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SYNOPSIS

Acidic oxygen-containing and basic nitrogen-containing functional groups were incorporated
onto thin films formed by plasma polymerization of acrylic acid and allylamine in a low-
pressure glow discharge. ESCA, ATR-FTIR spectroscopy, and static contact-angle mea-
surements confirmed the presence of these functional groups. Surface hydrophilicity of the
acrylic acid plasma polymer decreased with time due to the diffusion of hydrophilic oxygen-
containing functional groups away from the surface of the plasma-treated polyethylene. In
contrast, the hydrophilicity of the allylamine plasma polymer increased with time because
of the extensive post-plasma-treatment oxidation with atmospheric oxygen. In assessing
the blood compatibility of these two types of plasma polymer surfaces by platelet adhesion
and spreading, the acidic acrylic acid plasma polymers showed an improvement in throm-
boresistance, but the basic allylamine plasma polymers were more thrombogenic than was

the untreated low-density polyethylene base material. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Plasma polymerization is the formation of polymeric
materials typically in a low-pressure glow discharge.
The materials formed by plasma polymerization are
vastly different from conventional polymers and
constitute a new kind of insoluble, infusible, and
highly cross-linked polymer. Yasuda suggested that
plasma polymerization is an “atomic” process as
compared to the traditional “molecular” polymer-
ization process.!

Recently, plasma polymerization has been applied
to prepare novel polymeric biomaterials.!® The ca-
pability of plasmas to alter surface physical and
chemical properties without affecting the bulk
properties of the base material is advantageous in
the design, development, and manufacturing of bio-
compatible polymers. It is important to determine
the effects of different functional groups on a ma-
terial’s surface, physical, chemical, and blood-con-
tacting properties for the application of certain bio-
materials. In this work, acrylic acid and allylamine
were plasma-polymerized to create thin films of
acidic and basic surface properties on low-density
polyethylene. It is expected that oxygen- and nitro-
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gen-containing species can be generated from acrylic
acid and allylamine plasmas, respectively. As a re-
sult, some degree of hydrophilic carboxylic or amino
functionality can be incorporated by plasma poly-
merization of these two monomers.®?

Low-density polyethylene (LDPE) is a commonly
used biomaterial that possesses fairly good grafting
reactivity compared to other common polymeric
materials. A number of plasma modification and
plasma polymerization systems have been employed
in order to introduce oxygen-containing functional
groups onto polyethylene surfaces for biomaterial
applications.’>® The aim of this work was to de-
termine some of the plasma polymerization param-
eters for the acrylic acid and allylamine plasma re-
actions and to characterize these two types of plasma
polymer thin films by ESCA, ATR-FTIR spectros-
copy, contact-angle measurements, profilometry,
and SEM. Platelet adhesion and activation studies
were used to assess the blood compatibility of these
two plasma polymers.

PLASMA REACTOR

A 1 in. OD quartz tubular plasma reactor was ex-
ternally capacitively-coupled by two copper elec-
trodes (Fig. 1). The energy for the plasma reaction
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Figure 1 Schematic representation of the plasma polymerization reactor system.

was supplied by a 13.56 MHz rf ENI ACG-3 plasma
generator. An automatic ENI TH-1000 matching
network was connected in series between the power
generator and the external copper electrodes for
maximum power transfer. The gas flow rates of the
reactive gases and monomers were monitored by
MKS MASS-FLO™ 1160B mass flow controllers.
An SSL portable temperature controller was used
to vaporize the liquid monomers. The plasma reactor
system was pumped down by a Leybold TRIVAC
D30A rotary vane pump. The pressure of the system
was regulated by an MKS 253A exhaust throttle
valve and a 252C exhaust throttle valve controller.
Pressure readings were made using an MKS 127A
Baratron absolute pressure transducer.

MATERIALS AND METHODS

Plasma Treatment

Rectangular samples, 0.75 X 1.00 in., were cut from
LDPE roll film (Penn Fibre). A sample was then

placed 15 in. from the inlet inside a 2 ft X 1 in. OD
quartz tubular plasma reactor. Two external copper
electrodes separated by 3.5 in. were located across
the rectangular sample. The base pressure of the
system was then pumped down to below 1 mTorr.
Acrylic acid [CH;,—CHC(O)OH] is a liquid
monomer; therefore, additional vaporization pro-
cedures were needed to feed it into the plasma re-
actor. By the use of heating tapes and temperature
controllers, the monomer and the plasma reactor
were kept at a constant temperature of 60°C during
the experiment. The flow of acrylic acid was moni-
tored by a metering valve so that its vapor pressure
inside the plasma reactor chamber was 10 mTorr
above the base pressure of the system. After the sys-
tem pressure was stabilized with a continuous flow
of the reactive gas, it was regulated to 200 mTorr
by the exhaust throttle valve controller. The plasma
was ignited for 10 min. Afterward, the plasma power
was turned off, the metering valve was closed, the
exhaust valve was opened, and the plasma reactor
was vented to atmosphere. The plasma-treated
sample was then taken out for analysis. Plasma po-
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lymerization of acrylic acid was carried out at plasma
energy levels of 10, 30, and 50 W. Transparent highly
cross-linked thin films were formed on the LDPE
substrates by the plasma polymerization of acrylic
acid.

Allylamine (CH,=—=CHCH,NH,) is a fairly vol-
atile monomer liquid and it was siphoned into the
plasma reactor by vacuum without heating. It was
vaporized at a pressure of 10 mTorr above the base
pressure of the system. When the system pressure
was stabilized with a continuous flow of the mono-
mer, it was then regulated to 200 mTorr by the ex-
haust throttle valve controller. Plasma polymeriza-
tion of allylamine was carried out at 5, 10, 30, and
50 W for 10 min. Brownish yellow films were formed
on the LDPE substrates.

ESCA

The surface elemental compositions of both the
acrylic acid and allylamine plasma polymers were
analyzed by a Perkin-Elmer PHI 5400 ESCA System
with its packaged ESCA software. The X-ray source
was generated with a Mg anode energized at 15 kV
and 300 W. The distance between the sample surface
and the tip of the X-ray source anode was main-
tained constant at about 1.5 in. The aperture of the
spherical capacitor electron energy analyzer was set
at a diameter of 4 mm so that the area of the sample
surface to be analyzed was about 1.3 mm in diameter.
Both ESCA survey and multiplex spectra of the
plasma-treated LDPE were collected at takeoff an-
gles (8) of 10°, 30°, 45°, and 75° with respect to the
spherical capacitor electron energy analyzer.'® An-
gle-dependent ESCA studies were carried out im-
mediately after plasma polymerization. For inves-
tigation of the time dependence of the surface con-
centrations, the angle-dependent ESCA experiment
was performed again 6 and 7 days after the acrylic
acid and allylamine plasma polymer deposition, re-
spectively.

ATR-FTIR

FTIR spectroscopy was performed with an atten-
uated total reflectance (ATR) plate in order to
identify the functional groups formed by the acrylic
acid and allylamine plasma polymerization. The
ATR plate (or internal reflection element [IRE])
used in this experiment was a 50 X 20 X 3 mm single-
pass parallelepiped germanium single crystal with a
45° aperture angle. It was polished by a Buehler®
polishing cloth (Microcloth, cat. no. 40-7206) with
" deionized water and absolute alcohol as the wetting

and lubricating agents. Then, it was dried in a vac-
uum oven for at least 1 hour. An FTIR background
spectrum was taken of the cleaned IRE to make sure
that it was free of adsorbed water vapor (v = 1310-
2000 cm ') and carbon dioxide (v = 2220-2380
cm ).} The cleaned and dried IRE was then placed
inside the plasma reactor for plasma polymer de-
position. A plasma polymer was deposited on both
sides of the IRE after 30 min of plasma exposure.
An FTIR spectrum was collected again. After sub-
traction of the FTIR background spectrum, a net
FTIR spectrum of the acrylic acid or allylamine
plasma polymer was obtained.

Contact Angle

Static sessile drop contact-angle measurements were
carried out in deionized double-distilled water for
surface hydrophilicity determination. An air or n-
octane bubble (~2 ul.) was placed underneath the
plasma-treated LDPE sample surface by a microliter
syringe and a photograph was taken. The air or n-
octane contact angle of the plasma-treated material
was computed from this photograph.’® Both air and
octane contact-angle experiments were performed
for the acrylic acid and allylamine plasma-treated
LDPE at two different periods, i.e., immediately af-
ter plasma polymerization and about 1 week later.
For contact-angle experiments carried out at about
1 week after the plasma treatment, the samples were
kept in small glass vials and left in air at room tem-
perature.

Profilometry

The deposition rates (d) of the acrylic acid and al-
lylamine plasma polymers formed by plasma poly-
merization were determined by profilometry.
Cleaned glass coverslips (Corning Cover Glass) were
chosen as the substrates for the plasma polymer
thin-film deposition because of their hardness and
surface smoothness. Before insertion into the plasma
polymerization reaction chamber, half of the glass
coverslip surface was covered by another piece of
coverslip. As a result, a step would be created on the
coverslip between the covered and uncovered sur-
faces after plasma polymerization. The height of this
step was measured with a Tencor Instruments Al-
pha-Step® 200 profilometer with a stylus force of
20 mg.

Platelet Adhesion

To determine the blood compatibility of the plasma-
treated materials, platelet adhesion studies were
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TableI ESCA Results for the Acrylic Acid Plasma Polymer Deposited on LDPE

Atomic Concentration (%)

Immediately after 6 Days after Immediately after 6 Days after
Plasma Plasma Plasma Plasma
Polymerization Polymerization Polymerization Polymerization
Takeoff Angle
(Degrees) C (6] C (6] C 0 C (0]
10 W (10 min) 30 W (10 min)
10 17.73 82.27 23.98 76.02 25.02 74.98 29.29 70.71
30 15.56 84.44 22.40 77.60 19.08 80.92 24.66 75.34
45 12.71 87.29 21.33 78.67 15.27 84.73 22.82 77.18
75 15.46 84.54 19.54 80.46 15.71 84.29 21.83 78.17
50 W (10 min)
10 28.75 71.25 31.90 68.10
30 25.76 74.24 26.92 73.08
45 19.97 80.03 24.07 75.93
75 21.23 78.77 23.68 76.32

conducted since platelet adhesion is one of the most
important steps during blood coagulation on artifi-
cial surfaces.'®?! Blood samples were drawn from
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Figure 2 0/C atomic concentration ratio vs. sin § for the acrylic acid plasma polymer
deposited on LDPE (10 min).

healthy canines (adult mongrel dogs) that were not
on medication. Platelet-rich plasma was obtained
and the platelets were washed by albumin density
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Figure 3 ESCA multiplex spectra from the acrylic acid plasma polymer deposited on
LDPE (immediately after 50 W plasma polymerization for 10 min) at a takeoff angle = 45°:

(i) Cys; (ii) Ops.

gradient centrifugation in Hepes-Tyrodes buffer so-
lution of pH 7.3 by a modification of Walsh and
Griffin’s method.?223

Plasma-modified LDPE surfaces were cut into 3
X 3 mm-square samples and equilibrated in the
Hepes-Tyrodes buffer solution (with bovine serum



1606 KO AND COOPER

albumin [BSA]) on a polystyrene Petri dish for
about 1 h. Then, the samples were covered by a layer
of washed platelet suspension (~200,000 platelets
per uL,) for platelet adhesion and spreading in a 37°C
incubator with CO, flow. After 5 min, the washed
platelet suspension was rinsed off and the samples
were covered by Hepes-Tyrodes buffer solution
(with BSA). The samples were then placed in the
37°C CO, incubator for another 40 min to allow fur-
ther spreading of the adhered platelets. After a total
of 45 min incubation in CO,, the adhered platelets
were fixed in 2 vol % glutaldehyde in a Hepes so-
lution for 30 min. After glutaldehyde fixation, the
samples were dehydrated with ethanol and finally
in a CO; critical point drying apparatus (Tousimis
Autosamdri 814). The samples were kept in a des-
iccator to avoid moisture from the atmosphere.
Scanning electron microscopy, at a 15 kV acceler-
ating voltage, was used to observe the platelet shape
change, shape change distribution, and the total
number density of the adhering canine platelets.

RESULTS AND DISCUSSION

ESCA

Angle-dependent ESCA survey and multiplex spec-
tra were collected to study the surface elemental
compositions of the acrylic acid and allylamine
plasma polymers as a function of depth and time.
Carbon (C) and oxygen (O) were the only two ele-
ments present on the acrylic acid plasma polymer
sample surfaces as revealed by the ESCA survey
scan. Carbon (C), nitrogen (N), and oxygen (O)
were found on the allylamine plasma polymers’ sur-
faces.

ESCA results indicated that there was a large
amount of oxygen incorporated in the plasma poly-
mer films formed by acrylic acid plasma polymer-
ization (80-87 atm %) (Table I). By plotting the
O /C atomic concentration ratio vs. the sine of the
takeoff angle (sin 8), the relative atomic concentra-
tion depth profiles in the top 100 A of the plasma
polymer could be determined (Fig. 2). The plot
clearly indicates that a larger amount of oxygen was
incorporated when a low plasma energy was applied.
Immediately after the plasma deposition, maximum
oxygen atomic concentrations were observed in the
data taken at 8 = 45°. However, 6 days after the
plasma polymerization, the oxygen-containing
functional groups diffused toward the bulk of the
material and the maxima shifted into the bulk.?*%’

There was 20 atm % C and 80 atm % O right after
the 50 W acrylic acid plasma polymerization, which
changed to 24 atm % C and 76 atm % O 6 days
afterward. In the deconvolution of the C, peak, Fig-
ure 3(i) shows the relative amounts of different
functional groups in the 20 atm % carbon of the 50
W acrylic acid plasma polymer: 16% —C(0O)OH,
6% >C=—=0, 16% =C—OH, 61% >CH, (aliphatic
carbon), and 2% C (graphitic carbon ). Six days after
the plasma deposition, the functional group com-
position of the 24 atm % carbon changed to 18%
—C(0)OH, 4% >C=0, 14% =C—O0H, 61%
>CH,, and 2% C. Surprisingly, the —C(0O)OH
group concentration increased in the surface region
from 16% of the 20 atm % carbon (= 3 atm %)
immediately after the 50 W acrylic acid plasma
polymerization to 18% of the 24 atm % carbon (= 4
atm %) 6 days afterward. This was most likely due

Table II ESCA Results for the Allylamine
Plasma Polymer Deposited on LDPE

Atomic Concentration (%)

Immediately after
Plasma
Polymerization

7 Days after Plasma

Takeoff Polymerization

Angle
(Degrees) C O N C (0] N

5W
10 37.67 16.13 46.20 37.60 36.96 2544
30 31.54 21.01 4745 38.26 30.91 30.83
45 36.27 16.99 46.73 32.35 35.19 32.46
75 37.37 11.77 50.87 39.20 24.40 36.39
10W
10 41.17 34.43 2440 3565 43.70 20.65
30 38.05 27.94 34.01 38.15 35.84 26.01
45 38.58 27.61 33.81 32.27 40.88 26.85
75 40.77 13.74 4549 34.82 3770 2748
30 W
10 30.34 37.31 3235 36.02 40.49 2349
30 29.60 3561 34.79 34.21 38.13 27.66
45 3497 30.89 34.14 30.75 41.52 27.73
75 39.73 12.78 47.49 33.84 37.97 28.19
50 W
10 43.62 21.60 34.77 3211 4271 25.19
30 34.83 23.29 41.88 29.28 4292 2781
45 41.47 20.97 37.56 27.26 44.32 2842
75 36.85 14.26 48.89 33.58 33.90 32.53
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to the post-plasma-oxidation of the surface reactive
sites and entrapped reactive species by atmospheric
oxygen.

High-resolution ESCA multiplex scans of Ci,,
Nis, and Oy, peaks were used to obtain quantitative
results for the elemental and functional group com-
positions of the allylamine plasma polymers.!? There
was 34-47 atm % nitrogen and 17-31 atm % oxygen
in the allylamine plasma polymer (Table I1). There
were two possible ways for the oxygen to become
incorporated in both plasma treatments: (i) adven-
titious oxygen present in the plasma reactor during
plasma reaction and (ii) post-plasma-treatment re-
action with atmospheric oxygen.!® The 5 W plasma
energy produced a film with the largest amount of
nitrogen incorporation, the 10 W plasma yielded the
least, and the 30 and 50 W plasmas were about the
same. Maximum nitrogen concentrations were ob-
served in the data taken at # = 30°. After 7 days,
the maxima shifted to § = 45° and had smaller mag-
nitudes. The detection of these transient maxima
was probably due to the migration of the hydrophilic
nitrogen-containing functional groups from the
surface regions into the bulk of the material. As a

result, the location of the maximum nitrogen con-
centrations moved into the bulk of the material and
decreased in magnitude with time. The different ni-
trogen concentrations in the thin films polymerized
at various plasma energies were due to the different
compositions of the plasmas. At high energy, the
plasma contains more fragmented species than at
low energy. Therefore, 50 > 30 > 10 W in the N/C
atomic concentration ratios in the formation of the
allylamine plasma polymers (Fig. 4). The extraor-
dinary high N/C atomic concentration ratio of the
5 W plasma polymer was probably due to the low
plasma energy, which was only capable of producing
small nitrogen-rich reactive species that had high
reactivity in the formation of the thin film. Since
the high-energy plasma had more allylamine frag-
ments, the plasma polymer was more highly cross-
linked. This can rationalize the difference in N/C
atomic concentration ratios 7 days after the plasma
polymerization: 50 =~ 5 > 30 > 10 W. The diffusiv-
ities of the nitrogen-containing functional groups
were probably lower in the more highly cross-linked
network produced by the 50 W allylamine plasma.

The 30 W allylamine plasma polymer had the
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Figure 4 N/C atomic concentration ratio vs. sin § for the allylamine plasma polymer

deposited on LDPE (10 min).
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largest oxygen content in its surface region, the 10
W plasma polymer had less, and the 5 and 50 W
plasma polymers had the least. This was because
the high-energy plasma contained more fragmented
oxygen-rich reactive species that could be incorpo-
rated into the thin film. However, the oxygen-rich
species also have strong etching characteristics.
Therefore, in the 50 W plasma, the etching by these
oxygen-rich species had a strong effect on the thin-
film formation and its plasma polymer had less ox-
ygen-containing functional groups than the 30 and
10 W plasma polymers. Seven days after the plasma
polymerization, the O /C ratios varied as follows: 50
> 30> 10 > 5 W (Fig. 5). In addition, the oxygen
concentration of the plasma polymers was higher 7
days after the plasma polymerization than imme-
diately after the plasma polymerization. This was
probably due to the higher amounts of reactive sites
and entrapped reactive species in the high-energy
plasma polymers. The post-plasma-treatment re-
action of the high-energy plasma polymer with the
atmospheric oxygen took place to a larger extent
than that on the low-energy plasma polymer. As an

example in the allylamine plasma polymers, the §
= 45° data of the 5 W allylamine plasma polymer
(Fig. 6) showed that the 36 atm % carbon consisted
of 2% C(O)OH, 2% >N—C=0,6% >C=—0,9%
C—0,27% C—N, 51% >CH,, and 3% C and that
the 47 atm % nitrogen consisted of 3% NO,, 3%
NO, 91% NH,, 2% NH, and 1% C==N. There was
also 17 atm % oxygen on the surface. Seven days
after the plasma polymerization, its composition
changed to 32 atm % carbon [4% C(O)OH, 3%
>N—C=0,7% >C=0,9% C—0, 18% C—N,
56% >CH,, and 3% C], 33 atm % nitrogen (1%
NO,, 1% NO, 93% NH,, 2% NH, and 3% C=N),
and 35 atm % oxygen.

ATR-FTIR

Figures 7 and 8 show the ATR-FTIR spectra of the
10 W acrylic acid and 50 W allylamine plasma poly-
mers. Because of the nonuniformity of film depo-
sition, quantitative comparison of the functionalities
produced at different plasma excitation energies was
unsuccessful. Only qualitative results (i.e., types of
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Figure 5 O/C atomic concentration ratio vs. sin f for the allylamine plasma polymer
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Figure 6 ESCA multiplex spectra from the allylamine plasma polymer deposited on
LDPE (immediately after 5 W plasma polymerization for 10 min) at a takeoff angle = 45°:
(i) Cyq; (i) Ny,

397 396

functional groups) were obtained. Figure 7 shows and C—0O0 (v = 1696 cm™!) groups were formed by
that C—H (»=2935cm™),C— O (v = 1238, 1176, the plasma polymerization of acrylic acid.
1044,919 cm™'), O—H (v = 2635, 1451, 1414 cm ™), Qualitative results indicated that plasma poly-
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Figure 7 ATR-FTIR spectrum for the acrylic acid plasma polymer formed at 10 W for
30 min. The acrylic acid plasma polymer was deposited on a Ge IRE. This ATR-FTIR
difference spectrum of the plasma polymer is obtained after the subtraction of the IRE
background spectrum from the sample spectrum. Similar ATR-FTIR spectra were obtained
for plasma polymerization of acrylic acid at 30 and 50 W. The peaks are located at the
same wavenumbers but have slightly different intensities.

merization of allylamine at different plasma energies
yielded the same types of functional groups.'? Figure
8 shows that NH (» = 3223 cm™!), NH, (v = 3223,
850 cm™'), C=N (v = 2146 cm™!), C=N (v = 1652
em™}),C—N (r=1088cm '), CH (v = 1458 cm™'),
CH, (v =1414cm™'),CH; (v = 1370 cm™"), C=0
(r=1652¢cm™),C—O (y=1088cm™!),0—H (»
= 3335, 2960, 1370 cm™!), and N—O (» = 1652,
1458, 806 cm ') were found in the plasma-polymer-
ized allylamine.

Contact Angle

Air and n-octane static sessile drop contact angles
were measured for the plasma-polymerized acrylic
acid and allylamine deposited on the LDPE sub-
strates through the water medium (Tables III and
IV). Air in water contact angles (,ir/water) changed
from 86° before the plasma reaction to an average
of 32° after acrylic acid plasma polymerization
and to an average of 40° after allylamine plasma
polymerization. Octane in water contact angles
(Boctane/water) changed from 180° (wetting) to an av-

erage of 65° after acrylic acid plasma polymerization
and to an average of 61° after allylamine plasma
polymerization. Nine days after the acrylic acid
plasma polymerization, @, /yate: increased to an av-
erage of 37° and O,ctane/water iINCreased to an average
of 70°. Seven days after the allylamine plasma po-
lymerization, 0, /waer further decreased to an average
of 28° and fctane /water decreased to an average of 40°.
The decreases in both the air and octane in water
contact angles after the plasma treatments were due
to the formation of the hydrophilic oxygen-contain-
ing and nitrogen-containing functional groups on
the substrate surfaces.’>? 2" These functional groups
diffused into the bulk of the material with time since
the air/substrate interface is hydrophobic. 51827
This is the reason for the increase in the air and
octane contact angles on the acrylic acid plasma
polymers 9 days after the plasma polymer formation
(Fig. 9).1%2>% However, for the allylamine plasma
polymers, there was a large extent of post-plasma-
treatment reaction with atmospheric oxygen (see
Table 1I). As a result, there were large amounts of
hydrophilic oxygen-containing functionalities cre-
ated on the plasma polymer surfaces after the plasma
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Figure 8 ATR-FTIR spectrum for the allylamine plasma polymer formed at 50 W for
30 min. The allylamine plasma polymer was deposited on a Ge IRE. Similar ATR-FTIR
spectra were obtained for plasma polymerization of allylamine at 5, 10, and 30 W. The
peaks are located at the same wavenumbers but have slightly different intensities.

polymerization. The contact angles of the allylamine
plasma polymers therefore decreased further 7
days after the allylamine plasma polymerization
(Fig. 10).

There was no difference in contact angles for al-
lylamine plasma polymers treated at different
plasma energy levels. The rather constant surface
hydrophilicity of all samples treated at different
plasma energies might be because there was about

Table III Air and Octane in Water Contact
Angles for the Acrylic Acid Plasma Polymer
Deposited on LDPE

the same total amount of nitrogen-containing and
oxygen-containing hydrophilic functional groups
formed on the surfaces at all the energies used for
the plasma treatments (see Table II). In contrast,
the 10 W acrylic acid plasma polymer had smaller
air and octane contact angles because of its higher
content of hydrophilic oxygen-containing functional
groups compared to the acrylic acid plasma polymers

Table IV Air and Octane in Water Contact
Angles for the Allylamine Plasma Polymer
Deposited on LDPE

Contact Angle (Degrees)

Contact Angle (Degrees)

Immediately 9 Days after
after Plasma Plasma
Polymerization Polymerization
Plasma
Energy (W) Air Octane Air Octane
0 (Untreated) 86+3 180+0 86+ 3 180+ 0
10 22+ 3 575 30x2 65 £ 2
30 39=x3 64+4 43+5 71+4
50 35+4 5+3 374 75 + 4

Immediately 7 Days after
after Plasma Plasma
Polymerization Polymerization
Plasma
Energy (W) Air Octane Air Octane
0 (Untreated) 86 +3 1800 86+3 1800
5 39x5 61+6 29+4 377
10 38+5H 60+5 29+3 373
30 43+ 6 63+5 26+ 2 43+3
50 39+ 7 61+4 26+4 44+ 5
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Figure 9 Air and octane in water contact angles for the acrylic acid plasma polymer
deposited on LDPE.

formed at higher energy levels. The different surface
morphologies of the allylamine plasma polymers
formed in different plasma energies (see Fig. 14) did

not seem to have a major effect on the contact-angle
measurements. This was probably due to the small
scale of the surface roughness.

180
—&— | Air (same day)
—&— | Octane (sgme day)
~==-- | Air (7 day:

150 & Octangt7-yays)

120

Contact Angle (degrees)
0
o

D
o
¢

30 1

0 10 20 30 40 50
Plasma Energy (W)

Figure 10 Air and octane in water contact angles for the allylamine plasma polymer
deposited on LDPE.
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Figure 11 Acrylic acid plasma polymer deposition rates.
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Figure 12 Allylamine plasma polymer deposition rates.
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Table V Five Stages of Platelet Morphological Changes upon Adhesion to

Foreign Surfaces

Stage

Morphology Description

Round

Dendritic

Spread-dendritic

b7

‘ Spreading
. Fully spread

Round or discoid, no pseudopodia present

Early pseudopodial, no flattening evident

Intermediate pseudopodial, one or more pseudopodia
flattened, hyaloplasm not spread between
pseudopodia

Late pseudopodial, hyaloplasm spreading

Hyaloplasm well spread, no distinct pseudopodia

Profilometry energy levels except the initial deposition rates, i.e.,

at the time when the plasma was in direct contact
Figure 11 shows that the deposition rates for acrylic with the substrate surface. The initial deposition
acid plasma polymers were fairly linear and about rate was the highest for the 50 W acrylic acid plasma
the same (daa. = 0.13 um min ™) for all three plasma (doaacsow) = 0.42 um min~') and lower for the 30

BB23

15KUX1600 1017 - +19.0U XUWMS,
iv

Figure 13 Canine platelet adhesion to the acrylic acid plasma polymer deposited on
LDPE (10 min): (i) untreated, (ii) 10 W; (ii1) 30 W; (iv) 50 W.
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w (dO,AAc(30W) = 0.19 Mm minfl) and 10 W
(do.aac(iow) = 0.04 um min~') plasmas. Figure 12
shows that the deposition rates for the allylamine
plasma polymers (dasm) were the same for all four
different plasma energy levels. The initial deposition
rate (doaam) Was 14 nm min ~1 A small degree of
nonlinearity in the deposition rate was observed at
about 5 min. Possibly, the substrate—glass surface
chemistry or surface tension influenced the early
deposition rates. From t = 1 min to ¢ = 5 min, the
allylamine plasma polymer deposition rate was ap-
proximately 3.8 nm min "}, and from £ = 5 min to ¢
= 10 min, the second deposition rate was about 19

%kU %1000 Y '1ai’3"'

18 gU ﬂlHHS"

nm min !. These results revealed that the plasma
polymer deposition rate of acrylic acid was about
seven times that of allylamine under the same gas
flow conditions.

Platelet Adhesion

Canine platelet adhesion experiments were carried
out for both the acrylic acid and allylamine plasma-
treated LDPE to test their blood biocompatibility.
Table V shows the somewhat arbitrary classification
of the five stages of shape change for activated
platelets.?® Initially, an unactivated platelet has a

e
=
' §5KU x1000" " 0517 _

Figure 14 Canine platelet adhesion to the allylamine plasma polymer deposited on LDPE
(10 min): (i) untreated; (ii) 5 W; (iii) 10 W; (iv) 30 W; (v) 50 W.
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round or discoid shape. Sometimes, a few pseudo-
pods are extruded (dendritic shape) and retracted
from a platelet dependent on whether or not it is
activated. An activated platelet will go on to spread
in an irreversible process. When the activated
platelet begins to spread, the cell becomes flatter
and loses its rigidity and acquires a spread-dendritic
shape. The contents of the cell move outward be-
tween the pseudopods (spreading shape). Even-
tually, the platelet reaches a fully spread shape. Fig-
ures 13 and 14 are typical SEM micrographs showing
the platelet density and morphology on the acrylic
acid and allylamine plasma-treated samples. Tables
VI and VII and Figures 15 and 16 show the statistics
of the platelet-shape distributions. The acrylic acid
plasma-treated surfaces appeared smooth (Fig. 13)
and independent of plasma excitation energy. There
were more dendritic platelets but less spread-den-
dritic and fully spread platelets adhering to the
acrylic acid plasma polymer films formed on LDPE
than on the untreated LDPE.5® The acrylic acid
plasma polymer films were therefore less thrombo-
genic than were the LDPE substrates. In addition,
the 10 and 30 W acrylic acid plasma polymers were
more thromboresistant than the 50 W plasma poly-
mer. In fact, the platelet adhesion characteristics of
the 50 W acrylic acid plasma polymer was very sim-
ilar to that of the untreated LDPE. The platelet
adhesion density of the 10 W acrylic acid plasma
polymer was 2.7 platelets per 1000 um? (8% round,
13% dendritic, 10% spread-dendritic, 24% spreading,
and 45% fully spread); the platelet adhesion density
of the control untreated LDPE substrate was 6.2
platelets per 1000 um? (2% round, 2% dendritic, 14%
spread-dendritic, 12% spreading, and 70% fully
spread). Since the acrylic acid plasma treatment re-
sulted in a larger amount of the oxygen-containing
functional group incorporation at low plasma energy

levels (Table I), the acidic hydrophilic oxygen-con-
taining functional groups might have a significant
role in preventing platelet adhesion and platelet
spreading.

Allylamine plasma treatment of LDPE had a
negative effect on blood thromboresistance (Table
VII and Fig. 14).81%% General observation of the
SEM micrographs (Fig. 14) shows that different
surface morphologies were generated on surfaces
where allylamine was polymerized at different
plasma energy levels. Surface roughness increased
with increasing plasma energies, i.e., 50 > 30 > 10
> 5 > untreated LDPE. Because of the low contrast
of the surface irregularities and the adhered plate-
lets, it was not possible to count the exact numbers
of different platelet shapes for the platelets adhering
to the allylamine plasma polymerized at 30 and 50
W. The platelet adhesion density was the same on
the 5 and 10 W plasma-polymerized allylamine (10.3
platelets per 1000 um?) which was higher than that
on untreated LDPE (8.3 platelets per 1000 um?).
Furthermore, there were larger percentages of
spreading and fully spread platelets adhering to the
allylamine plasma polymers (1% round, 2% den-
dritic, 11% spread-dendritic, 33% spreading, and
54% fully spread) than to the untreated LDPE (2%
round, 22% dendritic, 27% spread-dendritic, 13%
spreading, and 36% fully spread). Rough estimates
from observation of the SEM micrographs indicate
that there was about the same platelet adhesion
density on the 30 W plasma-polymerized allylamine
thin film as on the 5 and 10 W allylamine plasma
polymer thin films; however, the 50 W allylamine
plasma polymer might have slightly fewer platelets
adhering to its surface. Most of the platelets adher-
ing to the 50 W allylamine plasma polymer were
fully spread, but many of the platelets adhering to
the 30 W allylamine plasma polymer were spread-

Table VI Platelet Shape Distributions of Canine Platelets Adhering to the
Acrylic Acid Plasma Polymer Deposited on LDPE

Platelet Counts at Various Plasma Energy Treatments

(Platelets, #/1000 pm?)

Platelet Shape Untreated 100W 30W 50 W
Round (R) 02+0.1 0.2 +0.2 0.3 +0.2 02+0.1
Dendritic (D) 01x0.1 04 0.2 0.5+ 0.2 0.2 +02
Spread-dendritic (SD) 0.8 +0.2 0.3 +0.1 0.5 0.1 0.6 £ 0.2
Spreading (S) 0.8 +£0.2 0.6 = 0.2 0.8 +0.2 1.2+0.2
Fully spread (FS) 4.3 +0.3 1.2+0.3 29+04 3.7+ 09
Total 6.2+ 0.8 27+10 50+1.1 59+16
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Table VII Platelet Shape Distributions of Canine
Platelets Adhering to the Allylamine Plasma Polymer

Deposited on LDPE

Platelet Counts at Various
Plasma Energy Treatments

(Platelets, #/1000 ym?)

Platelet Shape Untreated 5W 10w
Round (R) 0.2+0.1 01+0.1 01+0.1
Dendritic (D) 1.8+ 0.6 0.2+02 0.2+0.5
Spread-dendritic (SD) 2.2 0.7 1.2+ 0.5 1.56+04
Spreading (S) 1.1 +0.3 3.3+ 0.6 3.3+ 0.5
Fully spread (FS) 3.0 £ 0.7 55+1.2 56 +1.2
Total 8324 10.2 £ 2.5 104 = 2.7

dendritic. The surface roughness of the 50 W allyl-
amine plasma polymer might have played a signif-
icant role in activating the adhering platelets. In
contrast to the platelet adhesion characteristics on
the acidic acrylic acid plasma polymer surfaces, the
basic allylamine plasma polymers were much more
thrombogenic in terms of platelet adhesion number
density and platelet spreading.

SUMMARY

Acidic oxygen-containing functional groups were
incorporated onto LDPE substrates by acrylic
acid [ CH;==CHC (O)OH|] plasma polymerization.
ESCA, ATR-FTIR spectroscopy, static contact-an-
gle measurements, and SEM were used to charac-
terize the modified LDPE surfaces. Low plasma en-

5
Bl Untreated LDPE
B AAc (10W)
O AAc (30W)
41 B AAc(50W)
N
€
=
g 37
e
)
Q.
@
2
-]
a
1
0-

sD S FS

Platelet Shapes

Figure 15 Platelet shape distributions of canine platelets adhering to the acrylic acid
plasma polymer deposited on LDPE. Platelet shapes: R, round; D, dendritic; SD, spread-

dendritic; S, spreading; FS, fully spread.
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O AAm (SW)
61 (@ Aam(tow

@ Untreated LDPE

Platelets per 1000 pm2

I

SD S FS

Platelet Shapes

Figure 16 Platelet shape distributions of canine platelets adhering to the allylamine
plasma polymer deposited on LDPE. Platelet shapes: same as in Figure 15 legend.

ergy levels (such as 10 W) produced films containing
larger amounts of oxygen-containing functional
groups. ESCA and contact-angle experiments
showed that the hydrophilic oxygen-containing
functional groups diffused away from the surface
region of the plasma-treated LDPE with time. The
acrylic acid plasma polymers were less thrombogenic
in terms of platelet adhesion and platelet spreading
than the untreated LDPE surface. The acrylic acid
plasma polymers formed at low plasma energies (10
and 30 W) were more thromboresistant.

Incorporation of basic nitrogen-containing func-
tional groups onto the LDPE substrates was accom-
plished by allylamine (CH,—=CHCH,NH;) plasma
polymerization. However, unavoidable large
amounts of oxygen-containing functionalities were
also incorporated when using this system. Large
amounts of these oxygen species were incorporated
by post-plasma-treatment reaction with atmospheric
oxygen.

ESCA results showed that the largest amount of
nitrogen-containing functional group incorporation
resulted from the 5 W plasma excitation energy. Ten
watt plasma energies were the least effective in the
incorporation of nitrogen-containing functional
groups for the allylamine plasmas. Surface concen-

trations of nitrogen-containing functionalities de-
creased with time due to the diffusion of these hy-
drophilic functional groups into the bulk of the ma-
terials with time. ESCA results also showed that
surface oxygen concentrations of the allylamine
plasma polymers increased with time. Air and n-
octane in water contact-angle measurements re-
vealed an increase of surface hydrophilicity with
time because of the large extent of post-plasma-
treatment surface oxidation. ATR-FTIR spectros-
copy was able to qualitatively identify a number of
nitrogen- and oxygen-containing functional groups
in the allylamine plasma polymer.

The allylamine plasma polymers showed poor
thromboresistance. There were more platelets and
higher percentages of spreading and fully spread
platelets adhering to the plasma-treated materials
than to the base LDPE. The difference of plasma
energy levels in the preparation of test samples had
a minimal effect on thrombogenicity.

Profilometry results indicated that the plasma
polymer deposition rate of acrylic acid was about
seven times that of allylamine under similar mono-
mer gas flow conditions. In the plasma polymeriza-
tion of allylamine, surface roughness increased as
the plasma excitation energy increased. In contrast,
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the surfaces of acrylic acid plasma polymers were
smooth and the surface morphologies were indepen-
dent of the plasma energy used.
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