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SYNOPSIS

The functional group content and the ionic state of functional groups present on a series
of surface modified poly(tetrafluoroethylene/hexaftuoropropylene) (FEP) copolymers were
characterized by electron spectroscopy for chemical analysis (ESCA), contact angle, and
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). Addi-
tionally, after a protein was preadsorbed on these surfaces, in vitro cell (monocyte) adhesion
and activation were analyzed. The two proteins in this study were fibrinogen and immu-
noglobulin-G (IgG). Four modified FEP surfaces were prepared with increasing concentra-
tion of carboxyl groups relative to amide groups; ESCA was used to quantify the functional
group content. To characterize the ionic state of the functional groups at physiological pH
(7.1), the ATR-FTIR spectra were collected at various pH levels. Collectively, the contact
angle, ESCA, and ATR-FTIR results suggested that the amide groups were unprotonated
and the carboxyl groups were ionized at the physiological pH. The results from the in vitro
studies showed that on the fibrinogen preadsorbed surfaces, monocyte adhesion was higher
and monocyte activation was lower on the three surfaces that contained carboxyl groups
compared to the FEP surface that had only amide groups. Conversely, the results indicated
that the surface chemistry had no significant effect on monocyte adhesion or activation on

the IgG preadsorbed surfaces. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

The surface characteristics of a synthetic polymer
play an important role in determining the biocom-
patibility of the material.! There are several factors
that define the surface properties of a material, in-
cluding the functional group content, surface charge,
and hydrophobic /hydrophilic character of the sur-
face.2® Therefore, one approach to improved bio-
compatibility of synthetic polymer surfaces has been
to modify the surface chemistry and investigate the
in vivo and in vitro response.

One of the most common and effective ways of
controlling the surface chemistry of synthetic
biomedical polymers is to alter the functional group
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content of the surface. However, the ionic state of
functional groups attached to polymer surfaces can
vary with the pH of the surrounding environment.®3
Holmes-Farley et al. have demonstrated pH depen-
dent changes in the ionization state of carboxyl
groups on surface modified polyethylene (PE) by
contact angle and attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR).”8 If
a surface has more than one type of functional group,
the ionic state of these groups may differ at a par-
ticular pH as determined by their pK_,’s. In other
words, the ionic state of functional groups present
on the surface of a polymer at a particular pH, is
dependent on the p K, of the respective functional
groups. The ionic state of functional groups on the
surface of biomedical polymers is especially impor-
tant at the physiological pH.

The implantation of a synthetic polymer in the
body provokes an inflammatory response that is de-
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pendent on the properties of the material.® Initially,
protein adsorption occurs. Studies have shown that
protein adsorption and conformation are surface
chemistry dependent.''® Protein adsorption is fol-
lowed by the adhesion of white blood cells ( neutro-
phils, monocytes, etc.) .? These white blood cells can
attract additional cells at the implant site by re-
leasing chemicals known as cytokines.' It has also
been reported that adhesion and activation of cells
depends on protein adsorption and conformation.1!*
Therefore, cell adhesion and cell activation ulti-
mately depend on the polymer surface chemistry.
This article describes the characterization of the
amide and carboxyl group content and the ionic state
of these groups on a series of surface modified
poly (tetrafluoroethylene / hexafluoropropylene)
(FEP) copolymers. In addition, in vitro monocyte
adhesion and activation were analyzed when these
surfaces were preadsorbed with protein. Monocyte
activation was measured in terms of the cytokines
(IL-18, IL.-6, and TNF-a) released per cell.

EXPERIMENTAL

Surface Modification Scheme

Untreated FEP copolymer films were obtained from
Minnesota Plastics Inc. These materials were se-
lected as the substrate because of their inert char-
acter.’® Subsequent chemical grafting procedures
then introduced functional groups on the surface.
Results of the biological assays could then be directly
correlated to these functional groups. Methods for
surface modification of the FEP surfaces to intro-
duce carboxyl and amide functional groups on the
surface were previously described by Yun et al.'®
The untreated films were cleaned with acetone
and dried at 60°C. The surfaces were then tetra-
etched, soap water cleaned, rinsed with distilled wa-
ter, and dried at 60°C for 20 min. The dried surfaces
were then treated by corona discharge at 0.52 kW.
To obtain all amide groups on sample A1, a grafting
solution of cerium ion (Ce**) and 40% by weight of
acrylamide monomer was used to treat the FEP sur-
face. The functional group distribution of sample
A2 was obtained by using the same grafting solution
that was used for sample Al, but the surface was
also hydrolyzed for 5 h at 60°C in a NaHCO,;/NaOH
solution at pH 10.5. Sample A3, which has approx-
imately equal amounts of carboxyl and amide groups,
was obtained by using a solution of Ce**ions and a
50 : 50 ratio by weight of acrylamide/acrylic acid
monomer. Finally, to obtain a majority of carboxyl
groups on the surface of A4, a solution of Ce** ions

and only acrylic acid monomer was used to treat the
FEP films.

Surface Characterization

Electron spectroscopy for chemical analysis (ESCA)
was conducted for each modified FEP surface. A
resolution of 1 eV was used on a SSI-M-probe spec-
trometer with an aluminum monochromatic x-ray
source. The resulting high resolution C spectra were
deconvoluted using Gaussian curves at specific
characteristic peak positions.

The contact angles were measured by the sessile
drop method using deionized distilled water at a pH
of 5.6. The surfaces were thoroughly rinsed in
deionized distilled water (pH 5.6) for 5 min and then
dried overnight in a vacuum at room temperature.
The advancing and receding contact angles were
measured (n = 3) with a goniometer. The advancing
contact angle was measured with five consecutive
drops of deionized distilled water and then the re-
ceding contact angle was measured by removing one
drop at a time from the surface.

The ATR-FTIR spectra were collected at five pH
levels: 0.15, 5.6, 7.1, 9.6, and 12.0 {(n = 3 at each
pH). The surfaces were treated for a period of 10
min and then cleaned by using filter papers that
were equilibrated to the same pH. For a pH of 0.15,
the surfaces were treated with 1N HCI; for a pH of
5.6, deionized distilled water was used; a pH of 7.1
was achieved by using a phosphate buffer solution
(PBS buffer); a pH of 9.6 was obtained by titrating
a solution of 1N HCI1 and 1N NaOH; and a solution
at pH 12.0 was prepared by using a 0.1N solution
of NaOH. The resulting surfaces were dried in vac-
uum overnight at room temperature and then the
ATR-FTIR spectra was collected using a germanium
crystal with a 60° incidence angle.

The region of interest in the spectra was the car-
bonyl region between 1800 and 1500 cm ™. Decon-
volution of overlapping peaks was accomplished by
transferring the digitized ATR-FTIR spectra to a
curve fitting program (Peakfit®, Jandel Scientific
Inc.). The spectra were then curve fitted using
Gaussian curves at specific peak positions with a
shift range of +5 wavenumbers. The deconvoluted
curves resulted in a good fit with the observed spec-
tra (x2 values < 6.0 X 10 * and R? values > 0.9). A
C—F stretch peak at 1155 cm™* was selected as the
normalizing peak in all the spectra.

Monocyte Adhesion and Cytokine Production
Assays

Details of the protein preadsorption procedure,
monocyte adhesion, and cytokine production assays
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Table II Functional Groups on Modified FEP Surfaces at pH 7.1

Functional Groups from
ESCA (Based on 100)

Calculated Ionization
State of Functional
Groups at pH 7.1
(Based on 100)

FEP
Surface Carboxyl Amide CO; COOH CONH,
Al 0 100 0 0 100
A2 13 87 11.2 1.8 87
A3 45 55 39.0 6.0 55
A4 79 21 68.2 10.8 21

have been described elsewhere.!® Briefly, the surfaces
were equilibrated in a PBS solution for 1 h at room
temperature and then preadsorbed with fibrinogen
or immunoglobulin-G (IgG) for 2 h at 37°C. Mono-
cytes were isolated from human blood and seeded
in culture wells containing the protein preadsorbed
samples. After a 24-h incubation in 5% CQ; at 37°C,
the culture plates were centrifuged for 5 min to re-
move nonadherent cells and the supernatant was
harvested (n = 3). The monocytes adhered on the
polymer surfaces were stained and counted using an
Olympus BH-2 microscope and a JAVA image an-
alyzer. Cytokines (IL-18, IL-6, and TNF-«) released
in the supernatant were quantified by direct enzyme-
linked immunosorbant assay (ELISA) (R&D Sys-
tems, Minneapolis, MN).

RESULTS AND DISCUSSION

Surface Characterization

Functional groups on the modified FEP surfaces
were identified by ESCA (Table I). The ionizable
groups were carboxyl and amide groups; the relative
amount of these groups on each surface is expressed
as the ratio of carboxyl groups to the total carboxyl
and amide groups (Table II). As expected, the re-
sults showed that sample Al has only amide groups
and that the carboxyl groups relative to amide
groups increases from sample A2 to sample A4 that
has a majority of carboxyl groups and only trace
amounts of amide groups.

The results of the sessile drop water contact angle
study are summarized in Table I. The receding con-
tact angles indicated that all the surfaces were wet-
table with a contact angle § < 10. The advancing
contact angle varied with surface modification but
did not show a consistent trend with carboxyl group
content. However, there did seem to be a correlation
between contact angle and the number of amide

groups. Surfaces with higher amide group content
were more wettable than the surfaces with less amide
groups. Sample A2 had the most amide groups and
was also the most hydrophilic, and sample A4 had
the fewest amide groups and was the least hydro-
philic.

To determine the ionization state of the carboxyl
and amide groups, ATR-FTIR spectra were collected
from surfaces treated at pH levels of 0.15, 5.6, 7.1,
9.6, and 12.0. The region of interest in these spectra
was the carbonyl region from 1800 to 1500 cm™!.
The peaks in this region were assigned to protonated
and hydrogen bonded carboxyl groups, protonated
and nonhydrogen bonded carboxyl groups, ionized
carboxyl groups, and amide groups ( Table III).

The carbonyl region in the IR spectra of each
surface at pH 7.1 is shown in Figure 1. The decon-
voluted spectra show that sample A1 has only amide
peaks, samples A2 and A3 have both amide and car-
boxyl peaks, and sample A4 has only carboxyl peaks.
Furthermore, Figure 1 shows that the ionized car-
boxyl peak (1550 em™!) is significantly larger than
the protonated carboxyl peak (1709 cm™) on sam-
ples A2, A3, and A4. This suggests that at pH 7.1
most of the carboxyl groups are ionized.

To observe changes in the ionization state of the
functional groups, the ATR-FTIR spectra of sur-

Table III IR Peak Assignments Used in
Deconvolution of Spectra

Frequency

Group (cm™)
CO;3! asymmetric stretch 1550
N—H deformation, primary amide 1602
C=0 stretch, primary amide 1660 and 1680
C =0 stretch, protonated and 1710

hydrogen bonded carboxyl group

C =0 stretch, protonated 1730

carboxyl group
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Figure 1 Infrared spectra at a pH of 7.1: (A) sample A1, (B) sample A2, (C) sample A3,
and (D) sample A4. (—) Observed spectrum; (- - -} deconvoluted spectrum.

faces exposed to different pHs were compared. Fig-
ure 2 shows the spectra of sample A4 collected at
four pH levels: 0.15, 5.6, 7.1, and 12.0. The spectra
show a large decrease in the peak of the ionized car-
boxyl (1550 cm™!) and a corresponding increase in
the protonated carboxyl peak (1709 cm™) between
pH 7.1 and 5.6.

To estimate the p K, of the carboxyl groups, the
normalized peak height of the 1550 cm™ absorbance
was plotted as a function of pH for samples A2, A3,
and A4 (Fig. 3). A sharp transition was observed in
the ionization state of the carboxyl groups on A4 at
a pH of 6.3. A transition was also evident at the
same pH with A3 and possibly with A2, although
this transition became less distinct as carboxyl con-
tent decreased (Fig. 3). Apparently, the presence of
amide groups on samples A2 and A3 did not affect
the p K, of the carboxyl groups. It is probable that
the amide and carboxyl groups are far enough apart
that interactions between the functional groups are
minimized. A p K, value of 6.3 is consistent with the
pK, range (5.6-7.4) reported for polyacrylic acid.1"!®

Figure 4 shows the spectra of sample A3 collected
at pH levels 0.15, 5.6, and 7.1. The spectra show a
large increase in the peak of the ionized carboxyl

(1550 cm ') and a decrease in the protonated car-
boxyl peak between pH 5.6 and 7.1. The pH treat-
ment was found to be reversible and the intensities
returned when the pH was subsequently decreased.
The normalized peak height for the amide NH de-
formation (1602 cm™) is plotted as a function of
pH for samples Al, A2, and A3 in Figure 5. This
peak did not undergo a transition like that observed
for the carboxyl groups. The amide groups can be
expected to be unprotonated over the pH range in-
vestigated in this study.'® As confirmation, IR bands
characteristic of the protonated form were not ob-
served.?’ With the experimentally determined p K,
of the carboxyl groups, the ratio of ionized to pro-
tonated carboxyl groups was calculated at the phys-
iological pH of 7.1. The results, included in Table
I1, indicate that the carboxyl groups are primarily
(85%) in the ionized state under physiological con-
ditions.

In summary, the ATR-FTIR spectra indicate that
the carboxyl groups on samples A2, A3, and A4 have
a pK, of approximately 6.3. Furthermore, the IR
results suggest that the amide groups on Al, A2, and
A3 are unprotonated in the pH range of 0.15-12.0.
It is now possible to understand the contact angle
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Figure 2 Infrared spectra of sample A4 at different pH
levels.

data. The carboxyl groups did not impart a large
increase in the hydrophilic character of the surfaces
because they were protonated at the pH of the
deionized distilled water used in the contact angle
experiments (pH 5.6). However, at the physiological
pH of 7.1, the carboxyl groups are largely ionized
and hence there should be significant differences in
the hydrophilicity of the surfaces.

Monocyte Adhesion and Activation

The results of the monocyte adhesion assays on fi-
brinogen and IgG preadsorbed surfaces are shown

in Figure 6. This plot shows the mean monocyte
adhesion as a function of the total carboxyl group
content as determined from ESCA characterization.
The measured cytokine (IL-18, IL-6, and TNF-«)
release was normalized to the mean number of
monocytes adhered to the respective surface. Figure
7 shows cytokine released per cell as a function of
the total carboxyl group content for both the fibrin-
ogen and IgG preadsorbed surfaces.

On the fibrinogen preadsorbed surfaces monocyte
adhesion was significantly higher on samples A2,
A3, and A4 that have ionized carboxyl groups, com-
pared to sample A1 that had only amide groups (Fig.
6). Additionally, cytokine release per cell was sig-
nificantly lower on samples A2, A3, and A4, in con-
trast to sample Al [Fig. 7(A)]. In other words, a
larger number of monocytes adhered to the FEP
modified surfaces with ionized carboxyl groups (A2,
A3, and A4) and these cells were less activated.
Conversely, on the FEP surface that had only amide
groups (Al), fewer monocytes were adhered and
these cells were more activated.

On the IgG preadsorbed surfaces, Figure 6 clearly
shows that monocyte adhesion was not significantly
affected by the carboxyl group content. Similarly,
Figure 7(B) does not suggest a trend in terms of
cytokine release per cell as a function of the total
carboxyl group content. It appears that the IgG pro-
tein is preadsorbed similarly on the FEP modified
surfaces regardless of the carboxyl group content,
and therefore these surfaces did not show any spe-
cific trends in monocyte adhesion or activation.

The results strongly suggest that on the fibrino-
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Figure 3 Normalized peak height (mean + SD) of ion-
ized carboxyl groups at 1550 cm ™! as a function of pH in
samples A2, A3, and A4.
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gen preadsorbed surfaces, both monocyte adhesion
and activation depend on the surface chemistry. It
is possible that changes in the surface chemistry
translate into differences in either the amount of
fibrinogen preadsorbed or the conformation of the
fibrinogen molecules preadsorbed on the surfaces.
It has been reported that monocytes express recep-
tors for fibrinogen. Therefore, differences in the
amount or conformation of fibrinogen molecules
preadsorbed on the surface may lead to differences
in monocyte adhesion and activation.

Several authors have investigated fibrinogen ad-
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sorption and platelet adhesion on biomaterial sur-
faces.}1221-25 Noishiki and Boffa et al. have shown
that more fibrinogen is adsorbed on hydrophobic
materials compared to hydrophilic materials.?*?2
Specifically, the results of Boffa et al. indicate that
fibrinogen adsorption is higher on poly(vinyl-
pyrrolidone) grafted poly(tetrafluoroethylene)
(PTFE) compared to untreated PTFE.?? Investi-
gators have also examined conformational changes
in fibrinogen adsorbed on polymer surfaces. In a
study where thermally denatured fibrinogen was
preadsorbed on PE, a reduction in platelet adhesion
was obtained compared to PE surfaces that were
coated with undenatured fibrinogen.? This suggests
that the conformation of the fibrinogen molecules
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Figure 5 Normalized peak height (mean + SD) of NH
deformation at 1602 cm ™! as a function of pH: (A) sample
Al, (B) sample A2, and (C) sample A3.
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Figure 6 Monocyte adhesion (mean £ SEM) as a func-
tion of total carboxyl group content on fibrinogen and
immunoglobulin-G preadsorbed surfaces.

affects cell adhesion behavior. Furthermore, Lindon
et al. reported that platelet adhesion increases with
the amount of fibrinogen that maintains its native
state on the surface of polyalkyl acrylates and po-
lyalkyl methacrylates.?* According to Horbett et al.
it may be that the apolar, hydrophobic surfaces
cause unfolding of the fibrinogen molecules to im-
prove binding with the hydrophobic portions of the
protein.? This suggests that on apolar surfaces, the
adsorbed fibrinogen molecules may not be in their
native state, resulting in lower cell adhesion.” It is
possible that on the FEP surface with only amide
groups (A1), the adsorbed fibrinogen molecules are
not in their native state; this results in lower mono-
cyte adhesion compared to FEP surfaces with ion-
ized carboxyl groups (A2, A3, and A4).

CONCLUSIONS

The ionic state of amide and carboxyl groups present
on a series of surface modified FEP copolymers were
analyzed, and in vitro monocyte adhesion and ac-
tivation behavior was observed when a protein was
preadsorbed on these surfaces. The proteins consid-
ered were fibrinogen and IgG. From the results ob-
tained in this investigation, the following conclu-
sions can be drawn:

1. When ATR-FTIR was used to investigate the
ionic state of carboxyl groups on FEP sur-

faces that contained both carboxyl and amide
groups, the p K, of carboxyl groups was found
to be approximately 6.3. This p K, value did
not appear to change with increasing amide
group content.

2. Fibrinogen preadsorption on FEP copolymers
with both carboxyl and amide groups present
on the surface resulted in higher monocyte
adhesion and lower monocyte activation
compared to FEP surfaces that were char-
acterized only by amide groups. This was at-
tributed to differences in the amount of pro-
tein adsorbed onto the surface and/or to dif-
ferences in the conformation of the protein
molecules adsorbed on the surfaces.

3. Monocyte adhesion and activation on IgG
preadsorbed, surface modified FEP copoly-
mers did not appear to be affected by the type
of functional groups present on the surface.
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