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Calcification complicates the use of the polymer polyure-
thane in cardiovascular implants. To date only costly experi-
mental circulatory animal models have been useful for in-
vestigating this disease process. In this paper we report that
polyurethane calcification in rat subdermal implants is
enhanced by overdosing with a vitamin-D analog. The
calcification-prone state, known as calciphylaxis, was in-
duced in 4-week old rats by oral administration of a vitamin-
D analog, dihydrotachysterol. We studied two commercially
available polyurethanes (Biomer® and Mitrathane®) and
two proprietary polyurethanes (PEU-2000 and PEU-100).
PEU-100 is unique because it is derivatized with ethanehy-
droxy-bisphosphonate (EHBP) for calcification resistance.
Polyurethane calcium and phosphate levels and morphologi-
cal changes due to calciphylaxis were compared with those
of control rat subdermal explants in 60-day studies. Increased
polyurethane mineralization was observed due to calciphy-
laxis with 60-day rat subdermal explants of Biomer®, Mitra-
thane®, and PEU-2000 (calcium levels, respectively,
4.13 + 0.56, 18.61 = 2.73, and 3.37 = 0.22 ug/mg, mean *

standard error) as compared to control explants (calcium
levels, respectively, 1.22 = 0.1, 12.57 % 0.86, and 0.20 * 0.86
ug/mg). The study also demonstrated that with 60-day im-
plants calciphylaxis had no side effects on somatic growth
and serum calcium levels. Explant surface morphology of
these polyurethane explants examined by scanning electron
microscopy, back scattering electron imaging coupled with
energy dispersive X-ray spectroscopy, and light microscopy
demonstrated the presence of predominantly surface-ori-
ented calcification. PEU-100, derivatized with 100 n.moles/
mg of EHBP, resisted calcification with explant calcium levels
0.51 % 0.01 (calciphylaxis) and 0.38 = 0.01 (control) ug/mg.
It is concluded that calciphylaxis enhances superficial poty-
urethane calcification in rat subdermal implants and that
an EHBP-modified polyurethane resists calcification despite
calciphylaxis. Rat subdermal implants using calciphylaxis
may be generally useful for evaluating the calcification poten-
tial of various biomedical polymers. © 1996 John Wiley &
Sons, Inc.

INTRODUCTION

Segmented polyurethane copolymers are frequently
used to fabricate various blood-contacting device com-
ponents, such as artificial heart- and cardiac-assist de-
vice bladders, trileaflet substitute heart valves, pace-
maker lead insulation, and vascular grafts.!” However,
the usefulness of these materials for long-term applica-
tions has been hampered by calcification.*®

Rat subdermal implants are useful for evaluating the
calcification potential of glutaraldehyde pretreated bio-
prosthetic heart-valve tissues and other materials.” "
However, previous rat subdermal implant studies us-
ing polyurethane have shown relatively little calcifica-
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tion'*' in contrast to the general tendency of this mate-
rial to calcify in the circulation.*® Therefore, we have
developed a novel rat subdermal model based on the
phenomenon of vitamin-D enhanced calcification,
known as calciphylaxis,"” for investigating the calcifica-
tion of polyurethanes. Calciphylaxis has been broadly
defined as "“a condition of induced systemic hypersensi-
tivity caused by the administration of a calcifying
agent,” such as dihydrotachysterol, a vitamin-D ana-
log.”” The mechanism of calciphylaxis has been hypothe-
sized to be due to transient local and systemic increases
of serum calcium and phosphate levels."”

The objectives of this study were 1) using rat sub-
dermal implantation to evaluate the effects of dihy-
drotachysterol-induced calciphylaxis on the calci-
fication of polyurethanes; 2) to characterize the
morphology of polyurethane calcification with and
without calciphylaxis; and 3) to assess the calcification
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resistance of a polyurethane containing covalently-
linked ethanehydroxybisphosphonate (EHBP).

MATERIALS AND METHODS

Materials

Biomer® (Ethicon, Somerville, NJ), Mitrathane®
(Polymedica, Denver, CO), and PEU-2000 (CarboMed-
ics, Austin, TX) medical-grade polyurethanes were
used as received. Bulk PEU-2000, modified by cova-
lently bound EHBP (100 nM/mg), was designated as
PEU-100."® Dihydrotachysterol (Sigma, St. Louis, MO)
and 100% pure Mazola corn oil (Best Foods, CPC Inter-
national Inc., Englewood Cliffs, NJ) were used as re-
ceived. All solvents used during the experiment (Ald-
rich Chem., Milwaukee, WS) were anhydrous and were
used without any further purification.

The test polymer films were prepared as follows:
Biomer® and Mitrathane® films were cast by diluting
the original 25% N, N-dimethylacetamide (DMAc) so-
lution to approximately 10% by using anhydrous
DMAc. Ten percent PEU-2000 and PEU-100 solutions
were prepared in anhydrous tetrahydrofuran. Each
polymer solution was then poured onto Teflon plates
(Cole Parmer, Chicago, IL) and formed as thin sheets
(0.035 % 0.0038 cm thick) by evaporating the solvent
under vacuum. After 48 h of drying time, the films
were cut into 1 cm? pieces. Each sample was annealed
at 125°C under vacuum for 1 h to remove any residual
internal stress.

Animal model
Dihydrotachysterol sensitization

Four-week-old rats (140-150 g) (CD Sprague Daw-
ley, Charles River Laboratories, Burlington, MS) were
divided randomly into two groups (4 rats/group). On
the first day of the experiment, the calciphylaxis group
of rats was administered 1 mg dihydrotachysterol dis-
solved in 1.0 mL of corn oil. The dihydrotachysterol
solution was injected directly into the rat’s stomach
through an oral gastric tube according to the procedure
described by Selye.” Rats not receiving dihydrotachy-
sterol were used as controls.

Subdermal implantation and retrieval

The rats were anesthetized using ketamine (Park-
Davis, Morris Plains, NJ, 0.057 mg/g) and xylazine
(Haver, Shawnee, KS, 0.008 mg/gm), weighed, and
the polyurethane films to be tested were implanted
subcutaneously in all of the groups of rats.” Polyure-
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thane samples were implanted into the anesthetized
rats in subcutaneous pouches dissected in the ventral
abdominal wall. Following recovery, the animals were
maintained on Lab Chow (Ralston-Purina, St. Louis,
MO). At the end of 60 days after implant, the animals
were anesthetized (as above), weighed, and blood was
collected by cardiac puncture before they were killed.
The retrieved polyurethane samples were rinsed with
saline and dried thoroughly before characterizing them
for chemical analyses and surface properties. At nec-
ropsy, femurs were retrieved and fixed in neutral buf-
fered formalin for an assessment of side effects on bone.

Characterization

From each group representative samples were pre-
pared for scanning electron microscopy/energy dis-
persive X-ray spectroscopy analyses by incubating
them with 0.6% pepsin (Sigma, St. Louis, MO, pH 3.4,
in double-distilled water) for 24 h so as to remove
surface adsorbed proteinaceous debris.’* The changes
in the surfaces of the samples were evaluated by com-
parison with pepsin-incubated unimplanted controls.
For light microscopic and chemical analyses the ex-
planted samples were analyzed without pepsin treat-
ment. Thirteen explanted samples per formulation
were used for total calcium and phosphorous, and
the mean results were reported. Three representative
samples per formulation were used for scanning elec-
tron microscopy/energy dispersive X-ray spectros-
copy and microscopic analyses.

Calcium and phosphate analysis

The unimplanted and explanted samples dried to
constant weight were analyzed for total calcium and
phosphorus by hydrolyzing samples in 6N HCI for
24 h at 70°C. The total calcium levels were determined
on aliquots of the acid hydrolysates using a Perkin-
Elmer 2380 atomic absorption spectroscopy system
(Perkin-Elmer, Norwalk, CT) as previously described."”
An ammonium molybdate-complexation phosphorus
assay was carried out on separate aliquots of the acid
hydrolysates."

Scanning electron microscopy and energy dispersive
X-ray spectroscopy

Air-dried surfaces of the unimplanted and explanted
samples were sputter coated with graphite under vac-
uum. A 1.5 X 107° torr vacuum with a current density
of 20 mA and 1500 V was used to develop an approxi-
mately 15 nm thick layer of graphite coating. Samples
were then characterized by scanning electron micros-
copy (Hitachi Model 5-570, Santa Clara, CA) and en-
ergy dispersive X-ray spectroscopy (Kevax-8000, Fos-
ter City, CA) for calcium and phosphorus.
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Light microscopy

Representative explanted samples from both calci-
phylaxis and control groups were fixed with neutral
buffered formalin and embedded in glycolmethacry-
late (JB-4 Polyscience, Warrington, PA) using pre-
viously described methods.! Sections were cut at 2—
3 um with glass knives and stained with hematoxylin
and eosin (for overall morphology) and with von Kos-
sa’s reagent (for calcium phosphate).

Data analysis

Numerical results were expressed as means * stan-
dard errors of the means. Differences between groups
were assessed using the unpaired Student ¢ test for
comparisons. Results were termed significant for p <
0.05.

RESULTS

Effects of calciphylaxis on polyurethane calcification

At explant, polyurethane samples were dissected
free of typically thin fibrous capsules. These capsules
were not observed to be grossly calcified and were
not further assessed for mineralization. Polyurethane
samples (without EHBP) explanted from calciphylaxis
animals demonstrated no gross calcific deposits, but
they had significantly increased total levels of calcium
(two fold or greater) and phosphorus in comparison
to explants from control rats (see Table I). The EHBP-
modified polyurethane (PEU-100) demonstrated virtu-
ally no calcium accumulation despite calciphylaxis,
however, it had measurable phosphorus levels, not
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differing from unimplanted samples, likely reflecting
phosphorus associated with the bound EHBP.
Average weight gains and serum calcium levels of
the rats used in these studies were not significantly
affected by calciphylaxis. The calciphylaxis rats gained
an average of 169.6 = 5.87 g (mean =* standard er-
ror), whereas the mean weight gain of the controls
was 181.4 = 7.85 g after 60 days. The serum calcium
levels at the time of sacrifice also were found to be un-
affected by calciphylaxis, Ca** 10.5 = 0.3 mg/dL, com-
pared to controls, Ca’* 10.9 = 0.4 mg/dL. Thus the
calciphylaxis-induction dosage protocol had no appar-
ent side effects on growth and serum calcium levels.

Effects of calciphylaxis on the morphology of
mineral deposits

Polyurethane explant calcification was typically sur-
face oriented for all the materials studied, as illustrated
for the 60-day PEU-2000 calciphylaxis explanted sam-
ples [Fig. 1(A,B)]. These explants showed a rough and
uneven surface morphology with a heavy encrustation
occupying more than 80% of the total exposed surface.
The surface deposits proved to be thick layers of cal-
cium phosphate, as confirmed by the back scattering
electron image and energy dispersive X-ray spectros-
copy (Fig. 1). However, scanning electron microscopy
showed virtually no calcification of the explants
(calciphylaxis) of PEU-100, [see Fig. 1(C,D)], the EHBP-
derivatized polyurethane. Phosphorous, though, was
detected on the surface of the PEU-100 explants and
may be accounted for by the EHBP derivatization (as
described above).

Light microscopic examination of Biomer® and
Mitrathane® calciphylaxis and control explants [see
Fig. 2(A-F)] confirmed the quantitated calcium levels
and the superficial distribution of calcific deposits.

TABLE I
Enhanced Calcification of Polyurethane Rat Subdermal Implants with Calciphylaxis: Calcification Resistance
with EHBP
Ca’" /POy
Implant Material N Calciphylaxis Ca* pg/mg PO} ug/mg (Molar Ratios)

Unimplanted Biomer 4 — 0.15 = 0.09 0.03 £ 0.01 -
Biomer control 17 No 1.29 = 0.51 0.84 = 0.29 1.18
Biomer 19 Yes 4.13 = 0.56* 2.58 + 0.30> 1.24
Unimplanted Mitrathane 4 — 0.15£0.11 0.21 = 0.01 —
Mitrathane control 20 No 10.73 = 1.42 8.30 = 1.42 0.99
Mitrathane 19 Yes 18.61 = 0.73* 11.39 = 1.14* 1.26
PEU-2000 unimplanted 4 — 0.34 £ 0.10 0.01 = 0.09 —
PEU-2000 control 19 No 0.00 = 0.00 0.00 = 0.00 —
PEU-2000 19 Yes 3.37 £ 0.22F 1.98 = 0.01* 1.31
PEU-100 unimplanted* 4 — 0.11 = 0.01 1.52 = 0.09 —
PEU-100 control’ 19 No 0.38 = 0.01 2.05*0.84 0.14
PEU-100* 19 Yes 0.52 £ 0.09 1.98 = 0.02 0.20

*p < 0.001 calciphylaxis vs. control implant.
*Containing covalently linked EHBP.
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Figure 1. Scanning electron microscopic image and back scattering electron images of explants (calciphylaxis) PEU-2000 and
PEU-100 (EHBP-derivatized): (A), scanning electron micrograph of an explanted PEU-2000 calciphylaxis sample demonstrating
surface encrustation; (B), back-scattering electron image of the same explanted PEU-2000 calciphylaxis samples (B, insert
spectra) confirming Ca?" and POj"; (C), scanning electron micrograph of an explanted PEU-100 calciphylaxis sample showing
no encrustation; (D), back-scattering electron image of explanted PEU-100 calciphylaxis sample.

Morphologically observable calcification could not be
found on the Biomer® control {Fig. 2(A)] implant.
However, Biomer® calciphylaxis implants [Fig.
2(B,O)] showed mutltifocal, thin surface layers of calci-
fic deposits at the polymer surfaces. As illustrated
in Figure 2(D-F), the most heavily calcified explants
were in the Mitrathane® group (particularly with

calciphylaxis). Mitrathane® controls [Fig. 2(D)] gener-
ally had qualitatively less calcification than the corres-
ponding calciphylaxis samples. Although the calcifi-
cation observed in the present study was at the
polyurethane surfaces, a lesser, immediately subsur-
face component of mineralization also appeared to
be characteristic of Mitrathane®, particularly in the
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Figure 2. Light microscopic morphology of polyurethane-associated calcification, without and with calciphylaxis: (A,B,C),
Biomer® without calciphylaxis, with calciphylaxis, and high-power with calciphylaxis, respectively. Calcification is limited
to the polymer surface. The dark ovoid structures in the bulk polymer are characteristic of this polyurethane formulation,
present prior to implantation, and are unrelated to calcification. (D,E,F), Mitrathane® without calciphylaxis, with calciphylaxis,
and high-power with calciphylaxis, respectively. In (F), it is apparent that the heavy Mitrathane® mineralization also includes
an immediately subsurface component. All stained with von Kossa's reagent (calcium phosphates black); original magnification

A, B, D, and E 75X; G and F 300X.

calciphylaxis animals [Fig. 2(F)]. Whether this was
related to the heavy degree of calcification per se or
to some other specific feature of this polymer is
presently undetermined.

DISCUSSION

Our studies have demonstrated that dihydrotachy-
sterol-induced calciphylaxis enhances polyurethane
calcification in rat subdermal implants. The specific
principal findings of these investigations were:

1. Calcification of polyurethane subdermal explants
was significantly enhanced due to calciphylaxis
compared to control. Calcium and phosphorous
levels in calciphylaxis explants were approxi-
mately two-fold or more greater than in controls.
However, our EHBP-derivatized polyurethane,
PEU-100, did not calcify despite calciphylaxis.

2. Scanning electron microscopy, energy dispersive
X-ray spectroscopy, and light microscopy analy-

sis of the calciphylaxis explants (except for PEU-
100) demonstrated the predominant surface ori-
entation of calcification.

3. Calciphylaxis did not adversely affect the average
somatic growth and serum calcium levels of the
rats by the conclusion of the implant period.

In vitro model systems of polyurethane calcification
have been investigated by a number of groups®* as
models of this disease process. Although many have
attempted to duplicate physiologic conditions by using
serum incubations and various material stress condi-
tions, none of these in vitro studies has resulted in a
morphology approximating polyurethane calcification
in vivo. This may be due in part to a general failure
in the prior studies to maintain constant composition
conditions with respect to calcium and phosphorous.?
Furthermore, prior subdermal implant studies'* have
demonstrated, in general, relatively little polyurethane
calcification in comparison to the present results using
calciphylaxis. However, these prior subdermal studies,
despite not using calciphylaxis, demonstrated surface-
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oriented calcific deposits, noted by scanning electron
microscopy, in agreement with the present results.’
The present study provides the first detailed descrip-
tion of the light microscopy features of polyurethane
calcification, in the absence of conditions in which
thrombosis could play a role.

The mechanism responsible for enhancement of cal-
cification by calciphylaxis is not well established.’ It
has been suggested that calciphylaxis promotes a re-
active inflammatory response at the implant site re-
sulting in cellular necrosis due to infiltration of eo-
sinophills and pseudoeosinophills.”” Furthermore, cal-
ciphylaxis studies done by Selye et al.” and other
researchers®? have demonstrated that transiently the
local concentration of calcium and phosphate at the
implant site is increased, thus hypothetically enhanc-
ing local calcification. Transient systemic hypercalce-
mia and hyperphosphatemia have been reported as
well with calciphylaxis.”* % Monitoring calcium me-
tabolism throughout the course of our implant study
was beyond the scope of the present experiments.
However, based on our 60-day explant data, net so-
matic growth, femoral growth plate morphology, and
serum calcium levels were unaffected by calciphylaxis.
Thus there were no apparent long-lasting side effects
of the calciphylaxis protocol.

The pathobiology of polymer calcification is pres-
ently uncertain. Nucleation clearly occurs at and adja-
cent to the polymer surface in areas devoid of cells.
Furthermore, the fibrous capsule surrounding the im-
plant did not appear to grossly influence the calcifica-
tion in the present studies. Thoma and Phillips have
hypothesized that mineralization of polyetherurethane
may be due to metal ion complexation by the polyure-
thane soft segment.* However, there is little evidence
to support this. Other hypotheses consider adsorptive
events involving cell debris, lipid, and protein uptake,
as well as thrombus-related calcification in some
cases.*® Although the present results provide no infor-
mation concerning thrombus-oriented calcification,
further studies concerning adsorptive mechanisms
may be facilitated using our calciphylaxis model of
polyurethane calcification.

Previous work from our group had demonstrated
that coatings using our EHBP-derivatized polyure-
thane (PEU-100) without calciphylaxis prevented Mi-
trathane calcification in rat subdermal implants.’ The
present results confirmed the calcification resistance of
PEU-100 using calciphylaxis. The EHBP bound within
PEU-100 has been demonstrated to be irreversibly co-
valently linked'® and may inhibit calcification in part
due to diminished calcium diffusion. EHBP and bis-
phosphonates in general are well-known inhibitors of
calcification in vitro due to inhibition of calcium phos-
phate nucleation and crystal growth.” Both of these
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mechanistic actions of bound EHBP also may be facili-
tating the calcification resistance.

CONCLUSIONS

We conclude that:

1. Calciphylaxis due to dihydrotachysterol adminis-
tration aggravates calcification of polyurethanes
in rat subdermal implants. However, an EHBP-
derivatized polyurethane, PEU-100, resisted calci-
fication despite calciphylaxis.

2. Polyurethane calcification both with and without
calciphylaxis was surface oriented, comparable to
pathologic calcification of polyurethane in the cir-
culation.

3. Calciphylaxis had no side effects on the growth
and serum calcium levels of the rats.

4. Calciphylaxis may be a useful adjunct to screen-
ing studies of polyurethanes and other biomateri-
als susceptible to calcification.
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