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Poly(ethylene terephthalate) Films for ACL Applications:
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The purpose of this study is to develop a reliable method of functionalizing poly(ethylene terephthalate) with
bioactive polymers to produce a “biointegrable” artificial anterior cruciate ligament. Radical graft polymerization
of the sodium salt of styrene sulfonate (NaSS) onto poly(ethylene terephthalate) (PET) films was performed
using the “grafting from” technique. Prior to the grafting, the surfaces of poly(ethylene terephthalate) films were
activated by ozonation to generate peroxide and hydroperoxide reactive species on the PET film surfaces. The
radical polymerization of NaSS was initiated by thermal decomposition of the hydroperoxides. The grafted PET
surfaces were characterized by a toluidin blue colorimetric method, X-ray photoelectron spectroscopy, contact
angle measurements, and atomic force microscopy. The influence of ozonation time, monomer concentration,
and temperature on NaSS grafting ratios was examined. A total of 30 min of ozonation followed by grafting from
a 15% NaSS solution at 7@ for 90 min or more resulted in attachment of poly(NaSS) chains to the PET film
surfaces.

Introduction must be modified to achieve better “biointegration” with the
host. In the majority of cases of synthetic ACL failure, the
Knee ligaments are commonly injured, especially for people observed pathologic response was the development of immature
participating in sports such as skiing or football. Injury of the collagen on the prosthesis leading to uncontrolled fibroblast cell
anterior cruciate ligament (ACL), in particular, can sometimes response and the accumulation of an unstructured fibrous tissue.
result in termination of an athletes’ participation in competition. Grafting of naturd® or synthetic polymefs15 and/or of
After an ACL tear, the best solutions for repair are either peptides onto implant surfaces (either polymeric or metallic) is
ligament replacement by a tendon autograft or reconstruction an ' interesting way to improve the biocompatibility of the
using an artificial ligament. Even with a patellar bertendon- implant. The grafted molecules can play several roles such as
bone autograft, which is widely reported as one of the best aqding biological properties and/or masking the synthetic origin
solutions, the recovery time for full function of the ACL can  f the substrate. A common approach to surface modification
be long (6 months or more). For young and active people, has heen to modify the hydrophilic and/or hydrophobic proper-
reconstruction with an artificial ligament may provide the best g of the synthetic surfaces. For example, polymer surfaces
therapeutic optior. can be made hydrophobic by fluorination to prevent cell
After an early period of enthusiasm and intensive clinical adhesiort®17 Another approach consists of introducing specific
use of artificial ligaments, failures became too frequent, so their chemical groups by grafting. Surface grafting of vinyl monomers
use decreased. To address this problem, efforts in the past 2Qnto a polymer surface can be achieved after reactive species
years to improve the quality of artificial ligaments and their hayve been generated on the surface by methods such as plasma,
biocompatibility have focused on the nature of the polymer, corona, or ozone treatmerfsl™19 The reactive species (per-
the techniques for knitting and weaving the fabrics, and the oxides, hydroperoxides, etc.) generated by these treatments will
surgical gestures:’ initiate radical polymerization of vinyl or acrylic monomers,
Despite the progress in polymer science and advances inresulting in polymer chains grafted to polymer or metal surfaces.
surgical techniques that have been made, “failures” of synthetic 1, develop a new generation of artificial ligaments for ACL
ACL are still high. Clinical studies showed that these failures reconstruction, we undertook the grafting of anionic polymers,
are mainly due to gbrasion of the fiber structure and weak 'Fissuesuch as poly(sodium styrene sulfonate) (pNaSS) or poly-
integration. Abrasion can be avoided by using new techniques qathacrylic acid) (pMA), onto PET tissue surfaces activated
for weaving an_d knitting the artificial Ilg_ament. Weak tissue by ozonation. These “bioactive” polymers are known to exhibit
integration is directly related to the foreign body response of jnaresting biological properties such as modulation of protein
the host to the poly(ethylene terephthalate) (PET) synthetic ,htormation, cell proliferation, and bacteria adhegRoRs
polymer. Therefore, the surface properties of the synthetic ACL |, .-y providé hope for an imp'roved host response to ,these

grafted PET fabrics.
*To whom correspondence should be addressed. E-mail: . . -
vmig@galilee.univ-paris13.fr. In this paper, we present a strategy for grafting PET films as

 UniversiteParis 13. well as their characterization with X-ray photoelectron spec-
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10.1021/bm050694+ CCC: $33.50  © 2006 American Chemical Society

Published on Web 02/25/2006
CDhVv



756 Biomacromolecules, Vol. 7, No. 3, 2006 Ciobanu et al.

Table 1. Superficial Tensions of Liquids Used for Surface Energy
Calculation

ments, and atomic force microscopy (AFM). The purpose of
this study is to develop a reliable method of functionalizing

PET with bioactive polymers that will lead to a “biointegrable” liquid yL (MN m) yP (MN m) yP (MmN m)

artificial ACL.5~7 The functionalization of PET fabrics and the water 723 53.6 18.7

biological properties will be presented in a future paper. ethylene glycol 475 18.2 293
formamide 59 19.6 39.4
diiodomethane 50.8 1.3 49.5

Experimental Section

2-methyl propanol was added to reach and maintain the solution pH
value at 10. Each ozonated or ozonated plus NaSS grafted PET sample
was placed in 6 mL of the TB solution at 3G for 6 h. Noncomplexed

TB molecules were removed by rapid washing (30 min) of the sample
with a basic aqueous solution (NaOHx5107“M, pH 9). Then, each
sample was placed in-5l5 mL of an aqueous acetic acid solution
(50%) (v/v) for 24 h to obtain complete de-complexation of TB from
the sample.

The de-complexation solution was analyzed by UV/visible spec-
troscopy. Toluidin blue has an absorption peak at 633 nm, with an
extinction coefficient of 50 000 L mot cm™. It was assumed on the
grafted surfaces that a 1/1 complex is formed between one TB molecule
and one S@ group. Therefore, the grafting ratio (GR) was calculated
as follows:

Materials. Purification and Preparation of Sampleshe PET films
samples were cut from a commercial PET film (1 mm thick, Weber
Métaux) either as squares (3010 mm) of 0.03 g or as disks (16 mm
diameter) of 0.055 g. Prior to the grafting, PET films were washed for
15 min in tetrahydrofuran (THF) and then twice rinsed with bi-distilled
water. The samples were dried under vacuum at®5

The sodium salt of styrene sulfonate (NaSS) (Fluka) was purified
by recrystallization in a mixture of #/ethanol (90/10). Typically 20
g of NaSS were dissolved in 500 mL of the mixed solvent af@Q
then filtrated under vacuum and kept at@ for 24h. Recrystallized
NaSS was then dried under vacuum at°&and kept under argon
atmosphere at 4C prior to the experiment.

OzonationOzone was generated from flowing dried oxygen exposed
to high voltage (OZONAIR). Optimal conditions of ozonation were

found to be as follows: room temperature, 0.6 L nfimxygen and 2 _
100 V. Under these conditions, it was assumed that the ozone GR (g of grafted polymer/cfrfilm) = CVM/2

concentration in aqueous solution can reach 3% (v/v). Six PET films \yhereC = molar concentration of the monomer (mot%), VV = acetic
samples were placed in 70 mL of bi-distilled water and exposed to the 4 volume (L),M = molar weight of the monomeMuass= 206 g
ozone flow for times varying from 2 to 240 min. mol-?)

Grafting. PET surfaces films were grafted by a radical polymerization Contact Angle and Surface Energ@ontact angle measurements
initiated by the surface peroxides generated during the ozonation step.yere performed on a DSA 10 Kruss Instrument, using the sessile drop
To determine the optimal grafting conditions the following parameters method. The volume of the liquid droplets was 15 and the contact
were varied: ozonation time, polymerization time and monomer angle determination for each sample was the average value of nine
concentration. Graft polymerization of NaSS onto the PET films was measurements on different parts of the film. The contact angles were
carried out under an argon atmosphere. Immediately after the ozonationmeasured with four liquid solvents (water, ethylene glycol, formamide,
treatment each PET sample was placed in a glass reactor containing 3y, diiodomethane). The tangentl method of the software (DSA 1 Drop
mL of an NaSS aqueous solution with a concentration of 5 or 15% shape Analysis) was chosen to measure the contact angle with a linear
(V/v). The reaction was carried out at 65 or %0 for different times: baseline, and the OwensVendt equation was applied to calculate the
30, 60, 90, 120, 150, or 180 min. Then, the sample was removed andgrface energy, including its polar and dispersive components. Values
extenSive|y washed with bi-distilled water for 1 h. of ||qu|ds surface energies are shown in Table 1.

Grafting Characterization. X-ray Photoelectron Spectroscopyl
XPS data were acquired with a Surface Science Instruments S-probeOwens-Wendt Equation

spectrometer. This instrument has a monochromatized dAlX<kray P\1/2

oS : (cosf + 1) (v
source, hemispherical analyzer, multichannel detector, and low-energy 7L — (VE)UZ i — + (791/2
electron flood gun for charge neutralization. The X-ray spot size used 2(75)112 (),LD)UZ

for these experiments was approximately 800 x 800 um in size.
Pressure in the analytical chamber during spectral acquisition was less  Atomic Force MicroscopyAll AFM images were acquired using a
than 5x 107° Torr. For elemental composition determination, spectra Dimension 3100 (Digital Instruments Inc.) system. The tapping mode
were acquired at an analyzer pass energy of 150 eV. The high-resolutionin air at the cantilever’s resonant frequency was employed using a
C1s spectra were acquired at an analyzer pass energy of 50 eV. Thesilicon probe and cantilever unit (resonance frequency 285 kHz). The
takeoff angle (the angle between the sample normal and the input axisscan rate was 1 Hz. The roughness parameter is the arithmetic average
of the energy analyzer) for all XPS experiments was Fhis takeoff of the absolute values of the surface height deviations measurements
angle corresponds to a sampling depth of approximately 5 nm. One or from the mean planeRa= (1/n)zj":1|Z,-|
two spots on one or two replicates were analyzed for each sample
treatment.

The Service Physics ESCAVB Graphics Viewer program was used
to determine peak areas, calculate the elemental compositions from

those peak areas, and peak fit the high-resolution spectra. Carbor]’and its influence on the active species concentration was studied
oxygen, and silicon concentrations were calculated from the Cls, O1ls, P ’

and Si2p lines in 61000 eV survey scans. Sulfur and sodium Six PET f'l.m samples were ozonat(_ad for 2, 5, 10, 20, 30, 60,
concentrations were calculated from 20 eV scans centered around the"’m,d ,240 min a.nd then complexeq with TB. It was assymed that
S2p and Nals lines. The binding energy scale was calibrated by 0Xidized species such as peroxides or hydroperoxides would
assigning the hydrocarbon peak in the C1s high-resolution spectra to afofm adsorption complexes with the TB molecules. Results were

binding energy of 285.0 eV. A Gaussian line shape was used to peak-€Xpressed in mol of TB per chof ozonated PET film versus

Results and Discussion

Influence of Ozonation Time.The length of ozonation time

fit the C1s high-resolution spectra.

Toluidin Blue: Colorimetric Method.The colorimetric method
described by lkada et &was adapted to the system. The protocol was
the following: 50 mL of a 5x 1074 M toluidine blue (TB) aqueous
solution was prepared, and 0.2 mL of a buffer solution of 2-amino

time and are shown in Figure 1. These results showed a linear
variation of TB adsorption with ozonation time: as ozonation
time increases, the amount of TB complexed increases. This
increase in TB complexation indicates that the amount of active
surface species (peroxides, hydroperoxides, etc.) increase%B'\t/h



Films for ACL Applications Biomacromolecules, Vol. 7, No. 3, 2006 757

50 1.40E-08
45
]' 1.208:08
&0
- 3 / 1.00E-08 ’*//‘4
) % /
= m E
u‘E & 8.00E-09 s
E * § ——5% NaSs$
o = Fe —-15 % NaSS
5 = g oome W
z " “00E00
" ] /,Z/
5 2.00E-09
’V
o
o 50 100 150 200 80 300 0.00E+00
N N . 0 10 20 30 40 50 60 70
ozonation time (min) ozonation time
Figure 1. Adsorption of Toluidin Blue on PET film surfaces after Figure 2. Toluidin blue absorbance on ozonated and grafted (5%
ozonation. and 15%) PET films.
Table 2. Liquid Contact Angles on Virgin and Ozonated PET in the first 30 min of ozonation. Beyond 60 min of ozonation
Films the water contact angle remained relatively constant.
contact angle (°) Surface energies, with their polar and dispersive components,
ethylene ) B were calculated by the OwengVendt method and are presented
— ;amp'e g’;af; > 499513';0'1 - ';c’gmeaim'zd: d"oi(;miet:"’;"e in Table 3. Results show that the surface energies of the films
m . . . . . . H H H H H
PET film ozonated 60.6 £ 4.3 475 L 22 445429 4501 25 only increase slightly with ©Ozonation time, Where_as the polgr
30 min part of the surface energy increased strongly. This observation
ngrg'ig‘ ozonated 57.8+£34 43.7+21 423+24 467£27 is consistent with the ozonation treatment generating more polar
PET film ozonated 51+52 51.6+23 419+27 49.7+34 species (e.g., hydroperoxides) at the PET surface.
PlEZTOf_Tm od 54453 407410 403426 516+ 44 X-ray Photoelectron Spectroscopy.The results from the
740 mn 2onee o A ELY ARS =L o= XPS elemental compositional analysis for the untreated and

treated PET film samples are summarized in Table 4. The
theoretical XPS values expected for PET and NaSS, based on

Table 3. Surface Energies of Virgin and Ozonated PET Films . g i . .
their stoechiometry, are also included in Table 4 for comparison.

. 5 polar The untreated PET surface showed slightly more carbon that
Vs Vs Vs part % expected theoretically. This is typical for PET and is probably
surface (MNm) (MNm) (mNm) gy due to the adsorption of a small amount of adventitious
virgin PET 42.2 11.6 30.8 37.6 hydrocarbon layer onto the PET surface. Ozone treatment of
PET film ozonated 30 min 42.6 18.1 24.5 73.8 the surface did not significantly change surface composition of
PET film ozonated 60 min  44.0 20.0 24.0 83.3 the PET films. The reason no significant differences were

PET film ozonated 120 min 47.6 26.0 21.6 123.8

. . detected by XPS for these samples was that (1) the ozone
PET film ozonated 240 min 44.7 24.4 20.3 120.2

treatment conditions were rather mild and (2) the species
produced by ozonation are reactive. Thus, by the time the
ozonation time. However, it is also possible that at long ozonated surfaces were analyzed by XPS (several days), they
ozonation times the macromolecular chains of PET could be had probably converted back to a state similar to untreated PET.
altered or degraded, which would adversely affect the PET film  Influence of Monomer Concentration. Six films of PET
properties. For this reason, the optimal time of ozonation was were ozonated for 2, 5, 10, 30, and 60 min. Then, they were
chosen to be 60 min. grafted by radical polymerization of NaSS monomer for 90 min,
Contact Angle Results. The results from contact angles according to the protocol described above. The monomer
measurements with the four liquids are shown in Table 2. Water concentration was either 5 or 15% of NaS&H(w/v). The
contact angles decreased slightly with increasing ozonation time,temperature of the polymerization was 85. Toluidin blue
showing that ozonation increases the hydrophilic nature of the absorbance onto ozonated and grafted films are plotted against
PET film. The largest change in the water contact angle occurredozonation time in Figure 2. These results show that a critical

Table 4. XPS Determined Elemental Compositions of Virgin, Ozonated (30 and 60 m), and Ozonated Plus NaSS Grafted (30 min Ozone
Plus Grafting for 30, 60, and 180 min) PET Films?

XPS atomic percent

sample type carbon oxygen sodium sulfur silicon other
PET (theory) 71.4 28.6
virgin PET 74.6 £ 0.5 254+ 05
PET ozonated 30 min 74.8 + 0.6 25.0+0.3 trace trace
PET ozonated 60 min 745 +0.8 253+04 trace

PET ozonated 30 min + 30 min NaSS grafting 73.6 £ 1.0 242 +05 0.2+0.1 0.2+0.1 1.7+0.2 trace F

PET ozonated 30 min + 60 min NaSS grafting 73.2+0.2 235+ 0.6 03+0.1 03+0.1 22+04 trace F

PET ozonated 30 min + 180 min NaSS grafting 69.4 +5.2 229+ 27 28+13 35+13 14+0.1 trace Fand N
NaSS (theory) 61.5 231 7.7 7.7

2The XPS elemental compositions expected based on the stoichiometry of PET and NaSS are also included for comparison. Values are reported as
averages =+ one standard deviation. Trace means approximately 0.5 atomic percent or less of the element detected on one replicate.

Ccbv
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12500 Table 5. XPS High-Resolution C1s Results for Virgin, Ozonated
(30 and 60 m), and Ozonated Plus NaSS Grafted (30 m Ozone
1oe06 | . Plus Grafting for 30, 60, and 180 min) PET Films?
[ ]
* XPS Cls Percent
E e c-c/  c-ol shake-up
PR sample type C—H C-S0O; 0O-C=0 satellite
B el ¢ S PET (theory) 60 20 20
g virgin PET 63 +3 19+2 16 +1 3+1
] PET ozonated 30 min 65+ 1 18+ 1 16+1 2+1
Z e | PET ozonated 60 min 64 £2 19+1 16+1 2+1
= g PET ozonated 30 min + 68 t1 16 +1 15+1 2+1
- 4 30 min NaSS grafting
20607 1 PET ozonated 30 min + 67 £1 16 +1 15+1 2+1
60 min NaSS grafting
PET ozonated 30 min + 72+5 14 £ 2 12+2 2+1
e o 0 40 &0 80 100 120 140 180 180 200 60 min NaSS graftlng
s i NaSS (theory) 87.5 12.5
polymerization time (min)
Figure 3. NaSS grafting ratio versus grafting time. T = 70 °C, a2The XPS carbon species expected based on the stoichiometry of PET
ozonation time = 30 min. and NaSS are also included in the table for comparison. Values are

reported as averages + one standard deviation.

value of monomer concentration is needed to observe and
measure NaSS grafting. As seen in Figure 2, when films are
polymerized with 5% NaSS solutions, the TB absorbance is
identical to that of the films that were only ozonated. In contrast,

when films are polymerized with 15% NaSS solutions the

increase in TB is significantly higher than that of the ozonated

film. Therefore, the grafting ratios (GR) were calculated by the

difference between the obtained TB values for the 15% NaS$S
polymerized films and those for the ozonated films. For ©PS€000 —
example, after 60 min of ozonation, GR is 1x11078—-6 x

109 =5 x 107° mol TB/cn? film. This corresponds to a GR

of 1 x 1076 g NaSS/crifilm. This value is consistent with the 4000 —
grafting of acrylic acid on PET described by Gutand

10000 —

8000 —

Ikadal’ Moreover, the results in Figure 2 show that the o
maximum grafting ratio is approached after 30 min of ozonation. 2000 —
Thus, an ozonation time of 30 min was selected for the next PET Film
set of grafting experiments. T

Kinetics of Poly(NaSS) Grafting. The extent of poly(NaSS) — T T,
grafting with a 15% NaSS/AD (w/v) solution after 30 min of 295 290 285 280
ozonation, at 70C was determined at different polymerization Binding Energy (V)

times. The polymer grafting was characterized by TB complex- Figure 4. Representative XPS high-resolution C1s spectra acquired
ation, chemical composition (XPS), topography (AFM), and from untreated and 30m ozone plus 180m NaSS grafted PET films.
surface energy (contact angles). The introduction of the NaSS groups from the grafting process result

Toluidin Blue Method. The variation of the NaSS GR values in an increase in the C—C/C—H species at 285 eV and a decrease
versus the polymerization time is not linear as seen in Figure ' the C~0 and O—C=0 species at 287 and 289 eV, respectively.
3. Indeed, the GR values after 30 and 60 min of polymerization

are approximately the same, 6:2.3ug NaSS/craof PET film amounts of poly(dimethyl siloxane) (PDMS) contamination onto

whereas for polymerization time of 90, 120, to 180 min, the the PET surface during the grafting process. The XPS composi-

GR increased significantly to values of 6:6.9 ug/cn? then tion of pure PDMS is 25% Si, 25% O, and 50% C.
decrease to about Ogty/cn? The results from the analysis of the XPS high-resolution C1s
X-ray Photoelectron Spectroscopy.After ozonation and spectra are summarized in Table 5. Also included in Table 5
NaSS grafting the carbon and oxygen concentrations decrease@'e the expected amount of each carbon species, based on the
while the sulfur and sodium concentrations increased, as Stoichiometry of PET and NaSS. The results in Table 5 are
expected based on the theoretical compositions of PET andconsistent with the XPS compositional results discussed in the
NaSS (see Table 4). Only small changes in the XPS compositionprevious paragraph. No significant difference is observed
were observed after 30 and 60 min of NaSS grafting' Consistentbetween the untreated PET film surface and the PET films
with the TB results. However, after 180 min of NaSS grafting, ©0zonated for 30 or 60 min. The amount of the-C/C—H
significantly larger changes in the XPS composition were species detected at 285 eV in the untreated and ozonated films
observed. The grafting of NaSS onto the PET film surface is slightly higher than expected from the stoechiometry of PET,
should result in equal amounts of sodium and sulfur detected consistent with the composition results in Table 3. After 30 min
by XPS. Within the experimental error, this was true for all ©0zonation followed by 180 min of NaSS grafting, a significant
three NaSS grafted samples. Note that the XPS standardincrease in the amount of €C/C—H species along with
deviations increased significantly for the 180 min grafted significant decreases in the amounts of@ and O-C=0
sample. Variations in composition both from spot-to-spot on a Species were detected, as shown in Table 5 and Figure 4. This
replicate and from replicate-to-replicate were responsible for iS €xpected due to the increased amount 6f32C—H species
the increase in standard deviations. There was also a smalln NaSS relative to PET.
amount of silicon detected on the NaSS grafted surfaces. The Contact Angle Results.The results show that the poly(NaSS)
presence of silicon is probably due to introduction of small grafting of the PET surface increases the hydrophilicity OfHBv
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Table 6. Liquid Contact Angles on Virgin and Grafted PET Film
(30 min Ozonation, 1 h Grafting)

contact angle (°)

sample water  ethylene glycol formamide diiodomethane
PET film 67.0 £ 3.3 495+15 38.6 £23 39+ 25
NaSS grafted 57.0+1.9 43.0+26 48.1+33 47.6+3.6
PET film

Table 7. Surface Energies of Virgin and Grafted PET Film (30
min Ozonation, 1 h Grafting)

polar

Vs ve ye  part%

surface (MNmM) (MNm) (MmMNm)  ye/y2

virgin PET 42.2 11.6 30.8 37.6
NaSS grafted PET film 44.3 21.9 22.4 97.8

Table 8. Roughness Parameters (Ra) of Virgin, Ozonated, and
Grafted Surfaces of PET

sample R, (nm)
virgin PET 27+0.2
ozonated PET 95+26
1 h NaSS grafted PET 4.6 £ 0.5
3 h NaSSs grafted PET 6.4+04

surface. This is illustrated by the decrease of the water contact

angle, from 67 to 5% as shown in Table 6. Moreover, it is
worthy to note that, although the grafted film surface energy is
slightly higher, the polar percentage of the surface energy is
increased by a factor of 3 (see Table 6). This increase in the
polar contribution could be an important change with respect
to the behavior of these films when they are in contact with
biological species such as proteins and cells.

AFM Observations. The surface topography of PET films

Biomacromolecules, Vol. 7, No. 3, 2006 759

A

Figure 5. AFM images of PET untreated (A) and 30 min ozonated
+ 180 min NaSS grafted PET (B).

component of the surface component also increased with grafting
of poly(NaSS).

(5) The AFM observations show that ozonation and grafting
of poly(NaSS) increases the roughness of the PET films.

The results provide a reliable method of functionalizing poly-
(ethylene terephthalate) with bioactive polymers. The function-
alization of PET fabrics and the observed biological properties

will be the subject of a future study.
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Conclusion

The purpose of this paper was to present the strategy for
grafting a bioactive polymer onto PET that can be applied to
PET fibers and fabrics used for artificial ligaments. The biologic
properties exhibited by macromolecular chains bearing anionic

groups such as sulfonate and carboxylate led us to choose the

grafting of poly(sodium styrene sulfonate) and then optimize a
protocol of grafting of this polymer onto PET.

The results from the current study on PET films show the
optimal conditions of grafting are as follows:

(1) The optimal ozonation times are between 30 and 60 min,
allowing the formation sufficient quantities of active species

such as peroxides and hydroperoxydes while preventing the

degradation of the PET macromolecular chains.

(2) The concentration of the monomer in water must be 15%
(w/v) to generate measurable grafted amounts of poly(NaSS).
(3) The grafting of poly(NaSS) was determined by both the
Toluidin Blue colorimetric method and XPS. The results from

both methods are in good agreement.

(4) Contact angle measurements show an increase in the

hydrophilic properties of the modified PET films, as expected
from grafting a hydrophilic polymer such poly(NaSS). The polar

AFM analysis.
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