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Abstract

Surface energy gradient surfaces with changes in the ratio of the polar component (�p
s ) to the dispersive component (�d

s ) of the surface energy
�s have been successfully fabricated by irradiating CR-39 solid-state nuclear track detectors (SSNTDs) with 3 MeV alpha particles with different
fluence followed by irradiation with ultraviolet photons with 257 nm. The alpha-particle source has an activity of 0.1 �Ci and the irradiation
time ranges from 1 to 7 d. The contact angles for doubly distilled water, glycerin and ethylene glycol, as well as �s do not vary significantly
with the alpha-particle irradiation. In contrast, �

p
s decreases steadily while �d

s increases steadily, and the ratio �
p
s /�d

s decreases significantly with
the alpha-particle fluence. Such surface energy gradient surfaces are of particular interest for establishing the relationship between the �

p
s /�d

s
ratio and the biocompatibility.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Researches on the biocompatibility of different substrates
are important. For example, a key factor to the success of ra-
diobiological experiments relies on the biocompatibility of the
employed substrate. If the substrate is more biocompatible, the
cultured cells will spread on and adhere to the substrate bet-
ter, and the number of cultured cells will be larger. These will
enable the radiobiological effects on the cells to be better ob-
served.

It is established that the biocompatibility of a substrate
is dependent on the surface energy (�s), and the ratio be-
tween its polar component (�p

s ) to its dispersive component
(�d

s ) (see e.g., Li et al., 2006; Chan et al., 2007). Yang
et al. (2002) found that the adhesion of protein is strong
when both the dispersive and polar components of the surface
tension have similar contributions to the interfacial energy.
On the other hand, weak adhesion of protein occurs if only
one of the components is dominant in the interfacial energy.
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Kwok et al. (2004) showed that low values of �p
s /�d

s indicate
preference of protein adhesion. Therefore, surface energy
gradient surfaces with changes in the �p

s /�d
s ratio will be of

particular interest for establishing the relationship between the
�p

s /�d
s ratio and the biocompatibility.

To the best of our knowledge, no such gradient surfaces
have been fabricated before. The most closely related surfaces
that have been fabricated are the wettability gradient surfaces,
which are also of interest for establishing the relationship be-
tween wettability and biocompatibility. Corona discharge treat-
ment has been proposed to create wettability gradient surfaces
(Lee et al., 1992).

In the present paper, we report an innovative method
in creating surface energy gradient surfaces on polyal-
lyldiglycol carbonate (CR-39) films through the introduc-
tion of latent tracks from alpha-particle irradiation with
the fluence increased along the sample length followed
by ultraviolet (UV) irradiation. CR-39 films are a kind of
solid-sate nuclear track detector (SSNTD). SSNTDs have
found wide applications in different branches of science. A
most recent review of SSNTDs can be found in Nikezic and
Yu (2004).
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2. Methodology

2.1. Sample preparation

The CR-39 SSNTDs used in the present work had a thickness
of 100 �m and were purchased from Page Mouldings (Pershore)
Limited, Worestershire. The detectors were first cut into films
with a size of 2 cm × 5 cm. On each film, we designated five
separate regions along the 5 cm side, each having a dimension
of 2 cm ×1 cm (see Fig. 1). Different fluence of alpha particles
were irradiated onto these five regions (with one region having
no alpha-particle irradiation).

For the alpha-particle irradiation, alpha particles with an en-
ergy of ∼3 MeV were used. The alpha-particle source employed
in the present study was a planar 241Am source (main alpha
energy = 5.49 MeV under vacuum) with an activity of 0.1 �Ci.
The energy of the alpha particles was adjusted by changing the
source to detector distance under atmospheric pressure. The re-
lationship between the alpha energy and the air distance trav-
eled by an alpha particle with initial energy of 5.49 MeV from
241Am was obtained by measuring the energies for alpha parti-
cles passing different distances through normal air using alpha
spectroscopy systems (ORTEC Model 5030) with passivated
implanted planar silicon (PIPS) detectors of areas of 300 mm2.
The use of a lower alpha energy (such as 3 MeV) implied a
larger source to detector distance, which would reduce the dif-
ferences in the incident angles for the side and center of the
detectors.

Along the length of the CR-39 detector, the first region was
not irradiated with alpha particles, while the second to the fifth
regions were irradiated with the same alpha-particle source
and the same source to detector distance for 1, 3, 5 and 7 d,
respectively. During alpha-particle irradiation of a particular

Fig. 1. A CR-39 detector with a size of 2 cm×5 cm separated into five regions
from top to bottom, each having a dimension of 2 cm × 1 cm. The top region
was not irradiated with alpha particles, while the second to the fifth regions
(from top to bottom) were irradiated with the same alpha-particle source and
the same source to detector distance for 1, 3, 5 and 7 d, respectively. The
images show the track densities in different regions after chemically etching
in aqueous 6.25 N NaOH for 10 min at 70 ◦C. Different track densities are
clearly noticeable in different regions.

region, all other regions were covered to prevent alpha-particle
irradiation.

After completion of all alpha-particle irradiations, the entire
CR-39 detector was irradiated by UV photons with a wave-
length of 257 nm from a UVC lamp (model #9815-25, from
Cole Palmer) for 13 h. The detectors were then kept inside a
plastic container for 2 h before the surface properties were an-
alyzed.

2.2. Surface property analyses

The surface properties of the five different regions on the
CR-39 detector were investigated using the sessile drop tech-
nique using a contact angle geniometer (JY-82, China). The
accuracy of this technique is typically ±2◦. The test liquids
employed were doubly distilled water, glycerin and ethylene
glycol. For water (or liquid phase), the surface tension �l, its
polar component �p

l and its dispersive component �d
l are given

by �l = 72.8, �p
l = 51.0 and �d

l = 21.8 mJ/m2, respectively. For
glycerin, �l =63.4, �p

l =26.4 and �d
l =37.0 mJ/m2. For ethylene

glycol, �l = 48.3, �p
l = 19.0 and �d

l = 29.3 mJ/m2. The reported
results are the mean of two measurements made on different po-
sitions on the same film surface. To avoid cross-contamination,
a dedicated microsyringe was used for each liquid.

The work of adhesion (Wa) between a liquid and solid are
given by Young (1805) and Eq. (1) and by Van Oss et al. (1988)
and Eq. (2):

Wa = �l(1 + cos �) (1)

Wa = (�p
l �

p
s )

1/2 + (�d
l �

d
s )

1/2 (2)

where � is the contact angle, �p
s and �d

s are the polar and dis-
persive components of the solid phase. From Eqs. (1) and (2),
we obtain

(�p
l �

p
s )

1/2 + (�d
l �

d
s )

1/2 = �l(1 + cos �). (3)

In this way, measurements with different liquids with known
polar and dispersive components can solve for �p

s and �d
s .

2.3. Track density analyses

After analyzing the surface properties, the entire CR-39 de-
tector was chemically etched in aqueous 6.25 N NaOH for
10 min at 70 ◦C to reveal the alpha-particle tracks. These would
be used qualitatively for visualization of the track densities in
different regions.

3. Results and discussion

The images in Fig. 1 show the track densities in different
regions after chemically etching in aqueous 6.25 N NaOH for
10 min at 70 ◦C. Different track densities are clearly noticeable
in different regions.

Table 1 shows the contact angles measured for different re-
gions on the CR-39 detector, namely, UVC only, and 1, 3, 5, 7
d of alpha irradiation +UVC. The contact angles measured for
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Table 1
The contact angles (deg) measured for different regions on the CR-39 detector,
namely, UVC only, and 1, 3, 5, 7 d of alpha irradiation +UVC

Treatment Water Ethylene glycol Glycerin

Raw 70.6 45.6 68.3
UVC only 70.2 49.7 63.1
1 d alpha irradiation + UVC 71.0 50.7 65.8
3 d alpha irradiation + UVC 71.5 49.1 63.4
5 d alpha irradiation + UVC 71.8 45.7 62.6
7 d alpha irradiation + UVC 76.8 45.7 63.7

The contact angles measured for the raw CR-39 detector (without alpha and
UVC irradiations) are also shown for comparison.

Table 2
The surface energy (�s), its polar component (�p

s ), its dispersive component
(�d

s ) and the ratio (�p
s /�d

s ) (all with the unit mJ/m2) determined for different
regions on the CR-39 detector, namely, UVC only, and 1, 3, 5, 7 d of alpha
irradiation +UVC

Treatment �s �p
s �d

s �p
s /�d

s

Raw 33.0 18.1 14.9 1.22
UVC only 33.6 17.9 15.7 1.14
1 d alpha irradiation + UVC 32.7 18.3 14.4 1.27
3 d alpha irradiation + UVC 33.3 15.9 17.5 0.91
5 d alpha irradiation + UVC 34.3 13.0 20.4 0.64
7 d alpha irradiation + UVC 35.1 8.2 26.9 0.31

The values determined for the raw CR-39 detector (without alpha and without
UVC irradiation) are also shown for comparison.

the raw CR-39 detector (without alpha and UVC irradiations)
are also shown for comparison. We see that the contact angles
do not vary significantly.

Table 2 shows the surface energy (�s), its polar component
(�p

s ), its dispersive component (�d
s ) and the ratio (�p

s /�d
s ) deter-

mined for the different regions on the CR-39 detector. Again,
the values determined for the raw CR-39 detector are also
shown for comparison. Here, we can see that �s does not vary
significantly with the alpha-particle irradiation. In contrast, �p

s
decreases steadily (from 18.3 to 8.2 mJ/m2) while �d

s increases
steadily (from 14.4 to 26.9 mJ/m2), and the ratio �p

s /�d
s de-

creases significantly (from 1.27 to 0.31) with the alpha-particle
fluence.

The underlying mechanism for the changes in surface ener-
gies due to alpha-particle irradiation is not clear at this stage.
We have studied the chemical changes of the irradiated CR-
39 detectors in the present work using FTIR spectroscopy

but no apparent changes can be observed. Similarly, Satriano
et al. (2000) irradiated surfaces of two polymers, namely,
poly-hydroxy-methylsiloxane and polyethylene-terephtalate
surfaces, by 5 keV Ar ions. Fluorescence spectroscopy, X-ray
photoelectron spectroscopy and contact angle technique were
then employed to determine the adsorption kinetics and to
characterize the chemical composition and the surface energy
of the irradiated surfaces. Their conclusion was that “it was
not possible to find a straightforward correlation between
irradiation-induced compositional modifications and surface
free energy.” Further studies will be needed to explain the
mechanism for surface-energy changes due to alpha-particle
irradiation

In conclusion, we have successfully fabricated a surface en-
ergy gradient surface with changes in the �p

s /�d
s ratio created

by latent alpha-particle tracks in the CR-39 SSNTD. These sur-
face energy gradient surfaces will be of particular interest for
establishing the relationship between the �p

s /�d
s ratio and the

biocompatibility.
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