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ABSTRACT: The surface of polyamide (nylon 6) was
modified by plasma-immersion ion implantation (PIII)
with nitrogen ions. Structural changes associated with
carbonization, oxidation, and depolymerization were
observed in the modified surface layer with Fourier trans-
form infrared/attenuated total reflection (FTIR-ATR) spec-
troscopy, surface energy measurements, and X-ray
photoelectron spectroscopy (XPS). The enzyme activity of
surface-attached horseradish peroxidase was studied
with a tetramethylbenzidine colorimetric activity assay.

Compared to untreated controls, the PlII-treated surface
showed a higher level of the attached protein with
increased longevity of bioactivity. Detection of the im-
mobilized protein layer was made difficult by the presence
of amide groups in nylon. Here we demonstrate the poten-
tial of combining FTIR-ATR spectroscopy with XPS mea-
surements for this purpose. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 28912903, 2011
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INTRODUCTION

Nylon (polyamide), which was invented in 1928 by
Wallace Carothers (DuPont), is a widely used engi-
neering thermoplastic.'™ Nylon is created when a
condensation reaction occurs between amino acids,
dibasic acids, and diamines. The most popular kinds
are nylon 6, nylon 6,6, and nylon 12. Nylon is cha-
racterized by strong hydrogen bonds between NH
and C=O0 groups of polyamide macromolecule.® The
dense packing of nylon macromolecules associated
with hydrogen bonds leads to a high crystalline-frac-
tion volume. The strong mechanical properties, high
thermostability, high tribological stability, and high
electrical isolation properties of nylon are exploited
in machinery. Nylon is commonly used in the pro-
duction of tire cords, rope, belts, filter cloths, sports
equipment, and bristles. It is particularly useful
when it is machined into bearings, gears, rollers,
and thread guides. Thousands of custom nylon
products can be found on the market.

One of the important application areas of nylon is
medical devices. Nylon surgical sutures are well
known and are used in surgery. Nylon surgical
sutures are elastic, durable, mechanically stable
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in vivo for weeks, and nontoxic, do not cause infla-
mmatory reactions, and are approved in a number
of countries for application in medical implants.

The ability to strongly adsorb protein molecules
onto the surface of a polymer implant and maintain
a high degree of native bioactivity is believed to be
important in achieving good biocompatibility.
Unmodified polymer surfaces are usually not suita-
ble for this kind of protein attachment, so the upper-
most surface layer is typically modified by various
chemical or physical methods. One method shown
to be effective is ion-beam implantation and its vari-
ant, plasma-immersion ion implantation (PIII).

We have used PIII to improve protein attach-
ment on ultrahigh-molecular-weight polyethylene
(UHMWPE),” polytetrafluoroethylene,® and poly-
styrene.” The covalent bonding of a protein to the
modified polymer surface has been observed with
horseradish peroxidase (HRP), soybean peroxidase,
and catalase. The bioactivity of the immobilized
proteins is greatly increased longevity in compari-
son with the bioactivity on untreated controls. The
preservation of catalytic activity indicates that the
conformation of covalently attached proteins is
better maintained on PIIl-modified surfaces.

Ion-beam implantation and its variant PIII are
based on collision and energy transfers from high-
energy ions penetrating the polymer target. The
depth of ion penetration depends on the kind of ion,
its mass, and the density and atomic composition of
the target. Usually, the energy of the ion is much
higher than the energy required to break chemical
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bonds in the polymer. Therefore, the penetrating ion
breaks a number of bonds in macromolecules, spu-
tters separate atoms and electrons from macromole-
cules, and excites the vibrational states of the macro-
molecules. A new chemical structure is then formed
after displaced atoms and electrons come to rest and
thermal energy has dissipated. A detailed overview
of the relevant physical and chemical processes can
be found elsewhere.'*"'>

Ion-beam implantation and PIII have been used
for the modification of polyethylene,'*' polysty-
rene,” > polytetrafluoroethylene,®>* poly(ethylene
terephthalate),®>>® poly(methyl methacrylate),**>
polyurethane,®* and other polymers. Leading to
increases in the hardness, electrical conductivity,
and wettability, structural changes typical of ion-
irradiated polymers, such as carbonization, depoly-
merization, and oxidation, have been observed.

In this study, we applied PIII modification to the
polyamide nylon 6,6, a polymer routinely employed
for medical applications. The structure and proper-
ties of nylon (or polyamide) have previously been
investigated after ion-beam modification. Crosslink-
ing and significant hardening have been reported.*®
Wettability and new chemical groups in the modi-
fied surface layer have been observed previously.*
Chain scission was reported by Kumar et al.”
Free radicals and high conductivity for ion-beam-
implanted nylon were observed by Balasubramanian
et al.”! and Popok et al.”®> The carbonization and
formation of m-electron clusters in nylon were
observed after ion-beam implantation by Popok and
coworkers.®**  Also, we reported carbonization,
oxidation, and hardness improvements in a poly-
amide-polyether copolymer with PIIL>®

After previous experience with protein attachment
on other PIll-modified polymers,””'* which showed
similar changes in their structure and properties, we
expected an improvement in the protein attachment
on ion-implanted nylon. Unfortunately, detection of
the attached protein on nylon with Fourier transform
infrared (FTIR) was difficult because of the similar
chemical bonding in the protein backbone. This
resulted in the same vibrational modes being present
in the polyamide macromolecules and the protein
molecules. We, therefore, report in this article the
results of a different surface analytical strategy
incorporating X-ray photoelectron spectroscopy
(XPS), which resolved this issue and enabled us to
demonstrate the improved protein binding proper-
ties arising from the PIII modification.

EXPERIMENTAL

Polyamide nylon 6,6 film (medical application
grade) was purchased from McMaster-Carr (Chi-
cago, IL, United States). Nylon strips (20 mm x 50
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mm x 1 mm) were washed with ethanol and dried
for several days before use. HRP (product code
P6782) was purchased from Sigma-Aldrich (Castle
Hill, NSW, Australia).

PIII was conducted in inductively coupled radio-
frequency (13.56 MHz) plasma in nitrogen gas
(99.99%). The base pressure in the plasma vessel was
10~* Pa. The nitrogen flow rate was regulated in the
range of 80-120 sccm to achieve a constant pressure
of 4.4 x 102 Pa during implantation. The radio-fre-
quency plasma power was 100 W, and the reverse
power was 12 W when they were matched. The
plasma density during treatment was continuously
monitored with a Langmuir probe with a radio-fre-
quency block (Hiden Analytical, Ltd.,, Warrington,
UK). The acceleration of ions from the plasma was
achieved by the application of high-voltage (20-kV)
bias pulses of 20-us duration to the sample holder at
a frequency of 50 Hz. The plasma treatment system
was designed and constructed in house, and a PI®
high-voltage power supply was purchased from the
Australian Nuclear Science and Technology Organi-
sation (Sydney, NSW, Australia). A schematic dia-
gram and a photograph of the PIII system used are
shown elsewhere.'*

The samples were mounted onto a stainless steel
holder with a stainless steel mesh electrically con-
nected to the holder, which was placed 45 mm in
front of the sample surface. The samples were
treated for durations of 20-800 s, which corre-
sponded to implantation ion fluences of 0.5-20 x
10" ions/cm?® The ion fluence was calculated from
the number of high-voltage pulses multiplied by
the fluence corresponding to one pulse. The fluence
of one high-voltage pulse was determined by a
comparison of ultraviolet transmission spectra of
polyethylene films implanted under the conditions
used here and spectra of samples implanted with
known ion fluences in previous PII and ion-beam
treatment experiments.'

The wettability of the nylon samples was meas-
ured with the sessile drop method with a Kruss
DS10 contact-angle instrument (KRUSS GmbH,
Hamburg, Germany). Deionized water and diiodo-
methane were the test fluids. The surface energy
and its components (polar and dispersive parts)
were calculated with the Owens-Wendt-Rabel-Kael-
ble, Fowkes, and Wu methods. Wettability measure-
ments were undertaken 60 min after the PIII treat-
ment of nylon, which comprised 30 min in the
vacuum chamber with a residual pressure of 10° Pa
and 30 min in air.

After the PIII treatment, the nylon samples were
stored for 30 days in air-filled, closed containers at
room temperature (stabilized at 23°C). After 30 days,
the nylon samples were incubated overnight in an
HRP solution (50 pg/mL in a 10 mM sodium
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phosphate buffer, pH 7) at 23°C. The incubation
time was selected according to experience from pre-
vious experiments with UHMWPE and polystyrene,
which showed that the Erotein absorption saturated
after approximately 1 h.>® Overnight incubation was
convenient and ensured that saturation had been
reached. After incubation, nylon samples were
washed six times (20 min for each wash) in a buffer
solution (10 mM sodium phosphate buffer, pH 7).
Samples for FTIR spectroscopy analysis were
washed in deionized water for 10 s for the removal
of buffer salts from the nylon surface.

The HRP activity was measured via the clamping
of the nylon samples (13 mm x 15 mm) between
two stainless steel plates separated by an O-ring
(inner diameter = 8 mm, outer diameter = 11 mm),
which was sealed to the plasma-treated surface. The
top plate contained a 5-mm-diameter hole. 3,3,5,5'-
Tetramethylbenzidine (TMB; T0440, Sigma, Castle
Hill, NSW, Australia) was added to the polymer sur-
face. After 30 s, 25 ul. was removed and added to 50
pL of 2M HCI; this was followed by 25 pL of
unreacted TMB to bring the volume to 100 pL. The
optical density was then measured at a wavelength
of 450 nm with a Beckman DU 530 spectrophotome-
ter (Beckman, Gladesville, NSW, Australia).

Fourier transform infrared/attenuated total reflec-
tion (FTIR-ATR) spectra of the nylon samples were
recorded with a Digilab FTS7000 FTIR spectrometer
(Holliston, MA, USA) fitted with an attenuated total
reflection accessory (Harrick, Pleasantville, NY,
USA) and a trapezium germanium crystal with an
incidence angle of 45°. The generation of spectra
with a sufficiently high spectral band resolution and
signal-to-noise ratio required 500 scans at a resolu-
tion of 1 cm™'. The surface of the nylon was dried
with a dry air flow before data collection. Differen-
ces (obtained by subtraction) between the spectra of
samples taken before and after the PIII treatment
were used to characterize the effects of surface treat-
ments. All spectral analyses were undertaken with
GRAMS software (ThermoFisher, Waltham, MA,
USA).

Micro-Raman spectra were recorded in a back-
scattering mode excited by Nd:YAG laser irradiation
(2 o, wavelength = 532.14 nm) on a diffraction
double-monochromator spectrometer (HR800, Jobin
Yvon) with the LabRam 010 system (Lastek, Ade-
laide, SA, Australia). An optical microscope was
used for focusing the exciting laser beam and for
collecting the Raman scattered light. An objective of
100 units was used. The sample surface position
alignment during the Raman signal acquisition was
adjusted according to an image projected onto a
screen from a microscope-mounted charged cou-
pling device camera. The intensity of the laser beam
was adjusted to avoid overheating of the samples. A
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spectral resolution of 4 cm ™' was used. The number
of scans was selected from the range of 100-4000 to
provide a sufficient signal/noise ratio for the spec-
tra. LabRam software was used for spectral analysis.
XPS measurements were performed with an Axis
Ultra DLD spectrometer (Kratos Analytical, Man-
chester, UK) equipped with a monochromatized X-
ray source (Al Ko, hv = 1486.6 eV) operated at 150
W, a hemispherical analyzer, and a delay line detec-
tor. The spectrometer energy scale was calibrated
with the Auus/» photoelectron peak at the binding
energy of 83.98 eV. One-scan survey spectra were
acquired for binding energies in the range of 0-1400
eV at a pass energy of 160 eV with a dwelling time
of 025 s. Cy,, Oy, and Ny region spectra were
acquired at a pass energy of 20 eV for higher spec-
tral resolution. Peaks were fitted with synthetic
Gaussian (70%)-Lorentzian (30%) components with
the Marquardt-Levenberg fitting procedure of the
Kratos Analytical and CasaXPS data processing
packages. Peaks were quantified with relative sensi-
tivity factors supplied by the spectrometer manufac-
turer. Linear background subtraction was used, and
the spectra were charge-corrected with the Cy;
C—C/H component set to 285.0 eV. The analysis
area was 700 pm X 300 pm. Surface etching of
selected samples was achieved with 5-keV Ar* ions
raster-scanned over an area of 2.5 mm x 2.5 mm.
Some XPS measurements were repeated with a
spectrometer (Specs, Berlin, Germany) equipped with
an Al X-ray source with a monochromator operated at
200 W, a hemispherical analyzer, and a line delay
detector with nine channels. Survey spectra were
acquired for binding energies in the range of 0-1200 eV
at a pass energy of 30 eV. Cy5, O, and Ny region
spectra were acquired at a pass energy of 23 eV with
10 scans to obtain a higher spectral resolution and to
lower the noise level. S, region spectra were acquired
at a pass energy of 30 eV with 50 scans and a 0.5-s
dwelling time to obtain even lower noise levels.

RESULTS AND DISCUSSION
Structural transformation due to the PIII treatment

Figure 1 shows micro-Raman spectra of untreated
and Plll-treated nylon. The spectrum for untreated
nylon has narrow lines attributed to the vibrational
modes of the polymer macromolecules at 1639, 1443,
1300, 1236, 1132, 1064, and 954 cm'. With the PIII
treatment, the Raman spectrum changes dramati-
cally. The line intensity is lower, and a broad back-
ground between 1200 and 1600 cm ' appears.
The background is formed by two wide bands (the
G-peak and the D-peak) attributed to vibrations in
graphitic structures. Such background features are
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Figure 1 Micro-Raman spectra of untreated nylon
and nylon after the PIII treatment. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

observed in the spectra of most other polymers after
ion-beam implantation.'* Visually, the nylon surface
becomes darkened after the PIII treatment with high
ion fluence (10"°-10'° ions/cm?). At lower ion fluen-
ces (<10" ions/cm?), no effect is visible. The darken-
ing of the surface layer is caused by carbonization
and is consistent with the formation of the graphitic
structures observed in the corresponding micro-
Raman spectrum (Fig. 1). Carbonization of the sur-
face layer is the reason for the appearance of cracks
on the surface, as discussed in our previous study.55
The density of the cracks is low and does not signifi-
cantly increase the effective surface area of the nylon.

FTIR-ATR spectra of untreated nylon show a series
of characteristic and well-known bands correspon-
ding to vibrations of amide groups. These include the
amide A line (3302 cm '), the amide B Fermi reso-
nance line (overtone of N—H bending; 3080 cm ™),
the amide I line (1634 cm ™), the amide II line (1540
cm Y, the amide III line (1276 cm™'), and the amide
IV line (936 cm™; Fig. 2). These lines are attributable
to amide groups with strong hydrogen bonds. The
presence of hydrocarbon chains is indicated by lines
corresponding to C—H stretching vibrations at 2935
and 2860 cm ' and to bending vibrations in —CH,—
groups at 1474, 1466, and 1418 cm ™.

As for the micro-Raman spectra, the FTIR-ATR
spectra change dramatically after the PIII modifica-
tion of nylon. The broad background band in the
1500-1000-cm ™' region, with a maximum at 1250
cm !, grows with ion fluence. This band is attribu-
table to vibrations in highly carbonized structures,
which appear in the surface layer after ion-beam im-
plantation. This is consistent with the observations
of the micro-Raman study and previous studies.'”
This band is broad and unstructured because of the
irregular character of the carbon bonds forming as a
result of the PIII treatment.
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The intensity of the amide A, B, I, and II lines
decreases with the ion-beam fluence. Additional
absorbance lines appear in the high-frequency region
(3600-3000 cm™') and in the middle-frequency
region (1800-1500 cm ™). Spectral changes associated
with PIII treatment are highlighted by the subtrac-
tion of the equivalent untreated nylon spectrum
(inset in Fig. 2). Complete subtraction of all nylon
peaks is impossible because of peaking shifting.
Additional lines at 3629, 3378, 3164, and 3031 cm !
appear and increase with the ion fluence. According
to the accepted interpretation of polyamide spectra,
these lines may be attributed to hydroxyl group
vibrations (3629 cm™'), amide and amine group
vibrations (3378 and 3164 Cmfl), and C—H stret-
ching vibrations in unsaturated carbon structures
(3031 cm ™). These spectral changes indicate that the
PIII treatment breaks bonds associated with amide
groups and results in the formation of amine,
hydroxyl, and unsaturated C=C groups in the nylon
surface layer.

A line at 2215 cm ™! that is attributed to stretching
vibrations of newly formed C=N groups appears
with the PIII treatment. In the region of 1715 cm ™Y
which is characterized by a strong line arising from
carbonyl group vibrations, the absorbance increases
with the ion fluence. Such groups exist in untreated
nylon, and the carbonyl group line (amide I) of
nylon can be observed in the spectra of unmodified
samples. In the spectra obtained from PIII-modified
samples, the high-frequency shoulder of the amide I
line becomes stronger, and this is indicative of the
generation of new carbonyl groups not associated
with those found in untreated nylon. In addition to
the appearance of new chemical functional groups,
there is a significant decrease in the intensity of the
1474- and 1418-cm™ ' lines with the ion fluence.
These lines are attributable to C—H bending

1600 sec

Absorbance, a.u.

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™

Figure 2 FTIR-ATR spectra of nylon after the PIII treat-
ment. The PIII treatment times are noted from bottom to
top (untreated and 40, 80, 400, 800, and 1600 s). The inset
shows difference spectra from untreated and treated sam-
ples with PIII treatment times of 40, 80, 400, 800, and 1600 s.
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vibrations in the aliphatic part of the nylon macro-
molecule near the amide group.

The spectra show that the structure of the nylon
polymer is significantly transformed by chemical
reactions resulting from the PII modification.
A penetrating ion with high energy undergoes a
number of collisions with nylon macromolecules and
results in the ejection of molecular fragments and
ions containing carbon, oxygen, nitrogen, and hydro-
gen atoms in addition to the emission of secondary
electrons. As a result, highly reactive free radicals are
formed in the polymer surface layer. These trigger a
number of chemical reactions that give rise to new
structures in a process often called ion-beam damage.
According to reactions known to occur in photo- and
radiation-damaged nylon,””® we propose analogous
reactions as first approximations of the chemical
changes occurring in PIII-modified nylon.

The radicals generated in the aliphatic part of the
nylon macromolecules react in the same way as those
in saturated hydrocarbons. Such radicals can move
along the macromolecule chain and cause structural
transformations in layers deeper than the ion-pene-
tration depth. After the removal of treated nylon
samples from the vacuum chamber into air, these
radicals react with atmospheric oxygen and water
and result in the formation of hydroxyl, carboxyl,
carbonyl, and aldehyde groups. This gives rise to the
appearance of lines at 3629, 3031, and 1715 cm ™' in
the spectra of modified nylon. A detailed analysis of
these reactions can be found elsewhere.'?

The presence of the nylon amide group provides
more potential for chemical transformations than the
saturated hydrocarbon group. A loss of hydrogen
from the methylene group joined to the amide group
can be observed, and this results in a significant
decrease in the number of such methylene groups
and an accompanying decrease in the intensity of
the 1477- and 1418-cm ™! spectral lines:

| * |

R CH N CH,
— \CHJ/ \C/\CH:/ N g

[l

R CH; CH,
\Cl-h/ \C/\CHz/ \R

(1)

or

H H
I I

R CH, N CH;
Narl Ne/ Nawd Ny —>

R CH, N CH, 2
Naw N N’ Nw (2)
o

The appearance of a free radical at the carbonyl
group usually causes a dissociation of this group
from the macromolecule and the release of CO (in
the gas phase):
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R cHi R C*Hz
7 N ew
So’ et a4 cof (3)

The carbonyl radical may be transformed into
aldehyde, carboxyl, or hydroxyl groups when a pro-
ton donor radical is close enough to be involved in
the reaction. An aminyl radical can react with
another free radical to form a secondary amine
group or be transferred to a primary amine group:

H
| |
R + =N CH, —» R N CH, (4)
N N Vg Naw Naw? N

H
I 1

(5)

RH %N O e N CH,
+ \CHZ/ R + H/\CHZ/ Nk

The appearance of amino acid groups may occur
in the following way:

H H
I I

R CH, N RH R CH, N 6
*
Na N = Nal N Ny O
a
(6]

o-

The occurrence and progress of these reactions
may be followed with the 3629-, 3378-, and 3164-
cm ! spectral lines. Dehydration of the amide group
yields a nitrile group, which is indicated by the
appearance of the 2215-cm ™' spectral line:

R CH, T\I CH, R CH, /N CH,

\CHZ/ \C/\CHZ/ Np N \‘C/\CHJ/ Ny

Il o
'
NS

(7)

The appearance of nitrile groups may also be
caused by the reaction of sputtered nitrogen and car-
bon atoms:

£ *
#*N 4 #C#%4 *R _, R-C=N (8)
ES *

The intensity of the observed vibrational lines was
analyzed as a function of the ion-beam fluence
(Fig. 3). The intensity of the 2933-cm ! line, which
corresponds to —CH,— group stretching vibrations
in the nylon macromolecules, was used as an inter-
nal standard. The number of new carbonyl groups

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Absorbance of lines in the FTIR-ATR spectra of
nylon after the PII treatment: 3378 (amide and amine
groups), 2215 (nitrile group), and 1715 cm ™' (carbonyl group).
The absorbance of these lines was normalized to the absorb-
ance of the 2933-cm™! line corresponding to the —CH,—
group stretching vibration in the nylon macromolecule.

increases with the ion-beam fluence, as observed
from changes in the 1715-cm ™! line intensity. At low
fluence, the number of carbonyl groups increases
sharply. However, at high ion fluence, the rate of
the increase in carbonyl groups is slowed. The num-
ber of new amide and amine groups increases at
low fluence and remains constant at high fluence.
The number of nitrile groups grows continuously
with increasing ion-beam fluence. The number of
neighboring methylene groups decreases signifi-
cantly at low fluence and remains constant at high
fluence (Fig. 4).
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Figure 4 Absorbance of the 1474- and 1418-cm ™' methy-
lene group lines in the FTIR-ATR spectra of nylon after
the PIII treatment. The absorbance of these lines was nor-
malized to the absorbance of the 1466-cm ™ line.
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Figure 5 Total and polar surface energies of nylon after
the PIII treatment as functions of the storage time in air.
The data points show the experimentally measured values,
whereas the curves show the best fits obtained through
the fitting of an exponential function.

Such kinetics shows that the structural transfor-
mations in nylon caused by PIII treatment have a
complex character with at least two different stages
apparently depending on the ion fluence. During
the first stage (fluence <10'" ions/cm?), new groups
appear, and some native groups disappear. This
stage is characterized by substantial structural
transformations, which involve amide, amine,
hydroxyl, and carboxyl groups. During the second
stage (fluence >10" ions/cm?), smaller structural
transformations occur with ion-beam fluence,
and these transformations do not depend strongly
on the fluence.

These two stages are consistent with structural
transformations observed in other polymer systems
exposed to PIII treatment. For example, polystyrene
films are strongly oxidized and etched at low ion
fluence. At high fluence, the surface layer becomes
carbonized, and structural transformations can occur
only in the deeper layers. Similarly, the PIII modifi-
cation of nylon causes structural transformations of
nylon macromolecules at low fluence, whereas at
high fluence, the surface layer becomes carbonized,
and further structural transformations observed in
the spectra occur in deep layers: they are driven not
by high-energy primary ions but rather by free radi-
cals moving into the material from the disrupted
surface layer.

Structural transformations in the surface layer
change the surface energy of nylon. The wettability
changes significantly after PIII modification. The
water contact angle decreases from 76.2° for the
untreated material to 35.3° after the PIII treatment,
and the surface energy and its polar and dispersive
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TABLE I
Parameters of the Fitted Total and Polar Surface Energies
of PIII-Treated Nylon as Functions of the Storage Time

Parameter Total Polar
o1 (MN/m) 24 14
to (1/min) 5000 5000
Gs (MN/m) 47 10

t
=01 -exp(—?> + O
0

components change. The surface energy of untreated
nylon has been calculated to be 44.2 mN/m. After the
PIII treatment, the surface energy (calculated by the
Owens—Wendt—Rabel-Kaelble method) increases
to 70 mN/m (Fig. 5). Most of the change occurs in
the polar component and is driven by new polar
groups appearing in the surface layer after the PIII
treatment. The polar component of the surface energy
(calculated with the Owens—Wendt-Rabel-Kaelble
method) increases from 2.7 mN/m for untreated
nylon to 24 mN/m for Plll-treated nylon. Similar
results can be observed with the Fowkes and
Wu methods for surface energy calculations: the
total energy for Plll-treated nylon is 70.3 and 76.4
mN/m, respectively, and the polar part is 24.9 and
30.8 mN/m, respectively.

Hydrophobic recovery

The wettability and surface energy are not stable
with time after the PIII treatment. The water contact
angle increases with the storage time in air. After
1 week, the wettability stabilizes and is characterized
by a water contact angle of 58.4°.

The increase in the surface energy after PIII is
caused by chemical transformations at the modified
nylon surface and, in particular, the appearance of
high-energy polar groups. The decrease in the sur-
face energy observed after storage of the modified
material may have the same origin as similar surface
energy decreases observed after plasma polymeriza-
tion or plasma treatment of polymer surfaces™ ™'
(including  plasma-treated  nylon  surfaces).””
Accepted models for surface energy decreases and
hydrophobicity recovery with time in these plasma-
treated polymers discuss the reptation or diffusion
of the surface polymer chains and the rotation of
high-energy surface functional groups back into the
polymer bulk.®® First, variation of the wettability
with time, depending on the environment, has been
observed for copolymers and gel-like polymers; the
mobility of macromolecules is high, and phase sepa-
ration plays a significant role in surface-layer forma-
tion.®**® Moreover, the same model of surface-layer
mobility has been used for the explanation of wet-
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ting recovery in plasma-treated polymers.®® The sur-
face energy of plasma-treated polymers is thereby
reduced, and the hydrophobicity is increased.
However, in the case of PIII treatment, the diffusion
of polymer chains, as in the reptation picture, would
be hindered by the dense crosslinking associated
with highly carbonized structures appearing after
high fluence modification.

Another possible pathway may be the adsorption
of adventitious carbon and hydrocarbons on the acti-
vated surface with atmospheric exposure.”” The
changes in wettability in this study were repeatable
despite the variable nature of the uncontrolled labo-
ratory atmosphere, and the FTIR-ATR spectra did
not show any significant growth in lines attributed
to adsorbed hydrocarbons on the surface.

The most realistic explanation is that the changes
in the surface energy observed with the storage
time after modification are associated with chemical
changes and/or structural relaxation at the surface
of the modified nylon. The character and kinetics of
these transformations are complex and depend on a
number of reactions characterized by different rates
of reaction.

The principle of macrokinetics may be applied to
simulate these transformations. These relaxation proc-
esses may be fitted with exponential functions that
correspond to first-order reactions. An exponential
function was fitted to the polar component of the sur-
face energy (o), and agreement between the experi-
mental data and the theoretical curve was found (Fig.
5). The fitted curve was determined as follows:

t
c =01 -exp(—t—) + 0
0

where t is the time after PIII treatment, o, is the con-
stant, fy, is the characteristic time of the surface
energy decay and o, is the surface energy of the
modified nylon after an infinite storage time. The
value of 67 + o is the surface energy of modified
nylon immediately after the PIII treatment (Table I).

The characteristic time shows that the wettability
of the modified nylon is stabilized 3.5 days after the
PIII treatment. The surface energy after an infinite
storage time (47 mN/m with a 10 mN/m polar
component) does not return to the value for
the untreated nylon surface (44.2 mN/m with a
2.7 mN/m polar component). The change in the sur-
face energy is determined mostly by the polar com-
ponent. The dispersive component of the surface
energy remains in the range of 40-47 mN/m for
untreated and modified nylon surfaces.

The total surface energy immediately after the PIII
treatment (71 mN/m) is high for polymers and
organic substances. Usually, the total surface energy

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Binding Energy (E;) Values and Atomic Fractions Measured from Survey Spectra of the Samples

Atomic fraction (%)

Nay; Fe2p3/2 O1s Ny Ca2p3/2 Cis Szp P2p
Sample (1071 eV) (712 eV) (531 eV) (400 eV) (347 eV) (285eV) (165¢eV) (133 eV)
Untreated 0.04 <0.01 11.3 11.0 <0.01 77.1 0.03 0.03
PllI-treated 0.03 1.03 12.0 14.0 0.12 72.4 0.04 0.01
Untreated and soaked in the buffer <0.01 <0.01 11.5 10.6 <0.01 77.9 <0.01 <0.01
PllI-treated and soaked in the buffer 0.87 0.12 14.8 9.8 0.2 744 0.01 0.10
Untreated and soaked in the HRP solution 0.11 <0.01 13.4 11.6 <0.01 74.9 0.06 0.04
PllI-treated and soaked in the HRP solution 0.69 0.23 15.6 12.1 0.2 71.2 0.10 0.15

The noise level was approximately 0.01%. The E, values are shown in parentheses (AE, = *1 eV).

for high-energy organic surfaces does not exceed
45-50 mN/m. There are two possible sources for the
high surface energy: newly introduced polar groups
and free radicals. An examination of the literature
shows that surface energies as high as 71 mN/m can-
not be explained by the coverage of new polar groups
that we have observed. The reported surface energies
are considerably lower for polar polymers such as
poly(methyl methacrylate) with a high concentration
of C=0 groups in the backbone (49 mN/m), polycar-
bonate with aromatic rings and carbonyl groups in
the backbone (46.7 mN/m), and poly(ether ester ke-
tone) with ether, ester, and aromatic ring groups in
the backbone (46 mN/m). In all of these cases, the
surface energy does not exceed 50 mN/m.®

The value that we have measured (71 mN/m) is
close to that for inorganic substances such as
ceramics and metals. The surface energy of carbon
structures such as graphite and diamond depends
on the presence of dangling bonds at the surfaces. In
the case of hydrogenated and oxidized surfaces of
diamond and graphite, surface energies of 47 and
65.8 mN/m, respectively, have been reported.®” A
low surface energy has been observed for fullerenes,
which do not have unbonded electrons at the surface
(48.1 mN/m),”® and carbon nitrides (51.9-41.9).”!
However, the surface energy of carbon structures
terminated with unbonded electrons has been
reported to be in the range of 4000-1000 mN/m.”>”3
This high surface energy arises from the presence of
free radicals in the surface layer. Free, uncoupled
electrons create strong intermolecular interactions, as
observed for metal surfaces, which have surface
energies in the range of 100-1000 mN/m;”* these
correspond to complete coverage of the metal
surface by the free electron cloud. The same high-
density free electron gas is responsible for the high
surface energy of intrinsic graphite, which has been
reported to be 1750 (experimental measurement)’
and 3338 mN/m (calculation).”® We do not expect
such high coverage of the surface of our modified
nylon by free electrons associated with free-radical
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groups; however, the high surface energy does indi-
cate that the PIII treatment results in the generation
of a significant number of free radicals at the freshly
treated polymer surface. The presence and dis-
appearance of free radicals on the modified nylon
surfaces change the polar component of the surface
energy and not the dispersive component as
expected of the strong polar electrostatic interactions
of free, uncoupled electrons.

Therefore, we propose that most of the changes in
the wettability and surface energy of PIll-modified
nylon are produced by free radicals in the top layer,
which is in contact with the wetting liquid. Residual
differences in the surface energy for untreated and
PlII-modified nylon after long storage times are con-
nected to stable groups that appear after the comple-
tion of the free-radical reactions. The same effect of
surface energy changes in polyethylene after the PIII
treatment was observed and discussed previously.*'

XPS analysis

Changes in the composition and chemical state at
the surface may be revealed by XPS. XPS is comple-
mentary to FTIR-ATR because it is sensitive to sha-
llow depths of approximately 10 nm, whereas FTIR-
ATR samples regions up to a few micrometers. In
the case of nylon, we cannot rely on FTIR-ATR to
detect a surface-attached protein monolayer because
of the presence of amide peaks in the polymer. We
examined two strategies. With the first method, we
performed high-resolution elemental scans of the
Cis, O, and Nyg peaks and detected the differences
in the bonding state of the ion-modified nylon and
the protein layer on top. Such an analysis is not
possible with FTIR-ATR because of the contribution
of the unmodified bulk regions of the nylon to the
signal. With the second strategy, we explored the
use of the sulfur peak to detect the protein layer.
Table II shows the relative atomic concentrations
at the surface derived from XPS survey spectra (not
shown) for a sequence of six sample types: untreated
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Figure 6 (a) XPS Cy; lines of untreated nylon incubated
in (1) the buffer or (2) the HRP-containing buffer and
PllI-treated nylon incubated in (3) the buffer or (4) the
HRP-containing buffer, (b) XPS Cys lines of untreated
nylon fitted by individual lines, and (c) XPS C;s lines of
PlII-treated nylon fitted by individual lines. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

and Plll-treated nylon samples; untreated and PIII-
treated nylon samples immersed in a buffer and
rinsed in water; and untreated and Plll-treated
nylon samples immersed in an HRP solution,
washed in a buffer, and rinsed in water. As
expected, the principal constituents are carbon,
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nitrogen, and oxygen. The fact that changes to the
spectra are not affected by rinsing indicates that the
modified layer is a crosslinked, bonded network
rather than free molecular fragments.

The spectrum of untreated nylon, in agreement
with the reference data,®” contains Cys, Oy, and Ny,
lines. The lines are multiplets corresponding to the
nylon macromolecule structure. Figures 6-8 show
that significant changes in the Cy5, Oy, and Ny, lines
can be observed after the PIII treatment.

The C;s shoulder near 288 eV in the spectrum of
untreated nylon, attributed to carbon in the amide
group of the nylon macromolecule, is diminished by
the PIII treatment, and a new shoulder at 286 eV
appears. The main peak at 284.9 eV broadens on the
low binding energy side (284.5 eV) and corresponds
to graphitization and carbonization of the nylon.
Graphitization is further supported by the appea-
rance of a shake-up satellite intensity around 292 eV,
which is associated with the formation of aromatic
structures. The amide component (binding energy =
288 eV) is significantly reduced with the PIII treat-
ment. A similarly significant increase in the C—0O/
C=N component occurs, and this is consistent with
the PIII transformation of amide groups into nitrile
groups and carbonyl species. Component peaks are
enhanced with the PIII treatment at binding energies
of 289 and 290 eV, which correspond to carboxyl
and carbonate-like groups.

The untreated nylon sample exhibits intense,
narrow Oy and Ny4 component peaks corresponding
to the amide linkages (O=C—NH—). The O
envelope broadens after PIII modification toward the
high-energy region and shows several additional
component peaks with higher energy. This behavior
is consistent with the formation of new oxygen-con-
taining species, as observed in the Ci4 spectra. The

Intensity, counts

395 397 399 401 403 405
Ev, eV

Figure 7 XPS Nj; lines of untreated nylon incubated in
(1) the buffer or (2) the HRP-containing buffer and PIII-
treated nylon incubated in (3) the buffer or (4) the HRP-
containing buffer.

Journal of Applied Polymer Science DOI 10.1002/app



2900

16000 -
14000 -
12000
10000 -
8000 |

6000 -

Intensity, counts

v L] >

4000

2000 -

528 530 532 534 536 538
Ev, eV

Figure 8 XPS Oy, lines of untreated nylon incubated in
(1) the buffer or (2) the HRP-containing buffer and PIII-
treated nylon incubated in (3) the buffer or (4) the HRP-
containing buffer.

N line broadens (Fig. 7) because of the appearance
of nitrogen atoms associated with carbonyl or car-
boxyl groups and possibly charged nitrogen species.
After the PIII treatment, contributions corresponding
to amine and C=N groups can be observed, and
these are consistent with the evolution of similar
bonds observed by FTIR. NO and NO, components
could also contribute to the observed broadening of
Nis and Oy and may also be expected with PIII
treatment. These results confirm the interpretation of
the trends observed with Raman and FTIR spectro-
scopy and also provide some specificity in the
description of the chemical changes associated with
the PIII treatment.

Further analysis of Cy5, Oq5, and Ny, lines is diffi-
cult because of the diversity of structures introduced
by the PII treatment. Figure 6(b,c) shows curve
fitting for the C;4 high-resolution region spectra with
the set of component peaks reported for nylon in the
Beamson and Briggs Scienta ESCA300 database.”
The fitting results of the XPS spectrum for the PIII-
treated sample [Fig. 6(c)] are highly uncertain
because of the multiplicity of the fitting parameters
involved. For this reason, we prefer to view the XPS
results as qualitative indicators of structural trans-
formations in nylon during PIII treatment.

The changes from the amide bonding of nylon in
the treated surface provide an opportunity to detect
amide bonding associated with a surface-immo-
bilized protein. Figures 6-8 show XPS spectra of
treated and untreated nylon with and without HRP.
The effect of protein attachment can be clearly
observed. The C; shoulder near 288 eV in the spec-
trum of untreated nylon, attributed to carbon in the
amide group of the nylon macromolecule, remains
after HRP adsorption because of the contributions of
amide groups in the HRP molecule (Fig. 6).
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However, after the attachment of HRP to a PIII-
treated surface, the shoulder at 283 eV reappears
because of the presence of amide groups in the
attached HRP molecules. The N;s spectrum shows
weakly increased intensity in the high-energy
shoulder (Fig. 7) after the attachment of HRP to the
untreated surface. The attachment of HRP to the
PllI-treated surface significantly increases the inten-
sity of the high-energy shoulder associated with the
reappearance of amide groups. The attachment of
the protein to the untreated surface also slightly
increases the high-energy shoulder (Fig. 8) in the Oy,
region scan. On Plll-treated nylon, the attachment of
HRP returns the low-energy shoulder with a strong
intensity. Therefore, the spectra of HRP-soaked
samples show clearly the presence of attached
protein on the untreated and PlII-treated nylon. The
fact that evidence for amide bonds appears only in
the treated sample exposed to the HRP-containing
buffer solution and not in the sample washed in
a fresh buffer indicates that the reappearance of
amide groups cannot be associated with the
removal of the PIII-modified surface layer during
the buffer washes.

Another possible strategy for detecting the
adsorbed protein layer involves the sulfur peak
because this element is present in HRP and is not
present in nylon. The HRP molecule has a mass of
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N~ N AL 2

120 130 140 150 160 170 180 190
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Figure 9 XPS S;, and Py, lines of (1) untreated nylon, (2)
untreated nylon incubated in the HRP-containing buffer,
(3) untreated nylon incubated in the HRP-containing
buffer and washed with Triton X100 detergent, (4) PIII-
treated nylon, (5) PIll-treated nylon incubated in the pure
buffer, (6) Plll-treated nylon incubated in the HRP-contain-
ing buffer, and (7) PlIll-treated nylon incubated in the
HRP-containing buffer and washed with Triton X100 de-
tergent. The XPS spectra that were recorded with a 30-eV
pass energy and 50 scans are marked with apostrophes.
The other spectra were recorded with a 160-eV pass
energy and 1 scan. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 Activity of the attached HRP protein on nylon
surfaces modified by the PIII treatment. Results are shown for
treatment times of 0, 40, 80, 400, 800, and 1600 s. The controls
showed the activity of attached HRP on untreated UHMWPE
and PIII-modified UHMWPE (1600-s treatment time).

44 kDa and includesl0O cysteine molecules and 7
methionine amino acid molecules, each of which
contains 1 sulfur atom. XPS spectra of untreated
nylon and PllI-treated nylon do not show sulfur S,
lines above the noise. After incubation in an HRP
solution, the surfaces of both untreated and PIII-
treated nylon contain sulfur concentrations detec-
table by XPS (Fig. 9). The Sy, lines are clear of the
noise level in the spectra. However, quantification is
hindered by the low signal-to-noise ratios. The
atomic concentration of sulfur calculated from spec-
tra is 0.06% on untreated nylon and 0.10% on PIII-
treated nylon. The sulfur peak remains in the XPS
spectrum of the PIIl-modified nylon after washing in
Triton detergent. The same wash removes the sulfur
peak from the untreated nylon surface, and this is
consistent with removal of the protein. Such a deter-
gent wash disrupts the interactions associated with
physisorption but cannot break the chemical bonds.
This is consistent with previous results for protein
attachment to Plll-treated polyethylene,” poly-
styrene,® and polytetrafluoroethylene:’ there were
significant increases in coverage on Plll-treated sam-
ples versus untreated controls and covalent bonding
between the protein layer and the treated surfaces.
HRP molecules also contain two Ca atoms and
one Fe atom in the porphyrin ring. These elements
may also be expected in the HRP-attached layer.
However, the noise level of the XPS spectra for
untreated nylon indicates that the background levels
of Ca and Fe are higher than the expected concentra-
tions of these elements. Low levels of Fe and Ca can
be detected in the spectra of Plll-treated nylon,
most likely because of sputtering from an additional
mesh electrode in the PIII system during implanta-
tion (Table II). The Fe surface concentration is
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highest for the Plll-treated sample before exposure
to the buffer solution. Fe contamination is decreased
after incubation of the modified nylon in the buffer.
If the Fe ions are not chemically bound to the modi-
fied nylon macromolecules, the P anion from the
buffer can accept an Fe cation and remove it from
the surface layer into the solution. Therefore, it is
likely that much of the deposited Fe is not chemi-
cally bound to the modified nylon and may be read-
ily removed. Therefore, the detected Fe does not
belong to the HRP molecule.

Na and P species are derived from the buffer (Fig.
9 and Table II). Na is present at an apparently
higher concentration than P on the PIII-modified
surface. Na may react with carboxylic anions in
solution to produce sodium carboxylate via the
following pathway:

R—COOH + Na — R—COONa 9)
P anions may react with free radicals:
R-+(PO,) > 4+ 2Na" — R—(PO,)Na, (10)

Other reactions with the P anion have a lower pro-
bability. The presence of the P anion could alterna-
tively be explained by the diffusion of the ion into
the water-swollen volume of the modified surface
layer of nylon. The chemical-bonding explanation
discussed earlier, however, seems more likely
because the rigorous washing process in deionized
water should completely remove buffer salt mole-
cules from the swollen layer.

The surface-attached HRP protein shows catalytic
activity on the nylon surface, and this is consistent
with observations for polyethylene, polystyrene, and
polytetrafluoroethylene surfaces (Fig. 10). The pro-
tein activity immediately after attachment is similar
or slightly lower for the untreated nylon in compari-
son with the PllI-modified nylon samples. Results
that were previously obtained for polyethylene are
shown here as controls and for comparison with our
current results. The difference in the HRP catalytic
activity between the Plll-treated and untreated sam-
ples is proportional to the difference in the amount
of the attached protein, as determined by XPS.

After 7 and 14 days of storage in the buffer, the
activity of the attached protein on all samples
decreases. However, the activity of the protein on
untreated nylon decreases faster than that on PIII-
modified nylon. The highest activity after long-term
storage is observed for long-time treatments (high
ion fluence). The catalytic activity of protein on
nylon surfaces with high fluence behaves similarly
to that on modified polyethylene samples treated
with the same high ion fluence.”
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CONCLUSIONS

The complementary combination of FTIR-ATR and
XPS has been proved to be effective in the study of
both the changes in surface chemistry resulting
from the ion implantation of nylon and the detec-
tion of a surface-attached layer of the enzyme HRP.
The presence of amide bonds in the bulk, unmodi-
fied polymer makes the use of the FTIR-ATR
method for detecting the surface-bound protein
impossible. The near-surface sensitivity of XPS,
however, limits the signal to the ion-damaged
region in which most of the amide bonding has
been eliminated. The reappearance of features in
the XPS spectrum associated with amide bonds
after HRP attachment, combined with the appear-
ance of a trace sulfur peak, confirms the presence
of the attached protein layer. The ability to detect
traces of P and Na by XPS also provides additional
information about the interaction of the buffer solu-
tion with the ion-modified layer.

The results of the combined Raman, XPS, and
FTIR-ATR analyses support the view that PIII treat-
ment causes significant structural changes in the sur-
face layer of nylon. Carbonization of the top surface
layer and depolymerization in deeper layers occur
together with the formation of additional hydroxyl,
amine, amino acid, carbonyl, and nitrile groups due
to high-energy ion bombardment of nylon. Contact-
angle data show that the surface energy and its
polar component change significantly in response to
PII treatment. The structural analyses indicate that
the changes in surface energy are due to the forma-
tion of free radicals and new polar groups on the
surface. Structural changes in the surface layer
continue to occur for a long time (a month) after the
PIII treatment, perhaps because of the diffusion of
free radicals and their kinetics.

The nylon surface becomes more favorable for the
attachment of protein after PIII. The amount of
attached protein and its activity are higher on the
modified surface versus the untreated control. The
attached protein appears to be stabilized by the PIII-
modified layer in terms of long-term catalytic acti-
vity. The results of PIII modification and protein
covalent attachment for nylon are similar to those
observed for polyethylene, polystyrene, and poly-
tetrafluoroethylene systems.”””
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