear resistance of the polymer benefited by increased crosslink density.
The wear rate of the CISM-treated polymer decreased with increasing radiation
dose and asymptotically reached a plateau value of immeasurable wear above
150 kGy. The effect of dose level on the wear behavior of the polymer is shown in
Fiig. 6. The wear rate as measured on a bi-directional pin-on-disc machine de-
creased as a function of increasing radiation dose and displayed a transition from
a ‘wear’ to ‘no-wear’ region at around 150 kGy. The authors also reported on the
hip joint simulator wear behavior of CISM treated UHMWPE (150 kGy). At the
end of 12 million cycles (simulating 12 years of use) the authors reported no meas-
urable wear in the CISM-treated UHMWPE components. In contrast, the wear in
the conventional UHMWPE components measured 207 mg (17 mg/million cy-
cles) on average.

The above studies indicate that crosslinking has the potential to improve signif-
icantly the wear resistance of UHMWPE under lubricated conditions that either
occur naturally in the human joint or are replicated in hip joint simulators. It
should be noted that crosslinking is not without drawbacks. While simulator stud-
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ies look quite promising, the crosslinked polyethylene suffers from inferior fatigue
crack propagation resistance [96, 97]. Fatigue resistance is clearly important in to-
tal joint replacements as cyclic contact stresses can range from 10 MPa in tension
to –40 MPa in compression at the articulating surface [98]. Recent studies have
shown that the resistance to crack propagation is decreased with crosslinking
whether it is achieved with chemical or ionizing methods [96]. Moreover, the
stress intensity range required to initiate the growth of flaws is found to decrease
with increasing radiation dose or crosslink density [97]. Figure 7 illustrates the
detrimental effect of crosslink dose on the crack propagation resistance of UH-
MWPE. Clearly this indicates that crosslinking must be optimized in order to im-
prove wear resistance and to retain toughness within the polymer. Recent work by
Klapperich et al. [99] has shown that low temperature plasma may be a viable tech-
nique to generate improved wear resistance while maintaining the bulk properties
of the polymer. This result is depicted in Fig. 8. This technique can be used to con-
trol profiles of crosslinking near the articulating surface and to improve the bio-
compatibility of the polymer [100].

The developments of innovative bearing surfaces made of UHMWPE with op-
timized crosslink densities may provide improved in-vivo wear resistance and
long-term structural stability. Such improvements are essential in avoiding peri-
prosthetic osteolysis, the leading cause of implant failure, and may ultimately ex-
tend the life of total joint replacements. Such material improvements have the po-
tential to make important contributions to the field of total joint arthroplasty.
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4.3
The Effects of Ionizing Radiation on Acrylic Based Bone Cements

In cemented total joint arthroplasties, acrylic bone cement functions as the prima-
ry load bearing material used to transfer loads from the implant to the bone. Bone
cement is formed from an exothermic reaction of benzoyl peroxide initiator
present in polymethylmethacrylate powder (PMMA) and N,N-dimethyl-p-tolui-
dene in methylmethacrylate monomer liquid (MMA), resulting in polymerization
of PMMA to form a solid cement matrix. The in vivo integrity and performance
of bone cement is necessary for longevity of orthopedic implants, because it is be-
lieved that mechanical failure of the bone cement layer can lead to aseptic loosen-
ing of the implant [101].

Many pre-surgical variables are expected to contribute to mechanical perform-
ance. Similar to UHMWPE, sterilization methods have been shown to affect po-
rosity and molecular weight [102–104]. As with any implantable biomaterial, bone
cement must be sterilized prior to its introduction in the body. In standard prac-
tice, EtO or gamma irradiation is used to sterilize the powder constituents while
the liquid monomer is typically sterilized by membrane filtration. PMMA under-
goes chain scission but not crosslinking when irradiated, leading to a reduction in
its molecular weight [102–104]. This reduction has serious consequences since the
molecular weight of a polymer is known to affect directly its mechanical properties
[105].

In a recent study by Graham et al. [106] the relative effects of both sterilization
method and vacuum-mixing techniques on the fatigue and fracture properties of
acrylic bone cement were characterized. Five sterilization groups were examined:
EtO, 2.5 Mrad g radiation, 5 Mrad g radiation, 10 Mrad g radiation, and an un-
sterilized control group. The EtO and 2.5 Mrad groups provided clinically-rele-
vant sterilization techniques while higher radiation doses enabled molecular
weight degradation to be examined. Sterilization via gamma radiation resulted in
large decreases in molecular weight. Table 3 summarizes the molecular weight of
the PMMA as a function of radiation dose.

Table 3. Weight-averaged molecular weights of Palacos R brand PMMA powders and cements 
for all sterilization groups [106]. Values are reported as mean (standard deviation)

Control EtO 2.5 MRad 5 MRad 10 MRad

Mw powder 856,094
(17,990)

850,576 
(9294)

310,466 
(8797)

188,490 
(6178)

105,677 (–)

Mw cement 768,449 
(9300)

743,616 
(22,389)

302,965 
(4911)

212,229 
(5027)
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The results of the fracture toughness tests are summarized in Table 4. For cements
that were vacuum-mixed, both the gamma irradiation treatments (2.5 MRad and
10 MRad) caused statistically significant decreases in fracture toughness from con-
trol values while EtO sterilization caused no significant change. Hand mixing, owing
to higher degree of porosity, provided no statistically significant difference amongst
the sterilization methods. These findings indicate that ionizing radiation results in
deterioration of both the molecular weight and the fracture toughness, while EtO
sterilization causes neither of these changes. Fatigue properties were also affected by
choice of sterilization method (Table 5). The severe molecular weight degradation
associated with 10 MRad g radiation resulted in a significantly lower fatigue life than
either the EtO or the 2.5 MRad g radiation groups. The results of this study indicate
that the decrease in molecular weight caused a significant decrease in both fracture
toughness and fatigue resistance. This study did not address issues of aging, on the
shelf or in vivo, but it is important to note that gamma irradiation also leads to the
generation of free radicals which may have long-term harmful effects. Studies using
electron paramagnetic resonance spectroscopy have demonstrated that these radia-
tion-generated free radicals in bone cement are long-lived and are not annihilated
in the polymerization process [107]. The role of these free radicals on the in vivo
properties of bone cement is not well known: it has been conjectured that free radi-
cals within the cement may contribute to its in vivo degradation. A recent study on

Table 4. Fracture toughness of hand and vacuum mixed bone cement under different steriliza-
tion conditions. Values are reported as mean (standard deviation). n indicates number of sam-
ples in each group [106]

Fracture toughness KIc 
(MPa ÷m)

Control EtO 2.5 MRad 5 MRad 10 MRad

Hand mixed samples 1.7642 
(0.1097)

1.8199 
(0.0805)

1.7367 
(0.1049)

1.7458 
(0.1046)

–

n=20 n=19 n=15 n=16 –
Vacuum mixed samples 1.9502 

(0.1744)
2.0003 
(0.2549

1.8197 
(0.0581)

– 1.6883 
(0.0856)

n=13 n=16 n=13 – n=14

 

Table 5. Number of cycles to failure for hand and vacuum mixed bone cement sterilized using 
gamma radiation or EtO gas. Values are reported as mean (standard deviation). n indicates 
number of samples in each group

No. of cycles to failure EtO 2.5 MRad 5 MRad 10 MRad

Hand mixed samples 763 (369)
n=12

838 (664)
n=9

959 (442)
n=8

–
–

Vacuum mixed samples 2040  (2234)
n=8

1624 (434)
n=5

–
–

548 (172)
n=8
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bone cement retrieved from patients clearly confirms a greater degradation in the
molecular weight of gamma-irradiated bone cement than non-irradiated cement
with increased time in vivo [108]. This finding suggests that the deterioration of me-
chanical properties of gamma-sterilized cement seen in this study could continue to
worsen with in vivo use.

5
Summary

Medical polymers are structurally altered when exposed to ionizing radiation. Cer-
tain classes of polymers are susceptible to chain scission mechanisms while others
undergo crosslinking processes. The atmosphere in which the polymer is radiated
complicates these generalizations. Because these devices must be sterilized prior to
implantation their long-term structural evolution owing to the effects of ionizing
radiation coupled with environment must be understood. This work summarizes
the wide-ranging effects of ionizing radiation on the mechanical and structural
properties of medical polymers.
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Studies of the biological action of ionizing radiation on cells and tissues are of interest for ap-
plications in radiotherapy as well as radiation protection. In general, the biological response
to ion beam irradiation considerably differs from that to conventional photon beam irradia-
tion. This difference for example constitutes one of the major rationales for the application of
ion beams in tumor therapy.

The review first summarizes the biological effects of conventional photon radiation to cells
and tissues and describes the basic techniques for their quantification. The essential physical
characteristics of ion beams, which are relevant to understand their particular biological ef-
fects, are then described. The systematics of biological effects of ion beams is presented first in
detail for cellular systems, complemented by a brief overview of the action on more complex
biological systems like tissues. Furthermore, aspects of biophysical modeling of radiation ef-
fects are discussed, and a model recently developed within the framework of charged particle
beam radiotherapy is presented in more detail. In the final part, a brief description of the im-
portant technical and biological aspects of ion beams in tumor therapy is given.
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1

 

Introduction

 

To study radiation effects on cells and tissues is of particular interest for several
fields of application such as, e.g., radiation protection or radiotherapy of cancer.
The major concern of radiation protection is to understand the 

 

induction of malig-
nancies

 

, in particular cancers, by radiation. Although not yet fully understood, it is
assumed that cancer induction is initiated by small changes of genetic information
in individual cells (mutations) [1]. At the other extreme, radiation is also applied
to 

 

cure malignancies

 

 like cancer, explicitly utilizing the tissue damaging properties
of ionizing radiation to kill the tumor cells. However, dose deposition to a tumor
is in general connected with the simultaneous deposition of dose in the surround-
ing normal tissue. Therefore, application of radiation in tumor therapy always rep-
resents a compromise between maximal damage to the tumor tissue and minimal
side effects to the surrounding healthy tissue. These side effects include acute reac-
tions observed within days or weeks after therapy, late reactions typically occur-
ring months or years after therapy and radiation induced secondary cancers,
which will appear up to 20 or 30 years after treatment.

About one-third of all localized tumors, which contribute to about 60% of all
cancers, are cured by radiotherapy alone or by radiotherapy in combination with
surgery [2]. For another one-third of the localized tumors, however, a failure of lo-
cal control is observed, and this group is expected to benefit from the development
of techniques allowing a better conformation of dose to the tumor. The compro-
mise between tumor cure and minimal side effects is largely determined by the
physical properties of the radiation type under consideration, namely the depth
dose profile. The depth dose profile defines the ratio of the dose delivered to the
tumor and the dose delivered to the healthy tissue.
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Ion beams are characterized by an advantageous depth dose profile, which
makes them in particular suitable for applications in radiotherapy. These advan-
tages were already recognized in the 1940s [3]. However, due to the considerably
higher efforts to produce an ion beam suitable for therapy compared to the pro-
duction of conventional electron and photon beams, their application in radio-
therapy was restricted to a few places worldwide [4]. But meanwhile there is signif-
icantly growing interest in ion beam radiotherapy (for the most recent compilation
of facilities, see the ‘Particles Newsletter’

 

1

 

). The successful installation of clinically
based facilities as well as pilot projects using most advanced accelerator and beam
delivery techniques have substantially contributed to this growing interest.

The characteristic radiobiological properties of ion beams represent a further
advantage with respect to their application in tumor therapy. In general, ion beams
show a higher effectiveness of cell killing compared to photon beams in particular
at the end or their penetration path [5–7]. Using appropriate beam delivery tech-
niques, the region of increased effectiveness can thus essentially be focused to the
tumor volume.

The precise knowledge of the biological action of charged particle radiation is
also relevant for radiation protection purposes, since also for other biological ef-
fects like cell transformation an increased effectiveness of charged particle beams
is observed [8]. For example, this is crucial for risk estimates for miners, related to
the inhalation of 

 

a

 

-emitting isotopes. Furthermore, it is also a relevant issue in ra-
diation protection in space; heavy charged particles are responsible for a signifi-
cant fraction of radiation damage from cosmic rays [9].

When discussing the biological action of radiation – whether due to photon,
electron or ion beams – on living cells and tissue, several differences to the action
on non-living material have to be considered. Obviously, the most important dif-
ference is the capability of living cells to actively 

 

process 

 

the damage induced by ra-
diation, so that we have to distinguish the primary induced damage from the re-
sidual damage, which eventually is responsible for the observable effect.

Processing of damage includes a whole spectrum of possible reactions, 

 

repair

 

 of
the damage being the most important one. Since, however, the fidelity of the repair
process is not perfect and depends on the particular type of damage induced, there
is a certain possibility of misrepair or other modifications of the primary damage.
Processing of damage takes time, and in combination with other kinetic effects it
thus implies a pronounced time dependence of biological effects, spanning a huge
time scale from minutes to years until the primary induced damage is actually con-
verted into a visible or detectable biological response.

Furthermore, the radiation response of tissues is characterized by a complex in-
terplay between different cell types, each of them showing an individual response
to radiation damage.

 

1

 

) http://neurosurgery.mgh.harvard.edu/hcl/ptles.htm
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Section 2 briefly summarizes the most important characteristics of typical cells
and tissues and their response to conventional photon radiation. This will facilitate
understanding of the particular radiobiological properties of ion beams. It also in-
cludes an overview of the most important systems and techniques used to quantify
radiation effects on cells and tissues. The biologically relevant physical character-
istics of ion beams as compared to photon beams will be introduced in Sect. 3. The
description of the particular biological effects of ion beams will then be presented
in Sect. 4. Section 5 introduces aspects of modeling of the radiobiological proper-
ties of ion beam radiation. As an example for the application of ion beams, Sect. 6
describes the use of ion beams in tumor therapy. Finally, Sect. 7 summarizes the
most important aspects and gives some remarks on future perspectives of ion
beam applications.

 

2

 

General Aspects of Radiation Damage to Cells and Tissues

 

This section will give a brief overview of the organization of cells and tissues from
the perspective of radiobiology. It first describes the general characteristics of a
typical cell and how tissues are composed of cells. In the second part the essential
cellular effects of radiation will be summarized, followed by an introduction to the
basic experimental methods and procedures which are used to quantify radiation
effects on the cellular level. The final part then presents a description of the typical
radiation response on the tissue level.

 

2.1
Organization of Cells and Tissues

 

A single cell represents the smallest functional unit of any complex organized tis-
sue. In general, within a single cell two clearly separated compartments can be dis-
tinguished visually and functionally: the cell nucleus and the cytoplasm. The cell
nucleus contains the genetic information in the form of a large macromolecule,
the DNA. In combination with additional proteins, secondary, tertiary, and higher
order structures are built, resulting in a condensed structure of the DNA molecule.

Within the cytoplasm, further substructures (organelles) can be distinguished.
These comprise, e.g., the mitochondria (responsible for the energy production),
the endoplasmic reticulum in combination with the ribosomes (which are in-
volved in the assembly of proteins), and the Golgi apparatus (involved in further
processing and transport of macromolecules within the cell and out of the cell). All
the compartments are separated by membranes, which allow concentration gradi-
ents of certain types of ions or molecules to remain. This is also true for the outer
cell membrane, separating the inner cell volume from the environment.



 

100

 

M. Scholz

A typical characteristic of many cells is their ability to grow and to produce two
identical daughter cells by cell division. This division requires the exact duplica-
tion of the DNA contained in the cell nucleus, and the precise distribution of each
of the two copies into the daughter cells. In general, proliferating cells in tissue as
well as under laboratory conditions show a very regular division cycle, which is
schematically shown in Fig. 1. Beginning with a cell that was just produced by di-
vision of a predecessor, it starts with a preparation phase, which is necessary to in-
itiate the DNA replication (G

 

1

 

-phase).
It is followed by the replication or synthesis of DNA (S-phase), and before cell

division takes place a second preparation phase (G

 

2

 

-phase) is required. During the
short interval of mitosis (M-phase), the DNA is packed in an extremely condensed
form, microscopically visible as chromosomes, which are then symmetrically dis-
tributed to the two daughter cells. The total time for a complete division cycle of
typical mammalian cells under laboratory conditions is in the order of 12–24 h.

The progress through the cell cycle and the DNA synthesis are highly organized
and controlled processes [10]. Proliferation, e.g., depends on the environmental
conditions and the integrity of the DNA molecule. Under certain circumstances,
cells can leave the regular cycle and stay in a resting phase (G

 

0

 

-phase), but upon
appropriate stimuli are still able to reenter the normal cycle.

The control of proliferation is particularly important with respect to complex
organisms consisting of millions of individual cells, where a continuous, uncon-
trolled growth would be incompatible with the required complex interplay of dif-
ferent cell types and organs.

Most organs and tissues are composed of different cell types. These comprise
stem cells, which are capable in principle of unlimited division and renewal, as well

S

M

G0

G2

G1
Differentiation

Fig. 1. Schematic representation of the cell cycle progression
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as their descendants, passing through a chain of differentiation and maturation
steps. ‘Differentiation’ describes the transition of a proliferating, growing cell to a
cell which has lost its proliferating capacity, but remains in a status where it can
fulfill certain specialized functions. This transition is indicated in Fig. 1 by the ar-
row to G

 

0

 

-phase/differentiation, symbolizing the departure from the regular cell
cycle. Stem cells as the origin of functional cells represent the basic unit with re-
spect to recovery of the tissue from externally induced injury.

The compartmentalization of tissues is maintained by a complex network of
signaling and interaction between the different cells and cell types. Signaling be-
tween cells can be achieved in principally two different ways:

 

∑

 

By exchange of small signaling molecules through particular channels (‘gap
junctions’) connecting neighboring cells; this type of interaction requires direct
cell-cell contacts [11].

 

∑

 

By diffusion-controlled exchange of molecules through the intercellular space,
which are recognized by the target cells through receptors on the outer cell
membrane.

The relative contribution of both of these pathways depends on the particular tis-
sue under consideration. The information exchange between cells plays a key role
for the so-called ‘bystander effect’, which describes the fact that even cells not di-
rectly damaged by radiation can be affected indirectly by signals received from di-
rectly damaged cells [12–14].

 

2.2
Cellular Effects of Radiation

 

Starting from the structural complexity of a single cell, the question arises which
compartment is most sensitive to radiation and can thus be expected to be respon-
sible for the observable response of a cell to radiation? Experimental results using
viruses, bacteria, yeast, and mammalian cells have demonstrated a correlation be-
tween the radiosensitivity and the DNA content, at least for groups of biologically
similar objects: the higher the amount of DNA, the more sensitive the object (over-
view in [15]). These results already suggested that DNA plays a key role in the re-
sponse to radiation. This hypothesis has been proven also more directly for mam-
malian cells [16]. The experiments revealed, that energy deposition in the nucleus
is by far more efficient to produce biological damage, compared to the case where
similar amounts of energy are deposited to the cytoplasm only. Cells were shown
to respond to energy deposits in the nucleus at a level approximately 100 times
lower than that required to detect similar biological effects, when only the cyto-
plasm is irradiated. Several other experiments also support the view that the DNA
molecule represents the critical target for radiation effects in cells. However, there
is increasing evidence in the last few years that DNA damage is not necessarily a
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prerequisite for the induction of biologically relevant effects (this point will be dis-
cussed in more detail in Sect. 4.8).

DNA damage can be induced by radiation in two different ways. On the one
hand, radiation leads to ionizing events in the DNA molecule itself, subsequently
leading to breakage of molecular bonds and disruption of one or both strands of
the DNA. These events are termed ‘direct effect’. On the other hand, radiation leads
to the production of, e.g., highly reactive OH-radicals by radiolysis of the water
molecules surrounding the DNA molecule. These radicals are able to migrate over
distances of a few nanometers during their lifetime and are thus capable of dam-
aging the DNA molecule, even if produced at a certain distance. This action is
termed ‘indirect effect’ [15].

Figure 2 summarizes the major types of DNA damage induced by ionizing ra-
diation, whether by the direct or by the indirect effect. It has to be taken into ac-
count, however, that these types of lesions do not necessarily occur separately, but
instead, depending on the dose level, combinations of different types occurring in
close vicinity can lead to more complex lesions. Since the information on both
strands of the DNA molecule is complementary, all injuries affecting only one side
of the DNA double strand can potentially be easily repaired by using the informa-
tion on the intact strand as a template.

Therefore, double strand breaks (DSB) are generally considered as the critical
event for the induction of lethal lesions [17–19]. Table 1 summarizes the incidence
of several types of lesions after application of 1 Gy to a typical cell. These numbers,
however, should only illustrate an order of magnitude; there can be considerable
variations from cell type to cell type.

Single Strand
Break

Double Strand
Break

Base modification

Dimer

Base loss

Ionizing radiation
UV

Crosslink

DNA-protein
cross link

Fig. 2. Radiation induced DNA damage. For clarity, the DNA double helix is drawn as a flat,
ladder-like structure



 

Effects of Ion Radiation on Cells and Tissues

 

103

 

As mentioned already, higher organisms like, e.g., mammalian cells are in gen-
eral able to recognize and to repair damage to DNA at least to a certain extent [23,
24]. The efficiency of these repair processes depends on the complexity of the dam-
age induced. For example, single strand breaks can be repaired comparatively eas-
ily, because this type of lesion resembles naturally occurring events during the rep-
lication cycle, e.g., when the double strand has to be opened on one strand to allow
the access of replication proteins to the DNA. The protein machinery of the cell is
well prepared to handle these events. With increasing complexity, however, dam-
age becomes more difficult to repair, and this might enhance the probability that
the repair process cannot be accomplished correctly, leaving a partially repaired or
modified DNA molecule [25, 26].

The investigation of cellular repair pathways is an important field of current bi-
ological research, and these processes are by far not yet fully understood. Most
studies have been performed using relatively simple biological objects like, e.g.,
bacteria and yeast cells, but for the greatest part of pathways it could be shown that
analogous mechanisms exist also in more complex organisms like, e.g., mammali-
an cells.

 

2.3
Quantifying Radiation Effects

 

Comparison of the effectiveness of different radiation types requires an accurate
quantification of radiation effects. This section describes the basic experimental
procedures which are used in classical radiobiological studies, covering different
biological levels including DNA strand breaks, chromosome aberrations, and cell
death as defined by the loss of proliferative capacity.

 

2.3.1

 

Strand Breaks

 

Direct investigation of DNA strand break induction is often performed using par-
ticularly simple, small DNA molecules from viruses or plasmids. These systems
have the advantage that induction of SSB or DSB leads to characteristic topological
changes of the molecule, which allow one to identify unambiguously the fraction
of molecules containing no damage at all, a single strand break, or a double strand

Table 1. Approximate yields of DNA damage per Gy per cell (estimated from [20–22])

SSB 1000
DSB 30–40
DNA-protein crosslinks 50
Complex damage (SSB+base lesion) 60
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break (see Fig. 3a). The various molecule conformations are characterized by dif-
ferent migrations velocities in gel electrophoresis, leading to characteristic bands
as shown schematically in Fig. 3b.

Studying strand breaks in mammalian cells is more demanding. Whereas the
size of viral or plasmid DNA is in the order of some thousand basepairs (bp),
mammalian cells typically contain in the order of 3

 

¥

 

10

 

9 

 

bp. Inducing approxi-
mately 350 DSB by irradiation with 10 Gy – which is in the order of typical doses
applied in cell experiments – roughly corresponds to 1 DSB/10

 

7 

 

bp. This is much
lower than the value of approximately 1 DSB/10

 

4 

 

bp which is the order of magni-
tude for investigations using plasmid DNA. In addition, induction of DSB in
mammalian DNA does not lead to defined conformational changes of the DNA
molecule as in plasmid DNA. Therefore, the number of strand breaks has to be es-

2nd SSB

SSB

DSB

Dose

M
ig

ratio
n

Fig. 3. Top: Induction of strand breaks in viral and plasmid DNA. The undamaged (native)
form has a supercoiled structure. Induction of a single strand break leads to an open ring
form, whereas by induction of a double strand break the molecule is transformed into a line-
arized form. The linearized form can also result from induction of two single strand breaks in
close vicinity (Courtesy S. Brons). Bottom: The three conformations are characterized by dif-
ferent migration velocities in the gel.
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timated from the production of DNA fragments. According to the random distri-
bution of energy deposition events (see below), a random distribution of breaks
within the genome can be expected in a first approximation, and fragment sizes
will cover a correspondingly broad spectrum. Small fragments (<6–9 Megabase-
pairs) can be separated from large fragments and undamaged DNA by gel electro-
phoresis. According to the broad spectrum of fragment sizes, fragmented DNA ap-
pears as a broad smear (see Fig. 4). From the fraction of small sized DNA, the
number of DSB can then be estimated using appropriate calibration procedures.

Intact DNA
Large Fragments
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0.1
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Fig. 4. Top: Gelelectrophoretic detection of double strand breaks in cellular DNA. Intact DNA
as well as large fragments are retained in the plugs, whereas smaller fragments migrate in the
gel. The total amount of DNA detected in the broad smear below the plug is a measure of the
number of induced DSB; the width of the distribution depends on the fragment length distri-
bution. Bottom: Rejoining of DSB can be detected by measuring the kinetics of the fraction of
small fragments as a function of time after irradiation. During the incubation interval, strand
breaks are rejoined and thus larger fragments are reconstituted, so that the fraction of residual
DSB decreases with time.
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Gel electrophoretic methods are also suitable to study the processing of DNA
strand breaks such as, e.g., rejoining of the open ends by measuring the fraction of
DNA fragments as a function of time after irradiation [27]. During incubation,
strand breaks can be repaired or rejoined, so that larger size DNA fragments are
reconstituted from smaller fragments. Repair and rejoining have to be distin-
guished here, since with the methods described here the restitution of DNA length
can only be detected within certain limits, but the loss of very small fragments of
DNA during the rejoining process cannot be detected. Figure 4b gives a typical ex-
ample of such a rejoining curve after photon irradiation. Decay of the fraction of
damaged DNA obeys an exponential law with a fast and a slow component. Re-
joining of strand breaks is not always complete and, depending on radiation type
and cell line, a certain fraction of residual damage can be observed even after long
intervals of incubation. This residual damage is frequently used as indicator for the
lethality of a given radiation type [25, 28].

 

2.3.2

 

Chromosome Aberrations

 

From the rejoining of DNA DSB no conclusions about the 

 

fidelity 

 

of the rejoining
process can be drawn in general. A more detailed study of misrejoining and mis-
repair processes can be performed based on the analysis of chromosome aberra-
tions. The advantages of using chromosome aberrations as indicators for radiation
effects are that doses as low as 0.05 Gy can be detected, and that aberrations can be
directly observed in the microscope [29].

Since the duration of mitosis, in which the DNA becomes extremely condensed
and microscopically visible as chromosomes, is very short (20–30 min) compared
to the complete cell cycle duration (typically 12–24 h), only a small fraction of cells
can be found in mitosis at a given time interval. In order to increase the yield of
mitotic cells, cell populations are treated using blocking agents like, e.g., col-
cemide, which prevent cells from completing mitosis, but do not affect the prolif-
eration up to mitosis, so that with increasing time (typically 2 h) mitotic cells ac-
cumulate.

An example of a radiation induced chromosome alteration is shown in Fig. 5a;
these ‘dicentric’ chromosomes are often used as marker for lethality. Figure 5b
schematically explains how these aberrations can occur by misrejoining of two
DSB produced in two adjacent chromosomes. The lethality of dicentric chromo-
somes is attributed to the fact that during cell division the correct segregation of
these chromosomes and the accompanying acentric fragment is not guaranteed, so
that genetic information is not symmetrically distributed between the daughter
cells.

Although direct visibility of chromosome aberrations is a significant advantage,
it has to be taken into account that not all types of aberrations become visible. For
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example, if approximately equally sized pieces of DNA are exchanged between
chromosomes (which can happen if two DSB are produced in each of the two
chromosomes, respectively), this exchange could not be detected by means of
standard staining techniques as shown in Fig. 5. However, using more advanced
techniques like fluorescence in situ hybridization (FISH), it is possible to stain se-
lectively the DNA of one particular chromosome with a distinct fluorescence color
or even to stain each of the chromosomes with a different color, so that any com-
plex type of exchange of DNA chromosome pieces will become visible [30].

2 DSB

Misrepair

Replication

Fig. 5. Radiation induced chromosome aberration. The arrow indicates a dicentric chromo-
some. This aberration type is often used as marker for lethal lesions. (Courtesy S. Ritter). The
schematic drawing below illustrates the mechanism leading to the formation of dicentric
chromosomes by misrejoining of chromosome fragments resulting from two DSBs in two dif-
ferent chromosomes in close vicinity
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A second disadvantage that has to be taken into account is that investigation of
chromosomes requires the proliferation of cells up to mitosis. However, since ra-
diation damage also affects the proliferation of cells, severely damaged cells can be
expected not to reach mitosis, leading to an underestimation of radiation effects,
particularly at high doses [31, 32]. This disadvantage can be partially circumvent-
ed by using special preparation techniques, where condensation of DNA into chro-
mosomes is artificially induced also in the other cell cycle phases like, e.g., G

 

1

 

– and
G

 

2

 

–phase (‘premature chromosome condensation’, PCC) [33, 34].

 

2.3.3

 

Cell Survival

 

Investigation of radiation induced cell death, defined as mitotic death in the sense
of a complete loss of the proliferation capacity, is one of the most commonly used
methods to study radiation effects on cells. As mentioned earlier, many cell types
are characterized by regular cell division in 12–24 h intervals. Thus, according to
the exponential growth, a single cell can produce thousands of daughter cells with-
in a few days. If the cells are originally seeded in culture flasks at the appropriate
low density, the daughter cells of each individual cell appear as clusters or ‘colo-
nies’. A cell is classified as ‘survivor’ if it is able to produce at least 50 daughter cells
within a time interval of approximately 10–14 normal division cycles, i.e., 5–14
days; if less than 50 daughter cells are produced the cell is classified as dead or ‘in-
activated’ [35]. The threshold of 50 cells is an empirically determined value and
somewhat arbitrary; actually there is no clear-cut value defined because there is a
smooth transition between cells producing no daughter cells at all and cells pro-
ducing the maximum possible value of 2

 

10

 

–2

 

14

 

 daughter cells.
Most experiments to study survival probabilities are based on a so-called dilu-

tion assay, which briefly consists of the following steps (see also Fig. 6):

 

∑

 

After irradiation, a cell suspension is produced by removing the cells grown on
the bottom of the culture vessel by controlled enzymatic digestion. The cell
number in the suspension is counted.

 

∑

 

From the dose delivered, the expected fraction of surviving cells is estimated. The
cell suspension is then diluted and aliquots are reseeded to new culture vessels at
a density, that approximately 100 surviving cells are expected per culture vessel.

 

∑

 

Cells are incubated for 5–14 days typically, corresponding to 10–14 cycle times.

 

∑

 

The number of colonies with more than 50 cells is determined; the fraction of
surviving cells is then calculated by normalization to the number of cells origi-
nally seeded in the flask.

When plotting the fraction of surviving cells as a function of dose, a typically
shoulder shaped dose response curve is observed for most cell types (Fig. 6). This
type of dose response curve is usually described by a linear-quadratic approach:
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The shoulder shape indicates that the efficiency of radiation increases with
dose, which can be attributed to the more complex and thus less reparable damage
induced at higher doses. This higher complexity can be explained by the interac-
tion of damage produced in close vicinity: the probability to induce multiple ‘sub-
lethal’ damage in close vicinity increases with increasing dose. This view is further
supported by the results obtained with cell types containing genetic deficiencies,
e.g., in DNA double-strand break repair. The loss of repair capacity is reflected in
a higher overall sensitivity of the cells on the one hand, but also in a different shape
of the survival dose response curve on the other hand: the repair deficient cells
show a more or less straight line dose effect response [36]. The reduction of the
shoulder can be attributed to the loss of repair capacity; due to this loss, even non-
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Fig. 6. Dilution assay for measuring cell survival after irradiation (for details see text). The in-
sert shows typical dose response curves observed after irradiation with photon radiation of
normal, repair-proficient cells (full line) and repair-deficient, sensitive cells (dashed line)

        S D e D D( ) –( )= +a b 2



 

110

 

M. Scholz

complex damage cannot be repaired, so that already low doses exhibit a compara-
bly high efficiency of cell killing.

Considering the repair of DNA damage, it might be useful to recall some num-
bers mentioned already in Sect. 2.2. An approximate number of 35 DSB is pro-
duced in a typical mammalian cell by 1 Gy of photon radiation (estimated from
data presented in [37]), and the surviving fraction is in the order of 50% at this
dose level. Assuming that damage is randomly distributed among individual cells,
from Poissonian statistics it can be derived that a surviving fraction of 50% is
equivalent to less than one lethal event per cell per Gy on average. That means that
at least in mammalian cells only 1 out of 35 DSB can be considered to be lethal.
One major cause of this reduction is the repair of DNA damage. However, it also
has to be taken into account that not all regions of the DNA molecule seem to be
equally important with respect to the information coded on the particular regions.
Furthermore, one important result the human genome project has shown, only a
few percent of the DNA are coding for proteins [38, 39].

 

2.3.4

 

Modification of Radiosensitivity

 

Several environmental factors such as, e.g., temperature, pH, or oxygen supply
have significant impact on radiosensitivity. Figure 7 illustrates the effect of oxygen
by comparing survival curves obtained under normal oxygen supply and under
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Fig. 7. Influence of oxygen supply on radiosensitivity of Chinese hamster cells. (Redrawn from
[40])
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hypoxic conditions, where culture vessels were gassed with nitrogen before and
during irradiation. A huge difference in sensitivity by a factor of about 3 is ob-
served, expressed as the ratio of doses under normoxic and hypoxic conditions to
achieve the same biological effect. This ratio is called ‘oxygen enhancement ratio’
(OER). Typically, the OER is in the order of 2.5...3.5 for most cellular systems.

When looking at the concentration dependence of the OER, it has been shown
that a steep decline of sensitivity is observed only when reducing the oxygen con-
centration below the 1% level. In contrast, increasing the oxygen concentration
from normoxic conditions (20%) to 100% O

 

2

 

 has no detectable effect on radio-
sensitivity.

Several other substances show either radiosensitizing or radioprotective effects
and are thus of interest for, e.g., radiotherapeutic applications. On the one hand
radiosensitizers can be used to improve tumor control [41, 42]; on the other hand
normal tissue could be spared by the use of appropriate radioprotectors. However,
many radioprotectors show severe side effects themselves, making their routine
use questionable [43]; only a few substances are used in clinical studies up to now
[44].

 

2.3.5

 

Molecular Techniques

 

Several other techniques have been developed to study the radiation effects in
more detail on a molecular level [45, 46]. For example, DNA sequences are studied
in order to detect mutations induced by irradiation [47, 48]. Several types of mu-
tations can be distinguished, comprising, e.g., point mutations where only a single
base pair is affected up to deletions, where a whole region is cut out of the se-
quence.

Furthermore, consequences of the DNA damage to the complex control proc-
esses within a cell can be studied by measuring changes of the induction of protein
expression on different levels [49, 50]. As a first part of the chain, the amount of
messenger RNA can be detected.

Recently developed microarray techniques allow one to study several hundred
types of mRNA simultaneously. Variations of mRNA may lead to a corresponding
variation of the protein amount; however, this is not necessarily so, and therefore
protein levels are usually studied in parallel. In addition, the availability of mutant
cell lines with defined mutation patterns allows one to investigate the role of indi-
vidual proteins in more detail [36, 51, 52].
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2.4
Radiation Response on the Tissue Level

 

Up to now, radiation damage to single individual cells has been considered. An im-
plicit assumption for many experiments is that all cells of a population can be de-
scribed by the same average radiosensitivity parameters. This is not at all true
when dealing with more complex tissues, which are characterized by mixtures of
different cell types and a corresponding mixture of sensitivities. The particular role
of stem cells has already been described; they represent the basic important unit
with respect to recovery of the tissue from externally induced injury. However,
normal tissue response is often described in terms of more complex ‘functional
subunits’ [53]. They represent autonomous entities that are assumed to be able to
regenerate from a single surviving cell, and different types of structural tissue or-
ganization are discussed. For example, the central nervous system represents an
example of a so-called ‘serial’ organ, where the individual subunits are connected
like the links of a chain. The damage to a single link can then already lead to serious
disturbance of the organ function. At the other extreme, in parallel organized tis-
sues the failure of a single subunit can be compensated by the function of the re-
maining subunits, and only when a significant fraction of subunits is inactivated
will organ function be perturbed.

Although the functional subunits have not yet been biologically identified in all
tissues, many of the characteristic radiation effects on tissues can be explained by
the above-mentioned concept, assuming that a tissue can tolerate the loss of func-
tional subunits up to a certain limit without detectable response. Irradiation leads
to a reduction of functional subunits, and this limit thus corresponds to a thresh-
old dose below which no effect is visible. With increasing dose, the probability of
observing a certain level of response will increase, until for still higher doses, the
fraction of functional subunits becomes so low that the probability of observing
the effect will increase to 100%. The dose response is thus characterized by typi-
cally sigmoid curves as shown schematically in Fig. 8. However, it is not only direct
damage to the functional subunits of a specific organ, but also damage to the blood
vessels and the vascular structure, which might ultimately lead to a visible effect
due to the corresponding disturbance of the supply with oxygen and/or nutritional
factors [54].

An important parameter directly related to the kinetics of cell proliferation is
the latency period, i.e., the time interval between irradiation and the occurrence of
a clinically observable tissue damage. In general, the latency period is shorter for
tissues with high proliferative rate like skin and mucosa, because damage leading
to the loss of the proliferative capacity is expressed early (‘early responding tis-
sues’). In contrast, tissues with slowly proliferating cells require longer times to ex-
press the damage (‘late responding tissues’). Furthermore, in general tissues with
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a high proliferation rate are more sensitive to radiation compared to the slowly
proliferating tissues.

It has been shown that the response of tumor tissue to irradiation can also be
well described in terms of the stem cell concept [55]. With respect to the heteroge-
neity of the cell population, hypoxic cell fractions play a particularly important
role in tumor tissues. Since many tumor types are characterized by an insufficient
vascularization compared to normal tissues, they can contain substantial fractions
of hypoxic cells. Due to the significantly increased resistance of hypoxic as com-
pared to oxic cells, this cell fraction ultimately determines the probability of tumor
cure.
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Fig. 8. Schematic representation of the dose dependence of the fraction of functional tissue
subunits (FSU). A response can be clinically detected only, if the fraction is reduced below a
certain threshold (top). This leads to the typical sigmoidal response curves, when the proba-
bility to induce a given effect is plotted as a function of dose (bottom)
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Studies of tissue effects are usually based on animal (in vivo) experiments. Be-
cause of ethic reasons, and the considerable efforts to perform animal experi-
ments, several experimental in vitro systems have been developed to mimic typical
tissue effects as closely as possible. These comprise comparably simple systems
based on a three-dimensional growth pattern distinct from the conventionally
used monolayers of cells [56–58] up to quite complex systems with coculture of
different cell types or utilizing the differentiation capacity of cells in vitro, leading
to highly structured and compartmentalized 3D-cell systems [59].

 

3

 

Physical Characteristics of Ion Beams

 

Both photons and ions have in common that they induce biological damage via
emission of secondary electrons when penetrating matter. However, ion beams
show a quite distinct spatial distribution of energy deposition compared to pho-
tons on a microscopic as well as on a macroscopic scale. These differences are re-
sponsible also for their different biological action and will thus be described briefly
here.

 

3.1
Microscopic Features

 

Photons deposit their energy mostly via photo- and Compton processes, produc-
ing secondary electrons that – if their energy is sufficient – can give rise to further
ionization events and thus produce tertiary and higher order generation electrons.
Since the energy deposition of an individual photon within a cellular volume is
comparably small, many photons contribute to the total energy deposition when
doses are in the order of 1 Gy or higher. This leads to a random spatial distribution
of energy deposition events even throughout volumes of the size of typical cellular
dimensions. Thus, the expectation value for an energy deposition in any small sub-
volume of the nucleus is almost constant throughout the nucleus.

The situation is entirely different for ion irradiation, as shown in Fig. 9. Ions
also deposit their energy by emission of secondary electrons from the target atoms;
however, the spatial distribution of these electrons leads to an extremely localized
energy deposition along the trajectory of the primary ion. This is a consequence of
the fact that the emission of electrons is peaked in a forward direction and that the
overwhelming fraction of 

 

d

 

-electrons emitted at large angles has comparably low
energies and thus short ranges [61]. Only a few electrons are produced at higher
energies, which can transport energy to more distant locations from the trajectory.

The maximum range of the highest energetic electrons increases with the spe-
cific energy of the primary particle. The radial distribution of energy deposition
within a particle track can be described in terms of the average energy deposition
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d(r) as a function of the distance r from the track center, the so called radial dose
profile, as shown in Fig. 10.

A characteristic feature of the radial dose profile is the 1/r

 

2

 

-dependence of the
local dose. Only for very small distances is there a leveling off, and for large dis-
tances the maximum range electrons limit the distribution. The maximum range
can be described by a power law:

where R

 

max

 

 is measured in µm and E is the specific energy of the ion in MeV/u
[62].

In the longitudinal direction particles are usually characterized by the linear en-
ergy transfer (LET), representing the energy deposited per unit track length. Al-
though not being exactly identical, for the purposes of the present paper LET can
be thought to be equivalent to the stopping power dE/dx.

It is often useful to plot biological effects not only as a function of dose, but as
a function of the particle fluence F, which are related by

where the dose D is given in Gy, the linear energy transfer LET in keV/µm, the flu-
ence F in 1/cm
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Fig. 9. Simulation of d-electron emission by low energetic protons (left) and carbon ions
(right) when penetrating tissue; tissue is assumed to be water equivalent. The dashed line at x=
0 represents the trajectory of the primary ions, the full lines represent the paths of individual
secondary electrons. The size of a DNA-helix is shown for comparison in the left panel. (Cour-
tesy M. Krämer; for details see [60])
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In order to allow a more intuitive understanding of the particular biological ef-
fects of ion radiation, Fig. 11 compares the microscopic distribution of energy
deposition of photons and ions for the typical dimensions of a cell nucleus. All
four panels represent the same average dose, but due to the decreasing LET with
increasing energy of the ion, the fluence increases as well at a fixed dose according
to Eq. (3).

For photons the distribution is flat, reflecting the homogenous distribution of
the expectation value of energy deposition. In contrast, low energetic ions exhibit
the other extreme: in very small areas around the particle tracks extremely high lo-
cal doses up to 106 Gy are deposited, which is compensated by large areas between
the individual tracks where no energy is deposited at all. With increasing specific
energy of the ions, the LET decreases and the track radius increases. Therefore, in-
creasing overlap of contributions from different tracks is expected, which in com-
bination with the increasing fluence leads to decreasing heterogeneity of the mi-
croscopic dose distribution. If the energy were to be further increased, in the as-
ymptotic behavior the distribution would then resemble the flat distribution as de-
scribed for photon irradiation.
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Fig. 10. Local dose deposited in carbon ion tracks at different specific energies as indicated in
the legend (Courtesy M. Krämer)
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3.2
Macroscopic Features

Besides these distinct microscopic features, particle radiation also differs consider-
ably from photon radiation with respect to the macroscopic distribution, i.e., the
depth dose distribution. The typical shape is caused by the velocity-dependent
stopping power, as described by the Bethe-Bloch-formula [63, 64]:

where b=v/c and Zeff represents the effective charge of the ion. Figure 12 shows a
compilation of dE/dx-values for different ion species in the energy range 1–
1000 MeV/u. The energy loss is comparably low at high energies and thus veloci-
ties. With increasing depth in tissue, the velocity is reduced and thus the energy
loss increases up to a maximum just before the maximum range of the ion (‘Bragg-
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peak’). At very low energies, the originally high charge of the ion is decreased by
electron capture, so that according to the Z2-dependence dE/dx drastically drops
towards the end of the particle track.

Figure 13 compares the typical depth dose profiles of carbon ion beams at dif-
ferent energies with the depth dose distribution of photons produced using a 20-
MeV electron linac. The small tail of dose deposition beyond the Bragg-peaks is
due to the nuclear interaction of the projectiles with the target atoms, leading to
fragmentation of the primary ions into lighter particles. These lighter particles
have a larger range compared to the primary projectiles and thus can deposit en-
ergy at greater depth.

Within the framework of therapeutical applications of ion beams, this depth
dose profile is often called ‘inverted’, because it shows low energy deposition at the
entrance to tissue and high dose deposition in depth, in contrast to photon radia-
tion, where in general the dose deposited in depth is lower than the dose deposited
in the entrance region. The only exception to this general rule is the build-up effect
for very high energetic photon beams, which can be explained by the forward
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Fig. 12. Energy loss of different particle types as a function of specific particle energy. (Based
on data presented in [65])
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peaked emission of high energetic secondary electrons; the secondary electron
equilibrium is only reached after a few millimeter or centimeter penetration depth.

As will be explained later in more detail, the specific depth dose curve makes ion
beams extremely suitable for radiotherapeutic applications to deep seated tumors
because of the higher ratio of dose deposited in depth (and thus in the tumors) as
compared to the dose deposited in the surrounding normal tissue. Besides the
depth dose profile, further effects like, e.g., extremely small lateral and range strag-
gling allow a very precise conformation of the dose to the tumor.

3.3
Neutron Beams

Neutrons show similar effects with respect to their biological action as charged
particle beams, since their biological action is caused by the secondary charged re-
coil particles produced by nuclear interactions of the neutrons when penetrating
matter. The spectrum of secondary particles consists mainly of low energetic pro-
tons and – depending on the initial neutron energy – a small fraction of heavier
charged recoils from helium to oxygen [66, 67]. Therefore, biological effects ob-
served with low energy, light- to intermediate charged particle beams, can explain
many radiobiological aspects of neutron irradiation. However, the depth dose dis-
tribution of neutron beams is similar to that of photons, so that the dose confor-
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mation achieved with neutrons is considerably worse compared to the conforma-
tion achieved with ion beams.

4
Biological Effects of Ion Irradiation

This section first reviews the basic systematics of ion irradiation effects on single
cells. The dependence of the biological effectiveness on dose, ion type, LET, and
the influence of the cell type will be described. All effects will be discussed with re-
spect to the particular physical characteristics of ion beams, i.e., track structure.
The discussion includes description of the influence of environmental factors such
as, e.g., oxygen supply. In addition, some recent results regarding the direct visu-
alization of the extremely localized biological action of charged particles will be
presented. The last paragraph then summarizes aspects of normal and tumor tis-
sue response to charged particle irradiation.

4.1
The Relative Biological Effectiveness (RBE): Definition

The specific biological effects of charged particle radiation were recognized as early
as 1935 [68]. However, systematic studies have been performed only after acceler-
ators became an important tool for nuclear physics studies and could then be used
also as radiation source for radiobiological applications [69–71]. A typical survival
curve as obtained after irradiation of Chinese hamster cells with low energetic car-
bon ions is shown in Fig. 14 in comparison with the dose response curve after pho-
ton irradiation. Two essential differences are clearly visible:
∑ Cells respond significantly more sensitive to carbon irradiation compared to

photon irradiation, i.e., carbon ions show an enhanced biological effectiveness
compared to photons.

∑ The shape of the survival curves differs considerably. Whereas for photon irra-
diation the typically shouldered shape is observed, low energy carbon irradia-
tion leads to an approximately linear dose response curve.

The enhanced effectiveness of ion beams is described in terms of the Relative Bio-
logical Effectiveness (RBE), defined as the ratio of absorbed doses, which have to
be applied for the two radiation types to achieve the same biological effect:

In most cases, 200 kV or 250 kV photon radiation is used as reference radiation.
The respective biological effect level has to be defined, because the different shapes

RBE
D

DI
Isoeffect= g
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of survival curves imply a variation of RBE with the dose or effect level (see below).
As discussed in Sect. 2.3.3, shouldered shaped dose response curves indicate the
repair capacity of cells; the loss of the shoulder shape for low energetic carbon ions
is thus a first hint that increased biological effectiveness is related to decreased re-
pair capacity. In principle, this can be explained by the extremely high local doses
inside the individual particle tracks as illustrated in Figs. 9 and 11. The large
number of secondary electrons traversing the DNA is expected to lead to correlat-
ed damage in close vicinity, which are more difficult to repair.

4.2
Systematics of RBE

4.2.1
Dose Dependence

Due to the different shape, the survival curves cannot be simply transformed into
each other by a common scaling factor applied to the dose values. Since the dose-
response curve for low energy carbon irradiation can be described by a linear term:

the limiting RBE for DÆ0 is given by the ratio of the linear coefficients aI and ag:
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Fig. 14. Explanation of RBE. Experimental data: survival of CHO-K1 Chinese hamster cells
(Experimental data from W. Kraft-Weyrather)
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With increasing dose, the RBE decreases, reaching an asymptotic value close to one
for very high doses. Figure 15 shows the dose dependence of RBE for the example
shown in Fig. 14. It should be pointed out here that although RBE varies with dose,
this does not imply actually a variation of the effectiveness of the charged particle
radiation with dose. Instead, it merely reflects the increase of the effectiveness of
the reference radiation with dose, as expressed in the nonlinearity of the dose re-
sponse curve in this case.

4.2.2
Energy/LET Dependence

The increased RBE is not unique for all different kinds of charged particle radia-
tion. Instead, it strongly depends on the particular physical characteristics of the
ion beam as determined, e.g., by the energy and LET of the particles under consid-
eration. This is demonstrated in Fig. 16, where survival curves of Chinese hamster
cells after irradiation with 11 MeV/u, 77 MeV/u, and 267 MeV/u carbon ions are
compared. Obviously RBE decreases with increasing particle energy. Since energy
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Fig. 15. Dose dependence of RBE for the data shown in Fig. 14
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is correlated with LET (see Fig. 12), this transforms into a rise of RBE with LET, as
demonstrated in Fig. 17. However, RBE increases only up to a certain maximum at
an LET of approximately 250 keV/µm, and beyond the maximum it decreases de-
spite the further increase of LET.
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Fig. 16. Variation of biological effectiveness of carbon ions with specific energy. (Experimental
data redrawn from [72])
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at very low doses, defined by the ratio aI/aX of the linear coefficients (Redrawn from [72])
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Such systematics can be explained based on the known systematics of charged
particle track structure as illustrated in Fig. 10. The increase of RBE from low to
intermediate LET-values can be attributed to increasing energy concentration
within the particle tracks; it is a consequence of the increasing LET itself and the
simultaneous decreasing track diameter with decreasing specific energy. The cor-
respondingly higher ionization density leads to more complex damage, which is
more difficult to repair and thus results in the increased effectiveness.

4.2.3
Particle Dependence

Although often assumed to represent the essential parameter, LET is not suitable
to define uniquely the increased biological effectiveness of charged particles (see
Fig. 18). For example, the action of protons has been studied in detail and com-
pared to the effectiveness of a-particles at the same LET [73, 74]. Protons show a
significantly higher effectiveness compared to alpha particles in the LET region
20–30 keV/µm, where protons already have reached maximal RBE values; in con-
trast, this maximum is shifted for alpha particles to about 100 keV/µm. The same
systematics extends to even heavier particles: for neon ions, the maximal RBE val-
ues are found for LET values of approximately 250 keV/µm [75].

Protons, Belli et al.

He, Furusawa et al.

Ne, Furusawa et al.
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Fig. 18. Dependence of RBE on particle type. (Data for protons: redrawn from [74]; data for
helium and neon ions according to [75])
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These differences can be explained by similar arguments as already mentioned
in the last section. When comparing different particles at the same LET, it has to
be taken into account that according to Eq. (4) and Fig. 12 the particles have dif-
ferent specific energies. Thus, the corresponding track radii are different, and the
same amount of energy is distributed in a larger track volume in the case of the
higher energetic particle. Since the heavier particle has the higher energy for a giv-
en LET, it thus shows the lower energy density and thus the lower RBE.

4.2.4
Cell Type Dependence

One important aspect of RBE is that it is not solely determined by the physical
properties of the ion beams; the biological characteristics of the particular cell type
under consideration also plays a key role. This is demonstrated in Fig. 19 where the
RBE as a function of LET is compared for three different cell types. All three cell
types have a similar origin; they are derived from Chinese hamsters, but are from
different organs (V79: lung fibroblasts; CHO: ovary cells) and one of them carries
a genetic deficiency (XRS: genetic variant of CHO). V79 and CHO cells are genet-
ically wild type and are repair proficient. In contrast, XRS cells are characterized
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Fig. 19. Dependence of RBE on the biological system. V79-, CHO-cells: repair-proficient nor-
mal cells; XRS-cells: repair-deficient, sensitive cells (redrawn from [72])
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by a mutation of a gene coding for a protein involved in the recognition of DNA
double strand breaks [76, 77]. As a consequence, the repair capacity of DNA dou-
ble strand breaks is diminished in XRS cells as compared to V79 and CHO cells.

These genetic differences lead to correspondingly different radiosensitivities af-
ter X-irradiation: whereas XRS cells are most sensitive and show an almost linear
dose response, V79-cells are most resistant, and their dose response is character-
ized by a pronounced shoulder. In contrast, the dose response curves for high-LET
radiation become very similar, and only minor differences are observed between
XRS and V79 cells [72]. However, due to the differences observed for the reference
(photon) radiation, RBE values are different for three cell lines, despite their sim-
ilarity of response to high LET radiation. Whereas V79 and CHO cells show a sig-
nificantly enhanced RBE, for XRS cells almost no increase of RBE is found, al-
though the physical characteristics of the charged particles is exactly the same as
for the experiments with V79 and CHO cells. However, the XRS cells share the ten-
dency of decreasing RBE for LET values above 200–300 keV/µm with the other cell
types.

The explanation for the missing increase of RBE is not as obvious, because at
first glance one should expect that the same arguments concerning the increased
ionization density within the tracks should hold true for all cell types. However, it
has to be kept in mind that an essential part of the explanation was the expected
increased complexity of the damage induced by high ionization densities, which
are more difficult to repair. If, however, a cell shows a deficiency related to damage
repair, increased complexity might not transform into increased effectiveness,
since already non-complex damage cannot be repaired.

4.3
Very Heavy Particles

Up to now we have focused on the biological action of light to intermediate heavy
charged particles in the range from proton to neon ions. As already indicated in
Fig. 17, after reaching a maximum at approximately 200 keV/µm, RBE does not
further increase but instead decreases towards higher LET values. Such systematics
continues for heavier particles. Figure 20 compiles RBE values over the whole
spectrum of particles from He up to uranium; for the heaviest particles RBE values
as low as 0.05 are observed. These low values are in particular puzzling with respect
to the arguments concerning ionization density mentioned above: they seem to be
totally inconsistent with the extremely high energy density within, e.g., uranium
particle tracks.

For the explanation of these low RBE values it has to be taken into account that
the same average dose corresponds to different particle fluences according to
Eq. (3). For example, a dose of 10 Gy corresponds to 4¥107 particles/cm2 for
11 MeV/u carbon ions (LET: 153 keV/µm), but only 4¥105 particles/cm2 for
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5 MeV/u uranium ions (LET: 15,000 keV/µm). As a consequence, different average
numbers of particle traversals per nucleus are expected.

The traversal probability is solely determined by geometrical factors, i.e., the
size of the critical target which is assumed to be the cell nucleus. The average
number of hits for a given fluence is then:

where A is the nuclear area and F represents the fluence.
Since the nuclear size of mammalian cells is in the order of 100 µm2, fluences of

approximately 106 particles/cm2 have to be applied in order to achieve an average
of 1 particle traversal per cell nucleus.

In order to investigate the effectiveness of individual particle traversals, the bi-
ological effect has to be compared on the basis of the same particle fluence instead
of the same average dose. Figure 21 compares the difference of both approaches for
low energetic carbon and uranium ions. Whereas carbon ions are considerable
more effective with respect to the average dose deposition, uranium ions are more
effective when compared on a per particle basis.

The low RBE values for uranium ions reflects the fact that the dose deposited by
a single particle traversal is much higher than necessary to kill the cell, leading to
saturation or ‘overkill’ effects. On the other hand, due to the comparably low flu-
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Fig. 20. RBE as a function of LET for particle species from helium up to uranium. (redrawn
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ences, a certain fraction of cells will not be traversed by a particle at all because of
the stochastic distribution of traversals. Consequently, these cells are not damaged
and thus will survive. A combination of both effects leads to the apparently low ef-
fectiveness of cell killing as expressed by their low RBE.

Since the probability of particle traversals is determined only by the fluence, but
is independent of the particular LET, all particles above a certain LET should ex-
hibit similar fluence effect curves which is consistent with the experimental results.
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Fig. 21. Comparison of dose-response curves (top) and fluence-response curves (bottom).
Both panels are based on the same data; fluences are converted to doses according to Eq. (3)
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4.4
Inactivation Cross Section

The great importance of fluence has led to the introduction of a fluence related pa-
rameter to describe radiation effects of charged particles. Since empirically it is
found that dose- or fluence effect curves are linear for heavier particles at low en-
ergies, a single parameter is sufficient to represent the survival curve: the inactiva-
tion cross section s. It is defined as the slope of the fluence effect curve:

(In cases of lighter particles and/or higher energies, where curves are still shoul-
dered, the final slope of the response curve is usually taken as measure for the cross
section.)

Fluence and dose response curves are interrelated by a transformation of LET
in dose, so that using only the linear term of Eq. (1) we get:

4.5
Systematics of Inactivation Cross Sections

Comparison of inactivation cross sections allows a clear overview over the system-
atics of biological action of charged particles. Figure 22 displays sI as a function of
LET over the whole range of particles from helium up to uranium.

The data show a quite complex behavior of s as function of Z and LET and re-
semble the structures of the RBE(LET)-dependence shown in Fig. 20. For compar-
ison, the dashed line represents the expected dependence, if RBE were constant for
all particles. This corresponds to a constant value of a, and according to Eq. (10)
the inactivation cross sections should then simply increase proportional to LET.
The data lie above this line in the LET range from 50 to 500 keV/µm. For higher
LET values and very heavy ions, the data exhibit a pronounced hook structure, but
lie significantly below the dashed line and thus reflect the extremely low RBE val-
ues shown in Fig. 20.

To facilitate the explanation of these structures, the same data rare redrawn in
Fig. 23 now as a function of the specific particle energy. It is clearly visible, that for
the extrapolation to low energies inactivation cross sections show a convergent be-
havior to a common value of approximately 40 µm2. With increasing energy, the
curves successively diverge. For very heavy ions like, e.g., uranium, an increase of
s is observed. For krypton ions this rise is already significantly reduced, and for
light particles like carbon the dependence is inverted, i.e., decreasing s are ob-
served with increasing energy.

        S e I F= –s

        
s a a

rI F D LET F= = ◊ ◊ ◊ ◊ ◊1 602 10
19. –



130 M. Scholz

101 102 103 104 105
2 5 2 5 2 5 2 5

LET [keV / mm]

In
ac

ti
va

ti
o

n
 c

ro
ss

 s
ec

ti
o

n
 [m

m
2 ] 100

10

0
RBE =

 co
nst.

He

C

Ne

Ar

Kr

Xe

U

Fig. 22. Inactivation cross section for V79 Chinese hamster cells as a function of LET. (Data re-
drawn from [78])

20 1 53 4 8 9 106 7

C

Kr

U

120

100

80

60

40

20

00

In
ac

ti
va

ti
o

n
 c

ro
ss

 s
ec

ti
o

n
 [m

m
2 ]

Energy (Me/u)

Fig. 23. Inactivation cross section for V79 Chinese hamster cells as a function of specific par-
ticle energy. (Data redrawn from [78])



Effects of Ion Radiation on Cells and Tissues 131

Again, track structure is the key to understand the complex dependencies seen
in Figs. 22 and 23. For EÆ0, s(E) is approximately the same for all ions in the re-
gion C-U. The reason for this similarity is the small track radius for low energies
and the comparatively high LET. In this case, energy can be deposited in the cell
(nucleus) only with direct traversals, and the probability of traversals is solely de-
termined by the geometric cross sectional area of the nucleus. If LET is sufficiently
high, each individual traversal will lead to inactivation with high probability, and
inactivation probability depends only on the hit probability, but not on the partic-
ular LET. Therefore, inactivation cross sections are similar for different particles.

With increasing energy, the track radius increases as well according to Eq. (2).
Then even particles with an impact parameter d>rnucleus can deposit energy in the
nucleus. For very heavy ions, energy deposition from those indirect hits might still
be sufficiently high to kill the cell, because the local dose at the boarder of the track
is still considerable. Thus, in this case inactivation cross-sections rise with particle
energy. Although the track width is the same also in the case of carbon ions, the
local dose deposited at a certain distance from the track center is considerably low-
er compared to the case of uranium ions due to the lower LET. In this case, the en-
ergy deposition is too small to lead to inactivation for large impact parameters
d>rnucleus. In addition, according to Fig. 12, LET decreases with increasing specific
energy, so that even a direct hit may not be sufficient to kill a cell. Therefore inac-
tivation cross-sections decrease with increasing energy in the case of lighter ions
like, e.g., carbon. For intermediate heavy particles both of the effects described
above contribute, so that decrease of LET more or less compensates for the increas-
ing track diameter.

Using Fig. 12, the systematics described above can be converted to the system-
atics of s as a function of LET. The characteristic hook structure thus is a conse-
quence of the variation of track diameter with particle energy. The dominance of
the physical aspects of track structure at very high LET is further supported by the
similarity of the s(LET)-dependencies for different biological systems and end-
points as summarized, e.g., by Kraft [78]. In general, they all exhibit a pronounced
hook structure for ions heavier than argon as demonstrated also in Fig. 22.

4.6
Oxygen Effect

For low-LET radiation a pronounced dependence of radiosensitivity on the oxygen
supply is observed. This effect is largely reduced for high-LET radiation, and nearly
vanishes for LET>1000 keV/µm (see Fig. 24). This feature of high-LET radiation is
expected to be a remarkable advantage in tumor therapy. The resistance of hypoxic
cells, even if only contributing as a very small fraction to the total tumor mass, can
limit the probability of tumor cure in the case of conventional radiation. In con-
trast, for high-LET radiation, according to the results described above, hypoxic



132 M. Scholz

cells exhibit a similar sensitivity as normoxic cells and should thus allow a signifi-
cant increase of tumor control in the case of tumors with hypoxic cell fractions.

4.7 
The Role of Increased Ionization Density

The explanation of the systematics of RBE and s as a function of particle energy
and LET were largely based on arguments concerning ionization density. Increased
ionization density was assumed to lead to more complex and thus less reparable
damage. Although plausible, these arguments need of course further confirmation
from experimental data. This section summarizes experiments showing more di-
rectly the influence of the increased ionization density of charged particle radia-
tion on the complexity and reparability of damage.

4.7.1
Double Strand Break Induction and Rejoining

Intuitively one would expect the increased ionization density to lead to a higher
yield of severe damage, e.g., DSB. Surprisingly such a higher rate of DSB production
has not been found; RBE values for DSB induction are very close to one even in
LET-regions where the RBE for survival is significantly enhanced [81]. Obviously,
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Fig. 24. Dependence of oxygen enhancement ratio on LET for different particles. (Data re-
drawn from [79, 80])
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there is no simple correlation between DSB induction and lethality. However, it has
to be kept in mind that the measurements of DSB induction based on gel electro-
phoretic methods give average yields, but no conclusions can be drawn on the spa-
tial distribution of DSBs within the individual cells. For example, when considering
a given number of DSBs, their biological effect might well depend on whether they
are all produced as clusters in a small subvolume of the nucleus (as would be expect-
ed for particle tracks) or homogeneously distributed throughout the nucleus. Clus-
ters of DSB constitute a more complex type of damage which is more difficult to re-
pair. This is consistent with results from studies of the rejoining of DNA fragments.

These studies indicate that, although the initial yield of DSB is similar for dif-
ferent radiation types, the residual damage after high-LET radiation is usually
higher due to the reduced reparability of the complex damage induced. Residual
damage is thus thought to be the more appropriate measure of lethality than the
primary induced damage.

Figure 25 gives typical examples of the rejoining kinetics after X-irradiation and
irradiation with low energetic Ni ions. Both the time constant as well as the frac-
tion of residual damage are significantly increased for the low energy nickel irradi-
ation. This finding is fully compatible with the changing slope of the survival
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Fig. 25. Influence of radiation quality on the rejoining of double strand breaks in CHO cells.
The relative fractions of DSB are normalized to the initial number of DSB observed at t=0. The
dose values for photon and nickel ion irradiation were adjusted to induce approximately the
same absolute number of DSB at t=0. (Courtesy G. Taucher-Scholz)
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curves, the vanishing shoulder at low energy being an indicator of the more com-
plex and thus less reparable damage.

Although the standard assay for detection of rejoining does not lead to conclu-
sions about the fidelity of the rejoining process, more detailed investigations re-
vealed that close vicinity of DNA damage actually leads to a significantly higher
rate of misrepair processes [82].

However, it is not only the spatial vicinity of DSB which might influence the ef-
fectiveness. In particular combinations of different types of damage, e.g., DSB plus
base damage or even clusters of damage containing no DSB, which are produced
much more frequently, are discussed as relevant complex damage [22].

4.7.2
Chromosome Aberrations

Investigation of chromosome aberrations also revealed the influence of radiation
quality on the rate of rejoining and repair of DSB. For example, the yield of ex-
change type aberrations, requiring rejoining of chromosome fragments induced
by at least two DSB in two chromosomes, is significantly smaller for high-LET ra-
diation than for low-LET radiation. Complementarily, the rate of chromatid
breaks is considerably enhanced [31].

In contrast, after conventional X-irradiation, the damage is distributed homog-
enously throughout the nucleus, so that the involvement of many chromosomes is
much more likely, leading also to the higher rate of exchange type aberrations be-
tween different chromosomes.

A particularly impressive consequence of the extremely localized energy depo-
sition is shown in Fig. 26. It shows a mitotic cell irradiated with low energetic, very
heavy ions. Whereas most chromosomes appear unaffected by irradiation, in one
single chromosome a huge number of breaks is induced, leading to a particular
type of aberration called ‘disintegration’ [83]. Due to the spatial separation of in-
dividual chromosome territories during mitosis, it is very likely that a single par-
ticle traversal through the nucleus only damages a single or few chromosomes,
leaving the remaining chromosomes totally unaffected. Similar patterns of chro-
mosome damage have been also found after irradiation of cells with extremely fo-
cused laser-UV-irradiation [84].

4.7.3
Fractionated Irradiation

Further evidence for the severity and complexity of high-LET induced damage
comes from studies of fractionated irradiation. Here, the total irradiation dose is
given in two or more fractions with a certain time interval in between. During this
time interval, cells are incubated under optimal conditions, so that at least part of
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the damage can be repaired, leading to an overall decreased effect of fractionated
compared to single dose exposure.

For photon irradiation these effects are generally very pronounced. In contrast,
with increasing LET the fractionation effect decreases and eventually completely
disappears; in some cases even an enhanced effectiveness is reported [85]. This in-
dicates, that no repair of radation damage is possible in the interfractionation in-
terval, supporting the view of more complex damage induced by particle radia-
tion.

4.7.4
Direct Visualization of Localized Damage

More recently, new methods have been applied to visualize directly the localized
damage induced by particle radiation. These methods are based on immunofluo-
rescent staining of nuclear sites containing proteins involved in DNA repair. Accu-
mulation of these proteins is thought to be an indicator of particular severe and
probably irreparable damage [86, 87].

Figure 27 shows an example of such an experiment, demonstrating accumula-
tion of the p21-protein confined to the sites of particle traversals. The beam direc-

Fig. 26. Observation of chromosomal disintegration (arrow) after irradiation of mitotic cells
with low energetic, very heavy particles. The complete destruction of parts of the chromosome
can be explained by the extremely high ionization density within the particle track (Courtesy
S. Ritter)
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Cell nucleus

Fig. 27a–c. Visualization of the localized DNA damage by immunofluorescent methods: a
phase contrast microscopic image of human fibroblast cells; b immunostaining of p21-protein
after irradiation of the cells with 10.1 MeV/u Ca ions. The image is taken at exactly the same
position as the phase contrast image a – the position and shape of a cell nucleus is indicated
for comparison; c position of the individual particle tracks as observed in nuclear track detec-
tors on which the cells were grown. As indicated by the outline of the cell nucleus, the immu-
nostaining pattern shown in b reflects the track pattern in c and thus confirms, that the bio-
logical response is confined to the small regions of high ionization density within the track
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tion is perpendicular to the image plane in Fig. 27, and each spot in the cell nucleus
highlighted in the middle panel indicates the traversal of a single ion. This has been
proven by correlation of the fluorescent spots with the image of etched ion tracks
as shown in the lower panel, taken from exactly the same position of the sample
[88]. Although the particular role of the p21-protein in this response to particle in-
duced damage is not yet known, its colocalization with other proteins involved in
DNA repair suggests a new role in DNA damage processing. The localized accu-
mulation of these proteins is completely compatible with the distribution of dam-
age expected according to the local dose distributions as shown in Fig. 11.

4.8
Bystander Effects

The term ‘bystander effect’ is used to describe situations where not only the prima-
rily damaged cells respond to radiation, but also neighboring cells show a response
without being directly damaged. This is particularly relevant in the case of charged
particle radiation because of their stochastic properties. Diluting the average dose
corresponds to a decrease of the particle fluence and thus the average number of
traversals n. Therefore, in the case of n<1 it is not the dose to the individual cell
which is decreased, but instead it is the fraction of cells receiving a particle hit
which is reduced. Therefore, at low fluences there is a mixed population of hit and
thus potentially damaged cells and unhit or unaffected cells. The bystander effect,
however, can induce a response even in these unhit cells.

There is now increasing evidence for significant contributions of the bystander
effect at low doses, although mechanisms are still to be elucidated. For many of
these studies, special irradiation facilities (microbeam facilities) have been used,
which allow one to irradiate individual cells with a predefined number of particles
at high spatial resolution (<1 µm) [89–91]. On the one hand this allows one to
choose a particular site within the cell (cytoplasma vs nucleus) for irradiation, on
the other hand defined numbers of cells can be irradiated with defined numbers of
particle traversals, thus avoiding some inherent problems related to the stochastic
distribution of particle hits in conventional irradiation experiments.

Using such a facility, it has been shown for example that more damaged cells can
be found than primarily irradiated [92, 93]. The comparably low cell density and
the spatial distribution of damaged cells with respect to the irradiated cell suggest
a soluble factor transmitted through the medium as reason for the observed by-
stander effect.

Other experiments revealed an increased rate of transformation or mutation
compared to the expectation value based on the number of traversed cells [94, 95].
Furthermore, induction of gene expression has been studied using directed as well
as stochastic particle irradiation. These experiments also indicate a more pro-
nounced increase of the response than expected on the basis of the number of tra-
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versed cells, which is interpreted as bystander effect. Some experiments revealed,
that direct cell-cell contact mediated via gap-junctions might play an important
role for this type of bystander effect [94, 96, 97]. The bystander effect could also
explain at least partially the hypersensitivity observed after irradiation with
charged particle beams at very low doses [98–100].

However, there is not yet a clear line of evidence which could explain all the puz-
zling and partially contradictory results. However, heavy ion beams and in partic-
ular the microbeam facilities are ideally suited to study bystander effects.

4.9
Tissue Effects

The above-mentioned bystander effects are expected to be of importance for un-
derstanding the response of tissues to radiation injury, because cells in a tissue are
usually connected by complex communication networks. In fact there are first in-
dications that bystander effects cannot only be detected in in vitro systems, but
also in in vivo-like systems such as, e.g., tissue explants [101]. Since bystander ef-
fects play a role at low doses and low fluences, they might be in particular relevant
for studies of mutation and transformation related to radiation protection. For ap-
plications of ion beams in tumor therapy, doses and thus fluences are usually com-
parably high, so that the fraction of unhit cells is small.

Therefore, the effects of indirect injury might be masked by the comparably
higher contribution of direct injury.

4.9.1
Normal Tissues

Experimental studies of heavy ion irradiation on tissues have been performed
mainly for the preparation of heavy ion therapy facilities as, e.g., in Berkeley
(USA), Chiba (Japan), and Darmstadt (Germany) [102–108]. Generally, it is
found that the types of tissue damage induced by ion beam irradiation are similar
to those found after X-irradiation, at least from the histopathological point of view
[109–111]. Furthermore, the relative shape of the dose response curves is similar
for both radiation qualities. However, for high-LET radiation, the curves are shift-
ed to lower doses due to the increased RBE, i.e., the same level of effect is observed
at lower doses of ion beam irradiation compared to photon irradiation. Assuming
that stem cells represent the basic unit responsible for regeneration of a functional
tissue subunit after radiation insult, this difference can be explained by the in-
creased inactivation effectiveness for these stem cells. Since the time scale of devel-
opment of detectable tissue damage is largely determined by the turnover rate of
the particular cell system under consideration, it becomes plausible that the time
scale of the development of tissue reactions is at least similar for ion irradiation
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and photon irradiation; some studies indicate slightly shorter latency periods for
ion irradiation.

Most of the studies have been performed either using skin or intestinal irradia-
tion on the one hand or spinal cord on the other, representing typical examples of
early and late responding tissues, respectively. Similar to cellular effects, RBE val-
ues depend on several physical factors such as, e.g., particle type, dose, LET, as well
as on biological factors like, e.g., tissue type and biological endpoint under consid-
eration. With respect to application in tumor therapy, the tissue dependence of
RBE is of major importance. In general, higher RBE values are found for late re-
sponding tissues than for early responding tissues [103]. Such systematics is con-
sistent with the findings of studies using neutron radiation [112, 113]. Similar to
the differences between repair proficient and repair deficient cells, the differences
of RBE between early and late responding tissues can be mostly attributed to dif-
ferences in the shape of the reference dose-effect-curve, whereas the dose response
curves for high-LET-radiation become very similar [114].

4.9.2
Tumor Tissue

Since in general normal tissues surrounding the tumor volume are limiting the
dose that can be given to the tumor, most studies of high-LET effects have been
performed using normal tissue systems. Studies of experimental tumor systems
have been mainly performed in the framework of heavy ion therapy at the BEVA-
LAC [115–119]. In these experiments, the tumor response was studied on differ-
ent biological levels including tumor cure and tumor growth delay. A particular
type of experimental tumor (rhabdomyosarcoma) was chosen, which is character-
ized by a high potential to develop hypoxic areas and is thus suitable to exploit the
potential advantages of high-LET radiation with respect to a reduced oxygen de-
pendence of radiosensitivity. The results supported the advantage of heavier ions
like neon beams for therapeutical applications in the case of tumors containing a
significant hypoxic fraction. However, it has to be taken into account that neon
ions would also exhibit a significantly increased RBE in the surrounding healthy
tissue.

The results have stimulated further investigations on the role of hypoxic frac-
tions in charged particle tumor therapy. Ando et al. [120] and Oya et al. [121]
studied the reoxygenation of experimental mouse tumors after charged particle
radiation as compared to photon radiation. Reoxygenation describes the oxygen
supply of formerly hypoxic cells due to the inactivation and consequent degrada-
tion of the more sensitive oxic cell fraction during fractionated irradiation. The
results obtained by Ando and Oya indicate a more rapid reoxygenation after
high-LET radiation than after photon irradiation, at least for some tumor cell
strains.
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5
Models of Biological Action of Heavy Charged Particles

The progress in experimental studies is complemented by the development of bi-
ophysical models to describe radiation effects. Modeling plays an important role
for the mechanistic understanding of radiation action as well as for practical ap-
plications in radiation protection and radiotherapy. This section will thus give a
brief overview over some basic concepts developed in particular to describe the bi-
ological action of heavy charged particle beams.

5.1
Theory of Dual Radiation Action

For low LET irradiation, one of the most prominent features is the shoulder shape
of the corresponding dose response curves. One possible explanation of this shape
is the interaction of sublethal damage, resulting in lethal damage. Since the inter-
action probability increases with the density of sublethal damage, higher doses
lead to a higher interaction frequency and thus higher efficiency compared to low-
er doses, resulting in the shoulder shape of the dose response curve.

Based on the analysis of chromosome aberrations, Neary [122] has developed
one of the first models specifically based on lesion interaction. Estimates revealed
that interaction should take place over distances of typically micrometers, so that
the distribution of damage on a micrometer scale was thought to be of particular
importance. Since the spatial distribution of damage cannot be investigated direct-
ly, the spatial distribution of energy deposition was taken as a measure reflecting
the damage distribution.

Among others, the theory of dual radiation action (TDRA) is one of the best
known models based on detailed considerations of damage interaction [123]. The
development of the model was accompanied and stimulated by the development
of detectors and experimental techniques, which allow the detection of energy
deposition distribution with micrometer resolution (‘microdosimetry’ [124]).

However, eventually it became clear that the assumption of a micrometer inter-
action distance was inconsistent with more recent results from experiments using
very low energetic photon radiation. These data were only compatible with consid-
erably smaller interaction distances in the order of nanometers [125]. Since there
are no experimental techniques to resolve the spatial distribution of energy deposi-
tion with such a fine resolution, the corresponding refinements of the TDRA [126,
127] had to rely on computer simulations of charged particle track structure. Sur-
prisingly, although the model is based on very general assumptions and sophisticat-
ed mathematical treatments, quantitative comparisons of model predictions with
experimental data are extremely scarce. Thus, the important role of this model has
to be seen under conceptual aspects rather than practical applications.
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5.2
Cluster Models

Progress in experimental techniques for investigation of molecular details of radi-
ation damage revealed that thinking in terms of ‘simple’ double strand breaks as
relevant lesion would be inadequate for a detailed understanding of radiation ac-
tion [128]. Instead, there were hints that the molecular structure of strand breaks
might vary considerably. For example, estimations revealed that the lethality of a
DSB induced by high-LET radiation is significantly higher than the lethality of a
DSB induced by low LET radiation [81, 129–131]. This could be due to the fact,
that a DSB induced by high-LET radiation might actually consist of a combination
of several DSBs or of a DSB with other damage, which however cannot be resolved
with the current experimental techniques because they are produced to close to-
gether. Therefore, damage complexity is assumed to be an important key to under-
stand high-LET effects.

Clusters of damage should then result from clusters of energy deposition, and
thus several models have been developed which are particularly based on detailed
investigations of cluster properties of high-LET radiation with nanometer resolu-
tion. [132–135]. At the present stage, the predictive capacity of these models is es-
sentially restricted to the initial phase of strand break induction. Application to
more complex endpoints like, e.g., cell inactivation yields only qualitative agree-
ment [136] and would require a detailed modeling of the subsequent damage
processing of the initial damage. This, however, seems not to be feasible due to the
enormous complexity of the signaling pathways involved in damage processing,
which also depend very much on the particular cell or tissue type under consider-
ation.

5.3
Amorphous Track Structure Models

The above-mentioned disadvantages are bypassed in another class of models
called ‘amorphous track structure’ models. The two key features of these models
are:
∑ They make use of the particular features of track structure in a certain simpli-

fied form, in that they use only the information about the radial dose profile
D(r), but explicitly neglect the stochastic properties of secondary electron emis-
sion.

∑ They are based on the assumption that no principle difference between the bi-
ological actions of low- and high-LET radiation exists, because in both cases the
biological effect is due to the action of the secondary electrons. Thus, it should
make no difference with respect to the biological action, whether an electron is
produced by a primary photon or by a charged particle; the biological effect
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should be simply determined by the total amount of energy deposition in a cer-
tain, appropriately sized subregion of the cell.

Combining both aspects, the response of a cell to a charged particle traversal can
thus be obtained from an appropriate convolution of the microscopic dose distri-
bution with the low-LET dose response curve of the particular biological object
under consideration.

Although based on similar assumptions as described above, the models pro-
posed by Katz and coworkers [137–139] and by Scholz and coworkers [140–142]
substantially differ with respect to the conversion of the general assumptions into
a computational algorithm [143]. We will focus here on the method described by
Scholz et al. [142] termed ‘local effect model’ (LEM).

The basic idea of the approach is schematically shown in Fig. 28. The cell nucle-
us, represented by the circular area, is assumed to be the critical target for cellular
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effects, and a homogenous distribution of sensitivity throughout the nucleus is as-
sumed as a first approximation. The cell nucleus is virtually subdivided into small
compartments, and for a given set of impact parameters the average dose deposi-
tion in each compartment is determined from the corresponding radial dose pro-
files of individual tracks. From the local dose at a given position, the local biolog-
ical effect is calculated from the effect observed for photon irradiation at the same
dose. This requires an appropriate scaling according to the ratio of the small com-
partment volume and the total sensitive volume.

The total average number of lethal events induced by a particular pattern of par-
ticle traversals is then calculated by numerical integration:

where SX(d) represents the photon dose response curve, d is the local dose at a giv-
en position in the nucleus, and V is the nuclear volume. Survival is then deter-
mined according to Poisson statistics:

This simple formula has been shown to represent all characteristic features of
high LET radiation as, e.g., the complex structure of inactivation cross sections as
function of LET and/or particle energy, the dose dependence of RBE, and the de-
pendence of RBE on the particle species for a given LET. Furthermore, the model
is able to reproduce the dependence of RBE on the cell type under consideration.

The latter aspect is particularly important for applications of the model in the
framework of treatment planning for heavy ion therapy (see below). A comparison
of the model calculations of RBE with experimental data for three different cell
systems is shown in Fig. 29. The model represents the cell dependent RBE: a sig-
nificant rise of RBE with LET is predicted for V79 and CHO cells, whereas for XRS
cells no pronounced maximum is predicted, consistent with the experimental da-
ta.

Since the physical characteristics are exactly the same for all three cases, the dif-
ferences of predicted RBE values can be entirely attributed to the different refer-
ence low-LET survival curves which are used as input for the calculation (they are
shown as insert in Fig. 29). Obviously the RBE is correlated with the shoulder
shape of the photon dose response curve: for pronounced shoulders, significantly
enhanced RBE values are predicted, whereas with decreasing shoulder width, de-
creasing RBE values are expected, and in the extreme case RBE should be close to
one for cell systems showing purely exponential survival curves for photon radia-
tion [141].
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5.4
Influence of Target Structure

The model described above is based on the assumption that lethal damage corre-
sponds to point-like events, where point-like is meant in a biological sense, i.e., a
point corresponds to the size of the smallest relevant biological structure, assumed
to be the DNA strand and thus a size of a few nanometers. The critical, sensitive
target for inactivation, i.e., the DNA, is assumed to be homogenously distributed
throughout the cell nucleus, and no specific substructure has been assumed.

The situation is entirely different when dealing with other biological endpoints
like, e.g., induction of chromosome aberrations. Here, interaction of damage on
different chromosomes plays the dominant role, and therefore details of the distri-
bution of chromosome territories within the nucleus have to be taken into account
[144].

Frequently the structure of a chromosome is simulated by a random walk pol-
ymer chain model. Given the appropriate boundary conditions, this leads to a rel-
atively compact chromatin organization in the centromere region of a chromo-
some and a more sparse distribution in the outer regions [145]. As a consequence,
this leads to a significant overlap and intermingling of DNA from different chro-
mosomes.
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Although earlier data seemed to support such a high degree of intermingling,
more recent data indicate that chromosomes are confined in clearly separated ter-
ritories within the nucleus, showing overlap only in the contact regions between
two territories [146, 147]

6
Application of Charged Particle Beams in Tumor Therapy

The basic advantages of charged particle beams such as, e.g., carbon ion beams as
compared to conventional photon and electron beams are the inverted depth dose
profile (Bragg peak characteristics) and the increased biological effectiveness.

Proton beams only show the advantageous depth dose profile without the addi-
tional increased effectiveness (see below).

Besides the general physical and radiobiological properties as described in the
previous sections, some additional specific aspects for the application to tumor
therapy will be described here. These include technical aspects of, e.g., beam deliv-
ery as well as radiobiological considerations. The particular solutions developed
for the heavy ion therapy pilot project at GSI will be described in more detail.

6.1
Technical Realization

A single Bragg peak as shown in Fig. 13 is too narrow for irradiation of extended
tumor volumes, which typically have extensions in the order of a few centimeters.
Therefore, special beam delivery techniques had to be developed in order to
achieve a homogenous irradiation of extended volumes. In depth this is achieved
by superposition of several Bragg peaks with different peak positions, as illustrated
in Fig. 30. The position of the individual Bragg peaks is defined by the energy of
the primary particles; the required energy variation can be achieved by passive as
well as by active methods [148, 149].

Passive methods are based on a fixed primary beam energy and variable absorb-
ers in the beam to degrade the energy. In contrast, active methods are based on the
corresponding adjustment of the accelerator settings, so that already the primary
beam energy is chosen according to the desired penetration depth.

Furthermore, the lateral contour of the treatment field has to be adapted to the
contour of the tumor volume in order to reduce the dose deposition in the sur-
rounding healthy tissue. For passive methods, collimators are used in general. In
contrast, active methods make use of the electromagnetic properties of charged
particle radiation, namely the possibility of magnetic deflection of the beam. Using
a pencil beam of a few millimeters in width, the beam can be scanned in the x- and
y-directions by dipole magnets, allowing one to cover any irregular field shape
with a predefined dose.
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Combination of active methods in the longitudinal as well as in the lateral di-
rection allows an optimal conformation of the dose distribution to the tumor vol-
ume. Such a system, called raster scan system (Fig. 31), has been realized for the
heavy ion therapy project at GSI [150, 151]. Similarly, the proton therapy at PSI is
using an active scanning method; only a corresponding movement of the patient
replaces the magnetic scanning of the beam in the y-direction [152, 153].

A further advantage of carbon ion beams is the possibility to use positron emis-
sion tomography (PET) to verify the position of the treatment field in the patient
quasi online during the treatment period [154]. This method is based on the small
amount of radioactive, positron emitting 10C and 11C isotopes produced by nucle-
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ar interactions of the projectile ions with the target atoms. Both isotopes have
ranges similar to that of the primary beam. Due to the half life of the radioactive
isotopes most positrons are emitted from stopped ions, thus allowing one to detect
the distal edge of the dose distribution with high precision.

6.2
Radiobiological Considerations

6.2.1
Optimal Ion Species

One of the key issues for application of ion beams in therapy is the choice of the
appropriate optimal ion species. As discussed in Sect. 4, two effects govern the sys-
tematics of RBE: the increase of the efficiency per particle traversal with LET and
the counteracting influence of the stochastic distribution of particle traversals.
Therefore, at least from in-vitro studies, carbon beams are expected to represent
the optimal choice for therapy. Figure 32 illustrates the rationale for this choice by
comparing survival curves obtained for irradiation with different high- and low
energy particle beams.

The higher energies have been chosen to represent the same penetration depth
for all ion species, thus simulating damage to the tissue at the entrance channel for
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irradiation of a tumor at a given depth; the low energy beams represent the effi-
ciency at the distal end of the extended Bragg peak and thus the tumor region. The
effects of the high-energy beams are nearly identical. In contrast, the efficiency of
the low energy particles decreases with increasing particle mass. Therefore, carbon
ions are expected to show the optimal therapeutic gain in terms of the increase of
RBE with penetration depth.

6.2.2
Depth Dependence of RBE

The depth dependence of RBE represents the radiobiological key feature of heavy
ion beams for tumor therapy: RBE rises with increasing penetration depth, so that
the RBE in the Bragg peak region in general is significantly higher compared to the
RBE in the proximal part. This is illustrated in Fig. 33, which compares the physi-
cal depth dose distribution and the corresponding RBE as a function of penetra-
tion depth. The increase of RBE essentially reflects the increase of the average LET
with depth.

Although the average RBE in the region of the extended Bragg peak is not as
high as for a single Bragg peak, still there is a significant benefit to be expected in
that the RBE in the tumor volume is higher than the RBE in front of the tumor vol-
ume. Thus, the increase of physical dose with depth is further enhanced by the rise
of RBE with depth.

The situation is different in the case of proton beams. Although the principle of
superposition of Bragg peaks to achieve a homogenous dose distribution over ex-
tended volumes is the same for protons and heavier ions, protons in general show
significantly lower RBE values compared to carbon ions. Only for energies below
10 MeV is a significant rise of RBE observed (see, e.g., Fig. 18). Transferred to the
situation of superimposed Bragg peaks, this should lead to significantly enhanced
RBE values only at the very distal part of the extended Bragg peak. Therefore, in
general, RBE values of 1.1 are used for correcting physical dose values to biological
effective dose values in proton therapy without considering any dependence of
RBE with dose, tissue type, and position in the treatment field [155].

Meanwhile there are data indicating a significantly enhanced RBE at least for in-
vitro systems also in the case of proton radiation [156]; however, since the rele-
vance of this data to the clinical situation is still under discussion, these data have
so far not been considered for treatment planning in proton therapy.

This is in contrast to the case of heavier ions, where the estimation of the in-
creased RBE values is a prerequisite for the safe application of ion beams in tumor
therapy. Different approaches to take the increased efficiency into account in treat-
ment planning for high-LET beams are reported in the literature, ranging from ex-
perimentally oriented approaches to methods based on biophysical modeling
[142, 157–160].
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One particular aspect, which has to be considered in treatment planning, is the
tissue dependence of RBE. RBE of different normal tissues or tumors might be dif-
ferent, and therefore the therapeutic gain of charged particle beams will be ulti-
mately defined by the particular combination of tumor type and normal tissue.
According to the radiobiological considerations described in Sect. 4, slow growing,
resistant tumors are expected to show the most significant benefit from high LET
radiation. In addition, tumors with considerable fractions of hypoxic cells repre-
sent the second major class of tumors taking advantage of high LET radiotherapy.
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6.3
Clinical Aspects

First applications of charged particle beams in tumor therapy were all performed
at accelerators constructed for fundamental research in nuclear and particle phys-
ics [161, 162]. Only in the last decade the first fully hospital based treatment facil-
ities were built in Loma Linda (USA) and Chiba (Japan). Extension of the charged
particle radiotherapy program is particularly supported in Japan; several other fa-
cilities are planned there or are already under construction (for an overview see
[163]).

Whereas all of these facilities use passive beam delivery techniques, at PSI (Vil-
ligen, Switzerland) and GSI (Darmstadt, Germany) the first active beam delivery
systems have been successfully tested and are now used routinely for patient treat-
ments with protons (PSI) and carbon ions (GSI). Both facilities are installed at ac-
celerators constructed for fundamental research, with no direct clinical environ-
ment. Patient numbers are limited due to the basic research programs performed
at these accelerators. At GSI, more than 100 patients with slow growing tumors in
the head and neck region have been treated up to now. Since results are very prom-
ising so far [164], the installation of a dedicated clinical heavy ion therapy facility
is planned at the Heidelberg University Clinics, and beginning of construction of
the facility is expected for fall 2002. This facility will allow approximately 1000 pa-
tients to be treated per year and can deliver different ion beams in the range from
protons up to oxygen ions. It is thus ideally suited for adaptation of the treatment
according to a biological optimization, taking into account the particular relative
biological effectiveness for the tumor tissue and the surrounding normal tissue, re-
spectively.

7
Summary and Perspective

The characteristic radiobiological properties of ion beam radiation as compared to
photon radiation can be explained in terms of their particular physical properties
in combination with the potential of the biological object to process and repair ra-
diation induced damage. The highly localized energy deposition of charged parti-
cles leads to complex types of damage, which are more difficult to process and re-
pair. For cells which are able to repair the less complex damage induced by photon
radiation to a large extent, the higher complexity of damage induced by charged
particles is expressed as a higher biological effectiveness, i.e., lower doses are re-
quired to achieve the same effects compared to conventional radiation.

Depending on the particles atomic number and specific energy, the ionization
density within the track and thus damage complexity can be varied substantially.
Charged particle beams thus represent a unique tool to study the influence of dam-
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age complexity on the biological response to ionizing radiation. Despite the exten-
sive studies performed in the last decades, the molecular structure of damage lead-
ing, e.g., to cell lethality is not yet known. However, there is probably no unique
answer to this problem, because the consequence of a certain primary damage crit-
ically depends on the potential to process and repair damage and thus depends on
cell type and the genetic predisposition of a cell.

Besides the complexity of damage induced by charged particles, the restriction
of damage to defined subnuclear regions in particular at low particle energies rep-
resents a unique tool to study the spatial aspects of the cellular response to DNA
damage. The importance of these aspects is reflected in the significantly growing
interest in microbeam facilities, which allow the directed irradiation of defined
subcellular and subnuclear regions with high precision.

The increased relative biological effectiveness of charged particles with respect
to, e.g., cell killing is restricted to the lighter particles; for heavier particles, satura-
tion effects lead to a corresponding reduction of RBE. An optimal efficiency of cell
killing is observed for particles in the range from helium to carbon at low energies
and can be exploited in charged particle tumor therapy. However, due to the com-
plex dependencies of RBE on tissue type and biological endpoint, this optimum is
not uniquely defined but depends on the particular combination of tumor tissue
and normal tissue. Future research will thus focus on individual optimization with
respect to the above-mentioned parameters and will accompany the growing in-
terest for applications of charged particle beams in tumor therapy.
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