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Abstract: A new in vitro accelerated biological model, the
macrophage-FeCl2-stress system was used for the evalua-
tion of dexamethasone (DEX)-polymer formulations. This
model combines the effects of cells (macrophages), transition
metal ions (Fe2+), and polymer stress to promote material
biodegradation. The cell and material effects of DEX, either
in solution or incorporated into a polyetherurethane matrix
(DEX/PEU), were monitored. Cell morphology and hy-
droperoxide formation in the polymer during cell culturing
were characterized. After a subsequent treatment with FeCl2
the development of environmental stress cracking in the
polymer was evaluated. We attempted to duplicate the bio-
degradation of PEU in terms of environmental stress crack-
ing (ESC). Our results support the direct involvement of
macrophages in polyetherurethane oxidation, probably by
inducing hydroperoxide formation in the polymer structure.
Under the influence of stress or strain, polymers with suffi-
cient hydroperoxides degrade in the presence of Fe2+ metal
ions in a manner that closely resembles the stress cracking

that is observed in vivo. By contrast, polymers treated with
either agents that inhibit cell activation and/or the oxidative
burst, or with cells with no oxidative burst did not show
signs of the biodegradative process. We demonstrated a re-
duction in hydroperoxide formation and no later ESC de-
velopment in macrophage-cultured PEU in the presence of
DEX in solution or in DEX-loaded PEU. We believe the pre-
vention of initial polymer oxidation by reducing the cell’s
potential to produce oxidative stress at the tissue–
biomaterial interface can directly inhibit the ESC degrada-
tion of chronically implanted polymers. The in vitro macro-
phage-Fe-stress system is a valuable tool for reliable assess-
ment and cost-effective evaluation of biomaterials. © 1999
John Wiley & Sons, Inc. J Biomed Mater Res, 46, 475–484,
1999.
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INTRODUCTION

The use of implantable devices has become an im-
portant practice in clinical surgery. Ever since such
materials as plastics, metals, ceramics, etc., began to be
used, efforts have been made to improve their biocom-
patibility and biostability. Despite their generally fa-
vorable biological, mechanical, and physicochemical
properties, polyetherurethanes (PEUs) have shown a
susceptibility to certain in vivo degradative mecha-
nisms. Degradation of PEUs is believed to occur prin-
cipally via oxidative mechanisms.1 One of these is en-
vironmental stress cracking (ESC), which produces a

crazed cracking pattern on the polymer surface ex-
posed to living tissues.

In vivo ESC degradation requires surface oxidation
of the polymer’s ether linkages, along with residual
stress (strain), a proteinaceous crack driver,2 inflam-
mation,3 and phagocyte participation.4–7 It appears
that biodegradation of a polymer may be the result of
multiple factors (material and cell related) playing
synergistic roles. Indications of the biological compo-
nent in these processes has been provided by many
researchers; a topographical correlation of polymer
cracking and phagocyte attachment has been shown.8

Other researchers have shown an enzymatic effect on
the biostability of polyurethanes.9,10 However, the
mechanisms of phagocyte participation and the rel-
evancy of the above interactions have never been clari-
fied. Recently, the role of oxidative agents and transi-
tion metals was demonstrated,11 showing the impor-
tance of the initiation and propagation of the oxidative
process in degrading PEUs. Likewise, reports on the
use of dehydroepiandrosterone and vitamin E in
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poly(etherurethane urea) showed a reduction of the
inflammatory response and an increase of material
biostability.12 Recently, we reported the oxidation of,
and ESC formation in, PEU following an initial treat-
ment with a prolonged macrophage culture and a sub-
sequent treatment with Fe2+ ions under strained con-
ditions.13 This work demonstrated in vitro that macro-
phages (MØ), soluble iron, and stress play key roles in
biodegradative mechanisms.

It is well known that light, radiation, heat, oxygen,
and strain can initiate polymer chain cleavage. Once
initiated, the process of oxidation is propagated
through the formation and degradation of species
such as hydroperoxides. Following the implantation
of materials in living tissue, an inflammatory response
follows to the influx of proinflammatory cells and bio-
chemical mediators. Macrophages are a principal cell
type found at the tissue–biomaterial interface.14 Dur-
ing inflammation, the levels of phagocyte activation
can directly affect the level of their oxidative burst.
The products of this oxidative burst [reactive oxygen
species (ROS)] can catalyze polymer degradation by
abstracting a hydrogen atom from a labile site in the
polymer. This oxidative ability seems to be a unique
feature of phagocytes. No other mammalian cells are
known to have a similar oxidative response.15 At the
present time, many diseases are being linked to free-
radical damage that arises from an imbalance between
radical-generating and radical-scavenging systems.
This condition, called oxidative stress, may be directly
involved in ESC owing to the production of free radi-
cals by the phagocytes in contact with implantable
devices.

This research was carried out to (a) confirm the hy-
potheses that the macrophage’s oxidative burst, when
combined with transition metals and applied stress,
can produce in vivo-like ESC in Pe80A, and (b) deter-
mine whether modulation of the oxidative burst can
inhibit this biodegradative process. The current study
measured the formation of hydroperoxides and ob-
served ESC development in the polymer in the pres-
ence and the absence of phagocytes. In addition, the
effects of dexamethasone, a drug which can inhibit
MØ activation and oxidative burst, were evaluated
when the drug was added to the MØ culture media (in
solution) or when incorporated into the PEU material.
In addition to the use of control polymers, lympho-
cytes (cells with no known oxidative burst potential)
were used in analogous control experiments.

MATERIALS AND METHODS

Cell isolation

Human venous blood was the source of the cells used in
these experiments. The human blood was obtained from

normal adult volunteers according to the informed consent
process using approved guidelines. The blood was antico-
agulated with 2 UI/mL sodium heparin (Upjohn Co., Kala-
mazoo, MI). Mononuclear cells were isolated within 15 min
by a density gradient centrifugation procedure using
Isopaque-1077 (Sigma) according to a modified Boyum’s
method.16 The mononuclear cells were harvested and
washed twice with cold Hank’s balanced salt solution
(HBSS). HBSS without Ca2+ and Mg2+ was used to minimize
cell aggregation. The cells were then resuspended in stan-
dard media (RPMI-1640, 10% fetal bovine serum, 0.2M L-
glutamine, 10 UI/mL penicillin G, and 0.1 mg/mL strepto-
mycin). The mononuclear cell suspension was seeded into
several plastic tissue-culture flasks and incubated in the
presence of 5% CO2 at 37°C and 95% humidity for 1 h. After
this incubation period, monocyte and lymphocyte cell types
were separated on the basis of their different propensities to
adhere to surfaces. Monocytes tended to adhere to the cul-
ture flasks, while lymphocytes remained suspended in the
supernatant. The nonadherent cells (lymphocytes) in the
first supernatant were recovered into sterile tubes. The ad-
herent cells (monocytes) were gently scrapped from the cul-
ture flasks and resuspended in culture media. Both cell types
were resuspended to a density of 3 × 106/mL in standard
culture media.

Polymer materials

Pellethane, a commercial polyetherurethane with a Shore
durometer hardness of 80A, prepared as extruded films, was
used. The polymer variables evaluated in this study were as
follows (Table I).

Pellethane 80A, material 1 (Pe80A-1)

Thin films were prepared according to standard proce-
dures. A subgroup of this condition was used following
soaking in acetone (Pe80A-1 AS). Films with no acetone pre-
treatment were also used (Pe80A-1 NAS).

TABLE I
Experimental Polymer Conditions

Material ID Material Description

Pe80A-1 NAS Pellethane 80A films, untreated
(control 1)

Pe80A-1 AS Pellethane 80A films were
acetone-extracted before cell
treatment

Pe80A-2 Pellethane 80A was acetone-extracted
before film extrusion (control 2)

0.1%DEX/Pe80A 0.1%DEX-loaded Pe80A (w/w).
Pellethane 80A was
acetone-extracted before film
extrusion

1%DEX/Pe80A 1%DEX-loaded Pe80A (w/w).
Pellethane 80A was
acetone-extracted before film
extrusion
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Pellethane 80A, material 2 (Pe80A-2)

Before extrusion into a film, Pe80A was extracted 24 h in
a Soxhlett extractor using acetone. Purpose of this process
was to remove antioxidant from the polymer.

Dexamethasone-loaded pellethane 80A (DEX/Pe80A)

Pe80A material, processed as described for Pe80A-2, was
extruded with dexamethasone USP Micronized BP/EP (Up-
john Co). Thus, material without antioxidant but containing
DEX was prepared as films. To prepare materials with dif-
ferent DEX concentrations, the ratio of drug to polymer was
varied to achieve 0.1% (0.1%DEX/Pe80A) and 1% (1%DEX/
Pe80A) drug-loading levels (w/w).

Polymer sample preparation

Polymer discs 6 mm in diameter were cut out of the sheets
using biopsy punches (Prestwick Line, SMS Inc., Columbia,
MD). All polymer specimens were ethylene oxide sterilized
and then fitted (n=$ 12/condition) to the bottom of the
wells of 96-microwell cell-culture plates under sterile condi-
tions.

In vitro polymer treatments

The test polymers were exposed to the conditions that are
present in normal inflammatory responses. To facilitate the
biodegradation of the Pe80A and mimic the in vivo environ-
ment, the polymer specimens were exposed to two sequen-
tial treatments.

First treatment: Mo/MØ or lymphocyte culture

One group of test and one of control polymer specimens
in the microwells were covered with hMo/MØs (3 × 105

cells/well). A second group of Pe80A-1 NAS specimens was
covered with a human lymphocyte suspension (3 × 105

cells/well). A third group of Pe80A-1 AS specimens was
cultured with hMo/MØs, with and without the addition of
DEX to the culture media at final DEX concentrations of
0.024 and 240 mg/mL. All specimens were cultured at 37°C
for up to 49 days in the presence of 5% CO2 and 95% hu-
midity. Samples in triplicate were removed after various
time periods and at the end of the 49-day incubation for
iodometric hydroperoxide (ROOH) determination. After the
last day of cell treatment, remaining specimens were pre-
pared for the second treatment.

Second treatment: FeCl2 incubation

Following the 49-day first treatment, the specimens were
folded in half and fixed in this position. This design permit-

ted the characterization of the samples to be carried out in
unstrained and moderately strained conditions. The speci-
mens were incubated in 5 mM FeCl2 at 37°C for 10 days.
Optical microscopic (OM) evaluation of the samples was
done during the treatment. On the 10th day, triplicate
samples from each condition were removed for scanning
electron microscope (SEM) evaluation of the polymer sur-
faces.

Iodometry

Polymer specimens taken at various time periods during
the first treatment were sonicated for 15 min in distilled
water, rinsed three times and dried at 25°C for 4 h. ROOH
determinations were made using an iodometric assay.17 This
method is based on the reactivity of the ROOH group, which
oxidizes iodide to iodine. The resulting triiodide complex
(I3−) was measured spectrophotometrically at 360 nm l with
a Beckman DU-8 spectrophotometer (Beckman Instruments,
Irvine, CA). This method measures the total (surface plus
bulk) ROOH concentration in the polymer.

Cell morphology and surface analysis

The polymer films were sufficiently thin and transparent
to enable OM visualization of cells on their surfaces during
cell culture. For SEM evaluation of cell morphology, at least
three specimens were retrieved from the wells during the
initial cell-culture treatment at 21 days and placed into a
cold fixative solution containing Plasma-LytetA (Baxter, IL)
and 1.5% glutaraldehyde. They were then kept at 4°C for 48
h, after which they were rinsed in Plasma-LytetA three
times for 15 min each. Following postfixation with Palade’s
fixative (osmium tetroxide) solution for 2 h, the samples
were rinsed in Plasma-LytetA and then slowly dehydrated
using increasing concentrations of ethanol. Finally, they
were critically point-dried using CO2. After 10 days of the
second treatment (FeCl2), at least three specimens were also
dried and prepared for surface evaluation by SEM.

All SEM specimens were mounted and sputter-coated
with gold for 2 min at 10 mA (∼100 Å coating thickness)
using a Technics Hummer VI Sputter Coater (Anatech, Alex-
endria, VA). Observation at different magnifications was
done with a Stereoscan 360 (Cambridge Leica Ltd., Cam-
bridge, UK) scanning electron microscope.

Kinetics of DEX elution from DEX/Pe80A
test materials

The DEX-release profile from 0.1%DEX/Pe80A and
1%DEX/Pe80A was determined in vitro at 37°C in phos-
phate-buffered saline (PBS). Each material condition was
run in triplicate. The procedure involved the immersion of
15-mm-diameter disks (366 ± 20 mg) in 15 mL of phosphate
buffer. The average thickness of the disks was 0.47 ± 0.06

477MACROPHAGE-FeCL2-STRESS SYSTEM



mm. At various times within a 32-day period, 800 mL of
buffer was removed for analysis and replaced with fresh
buffer to keep the elution volume constant. These adjust-
ments in DEX and volume were considered at analysis. The
aliquots were cold-stored (4°C) until analysis by high-
performance liquid chromatography (HPLC).

RESULTS

Morphological cell analysis

In general, all surfaces showed a uniform cell dis-
tribution. Figure 1 shows OM micrographs of hMo/
MØ monolayers cultured for 33 days on Pe80A-1 in
normal culture media [Fig. 1(a)] and in media contain-
ing DEX at 0.024 mg/mL concentration [Fig. 1(b)].
Early in the culture period, cells in the media without
DEX (Pe80A-1 and Pe80A-2) started increasing their
size. At 8 days, they clearly showed larger diameters

than the cells cultured with DEX in solution or on
DEX-loaded materials. These Mo/MØs showed a va-
riety of shapes and morphologies, and higher degrees
of cytoplasmic spreading; in the control conditions
(without DEX), many of the cells exhibited a maxi-
mum size with 60 mm diameter along their larger axis.
Figure 2(a) illustrates adherent macrophages spread-
ing fully across the Pe80A-1 material.

By contrast, no major changes were observed in
hMo/MØ monolayers cultured on Pe80A-1 in the
presence of DEX in solution or on DEX/Pe80A mate-
rials. Cells cultured under these conditions showed
significantly smaller degrees of adhesion and spread-
ing [Fig. 2(b)]. These cell nuclei tended to be hemi-
spherical, while the cell surfaces, which often included
protrusions, adopted a variety of shapes. The size of
the cells was highly variable, but was usually <20 mm
along the larger axis. Pe80A-1 cultured with lympho-

Figure 1. OM micrographs of Mo/MØ monolayers cul-
tured on Pe80A-1 films for 33 days in standard media (up-
per) and in media containing DEX (0.024 mg/mL) (lower).
Original magnification ×160.

Figure 2. SEM micrographs of human Mo/MØs cultured
21 days on Pe80A-1 films in (a) regular culture media and (b)
with media containing DEX at 0.024 mg/mL concentration.
Original magnification ×1000.
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cytes showed only occasional adherent cells on the
polymer surface when evaluated with SEM. Evalua-
tion at later time points (e.g., 40 days) of polymer
treatment showed the cell phenotype described above.

Polymer hydroperoxide evaluation

Figure 3 shows the time course of hydroperoxide
concentration for different conditions in Pe80A-1 poly-
mer specimens during the initial treatment. These con-
ditions included Pe80A-1 AS treatment with (a) hMo/
MØs, (b) human lymphocytes, and (c) hMo/MØs cul-
tured with DEX in the media at 0.024 and 240 mg/mL.
Pe80A-1 NAS specimens were also treated with hMo/
MØs; these data are also included in Figure 3. Figure
4 shows the ROOH concentrations in DEX/Pe80A and
Pe80A-2 materials cultured with hMo/MØs for 40
days.

In general, an increased hydroperoxide concentra-
tion as a function of culture time was observed for all
specimens. This effect was marked in Pe80A-1 AS and
in Pe80A-2 specimens cultured with hMo/MØs with-
out DEX. By contrast, Pe80A-1 AS specimens cultured
with lymphocytes or with Mo/MØs in the presence of
DEX showed significantly lower hydroperoxide con-
centrations. Likewise, DEX/Pe80A specimens showed
lower ROOH than Pe80A-2. Pe80A-1 NAS polymer
specimens cultured with Mo/MØs showed the lowest
amount of hydroperoxides.

The formation of ROOH in Pe80A-1 was inversely
related to the presence of macrophages and to DEX
concentration in the medium. Similarly, we observed
significantly lower ROOH concentration in DEX/
Pe80A specimens than in control Pe80A-2 specimens.
Thus, after 40 days of hMo/MØ treatment, 0.5 ± 0.1

and 0.9 ± 0.04 mmol ROOH/g of polymer were con-
tained in 0.1%DEX/Pe80A and in 1%DEX/Pe80A. By
contrast, 1.4 ± 0.02 mmol ROOH/g of polymer was
contained in the Pe80A-2 material (Fig. 4).

SEM surface analysis

Scanning electron microscopy evaluation of Pe80A
specimens that had undergone a cell-culture treatment
of up to 49 days and a subsequent 10-day FeCl2 treat-
ment revealed substantial cracking and pitting, espe-
cially in Pe80A-1 AS samples exposed to hMo/MØs
during the first treatment [Fig. 5(a)]. The most severely
damaged region in each specimen was located at the
folded (stressed) area, where the cracks were approxi-
mately 15–20 mm wide. The cracks had a fibrillar
structure and had propagated perpendicular to the
direction of strain. Those specimens cultured with

Figure 3. Hydroperoxide formation in Pe80A-1 during cell culture (first treatment).

Figure 4. Hydroperoxide analysis of Pe80A-2 (control),
0.1%DEX/Pe80A, and 1%DEX/Pe80A specimens cultured
with human macrophages for 40 days, determined by io-
dometry.
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lymphocytes [Fig. 5(b)] and those cultured with hMo/
MØs in the presence of 0.024 mg/mL DEX [Fig. 5(c)]
and 240 mg/mL DEX [Fig. 5(d)] showed no significant
surface damage.

Human Mo/MØ-treated Pe80A-1 AS specimens
that received the second treatment with FeCl2 showed
extensive damage [Fig. 5(a)]. When similar specimens
were treated with distilled water during the second
treatment, no damage was observed (image not
shown). Pe80A-1 NAS specimens also did not show
appreciable surface changes after FeCl2 treatment (im-
age not shown).

Starting at 4 days’ incubation in FeCl2 at 37°C,
Pe80A-2 control surfaces showed noticeable surface
changes. At 6 days, well-developed pits and cracks
were visible in the areas of major stress in all samples
of Pe80A-2 control material [Fig. 6(a)]. By contrast,
0.1%DEX/Pe80A and 1%DEX/Pe80A specimens

showed smooth surfaces with no apparent damage for
the entire course of the study [Fig. 6(b)].

In an attempt to obtain semiquantitative data from
this visual evaluation, we adopted an X/Y rating sys-
tem. We subjectively evaluated the depth of the cracks
(X) and the fraction of the surface affected by ESC
damage (Y). In this scheme (0–5 for each criterion), X
can indicate no changes (=0) or cracks 100% through
the tubing wall or failure (=5), and Y can indicate no
changes in terms of surface coverage (=0) or changes
over 80% of surface (=5). The product of XY was used
to compare the different test conditions, the results
could range from 0 to 25, with a low figure indicating
the least damage. Figure 7 shows the biostability
evaluation of Pe80A-2, 0.1%DEX/Pe80A, and
1%DEX/Pe80A specimens following a 40-day treat-
ment with hMo/MØs and a 10-day treatment with
FeCl2.

Figure 5. SEM analysis of Pe80-1 AS surfaces after 49-day treatment with (a) human Mo/MØs, (b) human lymphocytes, (c)
human Mo/MØs cultured with 0.024 mg/mL DEX, and (d) human Mo/MØs cultured with 240 mg/mL DEX during the first
treatment and then treated 10 days with 5 mM FeCl2 at 37°C. Original magnification ×75.
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Profile of DEX elution from DEX/Pe80A materials

Figure 8 shows the DEX elution per material surface
area (mg/cm2) over a period of 32 days. Independent

of the DEX loading in the material, an initial burst of
DEX release was observed at day 1. As suspected, the
DEX release was directly dependent on the total DEX
concentration in the polymer. At the first day, 1.6 ± 0.2
and 19.5 ± 0.5 mg of DEX was eluted per square cen-
timeter from 0.1% and 1% DEX/Pe80A specimens.
The release of DEX sharply declined on days 2–4. On
days 5–32, DEX release continued to decline gradually
and a release of 0.02 ± 0.01 and 0.06 ± 0.03 mg/day per
cm2 was registered at day 32.

DISCUSSION

A continued effort to understand the mechanism of
polymer biodegradation and its relation to the biologi-
cal response will enable researchers to design better
biomaterials for a variety of biomedical uses. Biologi-
cally oriented materials aimed at modulating specific
cell responses (e.g., oxidative burst) at the cell–
material interface should have enhanced biostability
among other benefits. Using this hypothesis, we con-
ducted these studies to understand the mechanisms of
in vivo polymer degradation and envision ways to de-
velop materials with enhanced biostability.

The implantation of biomaterials in living tissue is
always associated with inflammation, which is char-
acterized by acute and chronic responses.14 Inflamma-
tion is a physiological response to tissue injury which
triggers cellular and humoral mechanisms in a defen-
sive process designed to contain, neutralize, dilute, or
wall off the intruding agent and promote wound heal-
ing. A low-grade chronic inflammatory reaction has
been implicated in the gradual buildup of exhuberant

Figure 8. In vitro (PBS at 37°C) DEX release profile from
DEX-loaded polyurethane.

Figure 6. SEM morphology of surfaces cultured 40 days
with human Mo/MØs and 10 days in FeCl2, representative
Pe80A-2 control specimen (above), 0.1%DEX/Pe80A speci-
men (middle), and 1%DEX/Pe80A specimen (below). SEM,
original magnification ×20.

Figure 7. Summary of ESC scores in polymer specimens
cultured 40 days with human macrophages and 10 days in
FeCl2 solution.
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fibrous tissue on implants.18 Phagocytes are the pre-
dominant cell type found at tissue–biomaterial inter-
faces. The roles of macrophages in inflammation are to
phagocytose and to release mediators and products
with bactericidal action. Other cells such as lympho-
cytes promote chemotaxis and release lymphokines.
During inflammatory processes, phagocytes destroy
invading substances and maintain metabolic demands
by activating plasma membrane–associated NADPH
oxidase. The result of these responses is the release of
significant amounts of toxic reactive oxygen species
(ROS), such as superoxide (O2−?) and hydrogen perox-
ide (H2O2). This oxidative stress19 can overwhelm
host’s defensive mechanisms. Besides affecting adja-
cent tissues or cells, it can also affect susceptible poly-
mers.

Free radicals and oxidative stress have been impli-
cated in human disease20 and in such tissue damage-
associated diseases as chronic inflammatory bowel
disease,21 atherosclerosis,22 cancer,23 neurodegenera-
tive disease,24 reperfusion injury,25,26 and restenosis.27

It can also be directly associated with polymer degra-
dation. Although ROS are also produced during nor-
mal metabolism, they increase dramatically during in-
flammation. Because the body’s antioxidant defenses
may not be completely effective, a significant increase
in free-radical formation is likely to increase tissue
damage.28 This cascade of events forms part of a use-
ful homeostatic function, but when it is elicited in re-
sponse to a biomedical material or device, it may also
cause undesirable side effects. Beyond that, cell dam-
age/death per se can stimulate more inflammation
and provide the grounds for an exuberant tissue re-
sponse, and an opportunity for bacterial colonization.
Because of the unspecific nature of these reactions, a
controlled down-modulation of inflammation, espe-
cially when it is targeted against a nonabsorbable and
sterile implanted biomaterial, is believed to be benefi-
cial. However, since inflammation is also involved in
wound healing, its modulation has to be fine-tuned to
preserve vital and necessary phagocytic capabilities.
Previous studies in our laboratory showed that non-

cytotoxic concentrations of DEX are able to reduce the
macrophage’s potential to produce H2O2. In the cur-
rent study, DEX, a commonly used steroid, was added
to the hMo/MØ culture media (0.024 and 240 mg/mL)
or was loaded into the test polymer at 0.1 and 1% w/w
(DEX/Pe80A) to determine its effect on modulation of
the inflammatory response in a model system and
demonstrate this as a possible method to increase the
biostability of an implanted polymer.

The results presented here demonstrate that macro-
phages, by virtue of their capacity to adhere and
spread on polymer surfaces, directly promote biodeg-
radative mechanisms. The tendency of macrophages
to adhere preferentially to synthetic surfaces has al-
ready been used to develop a technique for macro-
phage separation from other cell types.29 Following
the initial cell–biomaterial contact, macrophages may
became fully activated, as suggested by the phenotype
changes observed in our studies. Cellular adhesion
and spreading on polymer surfaces appear to be an
attempt by the macrophage to phagocytize the im-
planted material. The presence of DEX in the media,
either applied directly or released from a matrix, ap-
pears to inhibit the progression of morphological
changes in phagocytes.

The extensive macrophage membrane ruffling we
observed for some test conditions is indicative of cel-
lular activation. Anderson et al. described this phe-
nomenon.30 In the absence of DEX, macrophages
spread, thereby increasing their surface area and
maximizing their potential for attachment and inges-
tion of the foreign material. We observed that the
polymer specimens with the highest hydroperoxide
concentration also had the largest proportion of hMo/
MØs showing this morphology. These cells have the
ability to release ROS and enzymes from the lyso-
somes at the cell–biomaterial interface, in a process
that has been described as frustrated phagocytosis.31

Table II summarizes the results obtained in this
study. The variation in hydroperoxide formation dur-
ing the initial treatment is described in Figures 3 and
4. Clearly, the density of hydroperoxides increased as

TABLE II
In Vitro Studies

Test Material
DEX in
Material

DEX in
Media

Cell 1st
Treatment Spreading Adhesion ROOH

2nd
Treatment ESC

DEX rel. d1 and
10 (mg/cm2)

Pe80A-1, AS − − hMo/MØs ++ +++ +++ FeCl2 +++ NA
Pe80A-1, AS − − hMo/MØs ++ +++ +++ H2O2 − NA
Pe80A-1, AS − − hLymphs − − − FeCl2 − NA
Pe80A-1, AS − 0.02 mg/mL hMo/MØs + + ± FeCl2 − NA
Pe80A-1, AS − 240 mg/mL hMo/MØs + + + FeCl2 − NA
Pe80A-1, NAS − − hMo/MØs ++ +++ − FeCl2 − NA
Pe80A-2 − − hMo/MØs ++ +++ +++ FeCl2 +++ 0
0.1%DEX/Pe80A + − hMo/MØs ± + ± FeCl2 − 1.6 ± 0.2, 0.1 ± 0.1
1%DEX/Pe80A + − hMo/MØs ± + + FeCl2 − 19.5 ± 0.5, 1 ± 0.2

For description of the test materials, see Table I. n $ 3 (first and second step data). n = 3 (in vitro elution data). Mean ± SD.
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a function of culture time in the presence of hMo/
MØs, with Pe80-1 AS and Pe80A-2, and control mate-
rials producing the highest density of hydroperoxides.
These results indicate a direct relationship between
macrophages, their oxidative burst, and ROOH forma-
tion in the polymer. Specimens cultured with lympho-
cytes showed a much lower rate of accumulation of
hydroperoxides, which appears to indicate the impor-
tance of the absence of an oxidative burst mechanism
in these cells. The minor increase in ROOH concentra-
tion in the specimens treated with lymphocytes can be
attributed to contaminant macrophages in the lym-
phocyte suspension. This was supported by our direct
observation of occasional adherent macrophages in
this experiment. Even under these circumstances, hy-
droperoxide accumulation in the presence of lympho-
cytes was not significantly different from that in con-
trols cultured with medium only (no cells) or in speci-
mens stored under a dark ambient condition (data not
shown).

The macrophage’s potential to produce polymer
degradation seems to be due to two things. The first is
these cells’ ability to produce reactive oxygen species
through their well-established oxidative burst. The
second is their ability to adhere to and spread on the
surface of the polymer, thereby facilitating an imme-
diate and direct interaction of free radicals with the
material. The presence of DEX either in the medium or
in the polymer appears to prevent ESC by reducing
the formation of hydroperoxides produced by macro-
phages. Based on the results presented here, concen-
trations of 0.024 mg/mL or a loading of 0.1% of DEX in
the polymer is enough to prevent the polymer biodeg-
radation in this model. The profiles of DEX release
shown in Figure 8 seem to cover the requirements of
DEX elution or presence in terms of surface area of
loaded polymer up to at least the duration of this
study (e.g., 49 days).

The general mechanism for degradation of macro-
molecules via Mo/MØs appears to involve initial ROS
reaction with a macromolecule, which generates a sec-
ond radical, which can then react with another mac-
romolecule to continue a chain reaction. The macro-
molecules then cleave to lower-molecular-weight deg-
radation products. The process then continues.29

Mammalian cells possess elaborate defense mecha-
nisms to detoxify (metabolize) these radicals. Super-
oxide dismutase (SOD) catalyzes the dismutation of
O2−? to H2O2 + O2. Then, H2O2 is converted to O2 +
H2O by catalase or by glutathione peroxidase (GPx),
which uses glutathione (GHS) as the reducing agent.
Alternatively, redox-active metals such as iron bind to
storage and transport proteins (e.g., ferritin, transfer-
rin, lactoferrin) to minimize the formation of OH?.
Radical-scavenging antioxidants (e.g., vitamin E) in-
terrupt such chain reactions. Antioxidants incorpo-
rated into polymers are believed to accomplish similar

protection via a sacrificial function. Since antioxidants
are not renewed in the polymer, once they are de-
pleted the polymer becomes susceptible to oxidative
aggression. In these experiments, we provoked anti-
oxidant depletion by acetone extraction. Unlike the
Pe80A-1 AS (acetone-extracted) specimens, signifi-
cantly lower hydroperoxide concentrations and no
ESC development were found in Pe80A-1 NAS (non-
acetone extracted) specimens during the testing pe-
riod (Fig. 3 and Table II).

We have shown that Pe80A, once it is treated with
macrophages, more readily develops ESC in the pres-
ence of applied stress. The ease of ESC development
clearly depends on the initial hydroperoxide concen-
tration in the polymer; thus, the more hydroperoxides
induced by macrophages, the sooner the polymer
cracking occurs in the FeCl2 solution. Pe80A-1 AS and
Pe80A-2 specimens started showing observable (by
optical microscopy) ESC damage after 4 days of FeCl2
treatment (Figs. 5 and 6). It is postulated that stress
cracking of the strained PEU can be initiated by
polyether chain cleavage with solubilization of the
degradation products to create micropits.32 As these
micropits increase in number, they coalesce perpen-
dicular to the direction of maximum stress, creating
cracks. This indicates the importance of stress in poly-
mer biodegradation. We believe the moderate level of
stress applied to the specimens in this study is com-
parable to that in some implanted devices, thus en-
abling us to compare the ECS phenomena under con-
ditions that may be found in vivo.

Although it is not clear whether Fe2+ or an analo-
gous species is required for in vivo ESC to occur, free
iron can be present in physiological systems under
certain conditions. The experiments done here clearly
show that Fe2+ speeds up the degradation process.
Experiments not described here show that the degra-
dation of polymers containing hydroperoxides even-
tually occurs even when no transition metal ion is
present. However, the process is much slower. Storage
and transport systems such as ferritin, transferrin, and
lactoferrin may eventually become an in vivo source of
free Fe2+. In addition to the classic superoxide-driven
Fenton reaction, oxidants with reactivity similar to the
hydroxyl radical may be generated by the interaction
between H2O2 and haemoproteins, such as hemoglo-
bin or myoglobin, to yield activated heme plus amino
acid radicals, both of which can oxidatively damage
lipids, proteins, and carbohydrates.33

Antioxidants in the polymer appear to play an im-
portant role in the prevention of polyurethane oxida-
tion until their consumption ends their capacity to
scavenge reactive oxygen species produced by macro-
phages. Based on our observations, we believe the in
vivo antioxidant depletion in a given Pe80A will de-
pend on the phagocyte’s potential to consume it by
generating oxygen-reactive species at the tissue–
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biomaterial interface. The extent of this oxidative po-
tential is dictated by the degree of cell reactivity and
stimuli. Modulating the macrophage’s ability to gen-
erate reactive oxygen species is a preemptive strike
against polymer degradation.

CONCLUSIONS

The current study demonstrated a reduction in the
formation of hydroperoxide and no subsequent ESC
damage in polyurethanes treated with macrophages
in the presence of compounds that reduce the cell ac-
tivation and oxidative burst. The prevention of poly-
mer biodegradation by means such as these holds a
promise to enhance the longevity of biomedical de-
vices. Additional in vivo studies (currently under way)
will provide definitive information on the biostability
of DEX/polymer formulations and on the safety of
these materials.

At this time, we are not sure about the practicality of
using a DEX-loaded polymer in a commercial im-
planted device. That will be determined by the out-
come of further work as mentioned above. However,
this work is a good example of how the natural course
of events evoked by cells in response to a foreign ma-
terial—PEU in this case—can be greatly altered by a
biologically oriented intervention route. In addition,
we have shown the in vitro macrophage-Fe-stress sys-
tem is a valuable tool for reliably and cost-effectively
evaluating biomaterials.
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