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ABSTRACT

P(d)A/PGA/FE AND P(d)A/PGA/SmCos COMPOSITES FOR USE AS A DELIVERY
MECHANISM FOR MAGNETICALLY DIRECTED CHONDROGENESIS

By
Dean Alan Oppermann

Magnetically directed chondrogenesis (MDC) is a fundamental approach to articular
cartilage repair. In MDC a magnet is implanted into the subchondral trabecular bone
underlying a cartilage defect and used to attract chondrocytes, magnetically tagged with
Fe nanoparticles, to the defect site. Pilot studies by Halpern, Crimp and Grande, using
solid neodymium (Nd) magnets, indicated optimistic results by producing a hyaline-like
articular cartilage after 8 weeks implantation. Since solid Nd magnets introduce long-
term biocompatibility issues, the focus of this dissertation was to develop
P(d)A/PGA/Fe and P(dl)A/PGA/SmCos implants for use in MDC.

The effect of implant porosity, implant composition and magnetic material (Fe or
SmCos) on the initial and degraded magnetic properties were evaluated. The
biocompatibility of P(dl)A/PGA/Fe implants were investigated by implantation into New
Zealand white rabbits for 8 weeks. The effect of hydrogen peroxide (H,0;) and ethylene
oxide (EO) sterilization techniques on the molecular weight and chemical structure of
P(d)A/PGA polymers were evaluated using gel permeation chromatography and Fourier
transform infrared spectroscopy. The effect of implant morphology, size and number on
the von Mises stress in the trabecular bone surrounding the implant was evaluated using a
finite element model.

In general, SmCos implants resulted in higher magnetic fields initially and after 8

weeks of degradation than comparable Fe implants. Increases in magnetic field strength



were achieved by increasing the volume fraction of magnetic material and by increasing
the PGA concentration. The magnetic field strength degradation rate decreased with
increases in volume fraction of magnetic material and increases in PLA concentration.
Implantation studies indicated that 50/50 P(d])A/PGA were more bioactive than 75/25
P(dI)A/PGA with an increased cellular response that is specific to bone growth. The
compressive strength and elastic modulus of porous implants were comparable to
trabecular bone, and the compressive strength and elastic modulus of solid implants was
higher than trabecular bone but less than cortical bone. Finite element modeling showed
that the implantation of solid and porous P(d])A/PGA/Fe implants did not significantly
increase the von Mises stress concentration adjacent to the implant. The von Mises stress
surrounding porous implants was higher than the solid implants which predicts faster
bone remodeling. Comparing single implants to multiple implants indicated a significant
decrease in von Mises stress between the implants. This would predict bone resorption in
that area. H,0, sterilization resulted in a gradual decrease in the molecular weight of
P(d)A/PGA polymers that was a result of hydrolytic scission of the ester bonds present
between the individual monomers. The polymers were less affected by EO sterilization
with only the 75/25 P(d)A/PGA, indicating a decrease in molecular weight.

From these results, it was concluded that solid 50/50 P(dl)A/PGA/SmCos implants
that span the entire width of the cartilage defect should be used to optimize the attraction
potential and bioactivity of the implant. Also ethylene oxide, which caused less

premature implant degradation, should be used for sterilization.
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INTRODUCTION

Osteoarthritis is considered the most prevalent rheumatic disease' and results in a
deterioration and/or loss of cartilage on articulating surfaces leading to pain and joint
dysfunction in 75% of the elderly population.” For this reason, substantial effort and
research has been devoted to the restoration of the structure and mechanical properties of
damaged articular cartilage.

Until recently, cartilage defects, have been repaired using autografts (ex. mosaic
plasty) or prosthetic devices (ex. TKR). However, donor tissue is limited and prosthetic
devices have a short life-span due to the inherent risk of infection from the presence of a
foreign body, leading to a loosening of the implant at the interface over time.> To avoid
total joint reconstruction, a number of alternative techniques for repairing articular
cartilage have been attempted. The most notable of these techniques: tissue
allografting/autografting (mosaic plasty)®’ and chondrocyte seeding®'®, have shown
limited long-term success. With tissue allografting, cartilage is excised from a donor
system, or grown in vitro and used to fill cartilage defect sites. However, availability,
biocompatibility and transplant adhesions are critical factors that limit this technique. In
mosaic plasty, the donor tissue is taken from an undamaged source of the recipient’s
body. Even though this alleviates the biocompatibility and donor issues of tissue
allografting, this technique often leaves the donor site susceptible to further cartilage
degeneration and long term success is very low. Cartilage-like tissue regeneration has
been shown to occur in vivo and in vitro by seeding chondrocytes on to a biodegradable

polymer scaffold and implanting this scaffold into the defect site. However, these



techniques have not produced cartilage that is comparable to native hyaline cartilage and
such tissue is not integrated with the surrounding cartilage.

Recently, research has shown that autologous chondrocyte transplantation can
regenerate hyaline-like cartilage with tissue morphology similar to native cartilage.''"?
In this technique autologous chondrocytes are harvested from the joint, expanded in
tissue culture, and introduced under an implanted periosteal flap over the joint defect.
This technique, although successful in producing type II collagen, utilizes multiple
invasive surgeries which increases both the chance of infection and recovery time. Since
a periosteal flap is inserted into the joint margin, this technique also requires an unloaded
period of up to eight weeks during healing. Thus, this technique is labor intensive,
expensive, and requires a long healing time at which the joint must be unloaded leaving
the patient immobilized.

Halpern, Crimp, and Grande'*'’ have also shown cartilage regeneration through
chondrocyte delivery by magnetically directed chondrogenesis (MDC). MDC is a
technique in which chondrocytes are tagged with iron nanoparticles leaving them
susceptible to magnetic manipulation. A magnetic plug is then implanted into the
subchondral bone underlying the cartilage defect to direct growth to that area. MDC
resulted in a tissue with characteristics that are morphologically similar to native hyaline
cartilage with chondrocytes located in well-defined lacunae and a matrix that stained
positively for aggrecan. However, initial studies used a solid neodymium magnet, which
is not biocompatable for long term implantation. The focus of this dissertation was to

develop a porous, biodegradable, and biocompatable magnet for use in MDC.



In Chapter 1, implant fabrication and the initial magnetic and physical properties of
P(dI)A/PGA/Fe and P(d)A/PGA/SmCos implants were investigated. The magnetic
susceptibility of solid and porous implants were evaluated as a function magnetic
material (Fe or SmCos) and volume of magnetic material. The mechanical strength and
elastic modulus of P(d)A/PGA/Fe implants were evaluated by compression testing and
compared to the mechanical strength of trabecular and cortical bone. A preliminary in
vitro evaluation of the attraction between P(d])A/PGA/Fe magnetically tagged
chondrocytes was performed.

In Chapter 2, the magnetic strength of P(d)A/PGA/Fe and P(d)A/PGA/SmCos
implants was investigated as a function of in vitro degradation time. The magnetic field
strengths were then used to estimate the maximum separation distances at which the
MDC implants could attract magnetically tagged chondrocytes. With this data, an
implant morphology and composition that optimizes the chondrocyte/implant attraction
during the first 8 weeks of implantation was determined.

In Chapter 3, the effect of ethylene oxide (EO) and hydrogen peroxide (H,O,)
sterilization on the molecular weight and chemical structure of 50/50 P(dI)A/PGA, 75/25
P(d)A/PGA, and P(d)A were evaluated. The polymer molecular weight was
determined by gel permeation chromatography (GPC) and the polymer structure
evaluated by Fourier transform spectroscopy (FTIR). The results of this study were used
to determine the most appropriate (results in the least amount of polymer destruction) for
P(d)A/PGA/Fe or P(dI)A/PGA/SmCos implants used in MDC.

In Chapter 4, a finite element model was used to evaluate the von Mises stress in the

femoral condyle trabecular bone surrounding a MDC implant. The effect of implant size,



stiffness and morphology on the surrounding stress was evaluated. This investigation
was used to determine whether or not the addition of a MDC implant into the
subchondral bone would develop stresses high enough to fracture the femur under normal
loading conditions. This information was then used to determine the implant parameters,
size and porosity, which would result in the least amount of alteration of the von Mises
stress in the bone surrounding the implant.

In the conclusions, the data from these five studies was used to determine the optimum
implant parameters for use in MDC. These parameters include the morphology of the
implant (porous or solid), the magnetic material of the implant (Fe or SmCo5), the
volume of magnetic material, the polymer composition, sterilization technique, and the

implant size and number.
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CHAPTER 1

FABRICATION AND INITIAL MAGNETIC AND COMPRESSIVE STRENGTHS OF
P(d)A/PGA/FE AND P(dI)A/PGA/SmCos IMPLANTS FOR USE AS A DELIVERY
DEVICE FOR MAGNETICALLY DIRECTED CHONDROGENESIS

DEAN A. OPPERMANN AND MELISSA J. CRIMP
Department of Materials Science and Mechanics
Michigan State University

East Lansing, MI 48823

ALAN A. HALPERN

College of Human Medicine

Michigan State University
East Lansing, MI 48823

ABSTRACT

This study investigated the fabrication of a biocompatible, bioresorbable, magnetic
implant for use in magnetically directed chondrogenesis (MDC). A solvent leaching
technique was utilized to create implants using 85/15 P(dI)A/PGA, 75-25 P(dI)A/PGA,
65/35 P(d)A/PGA and 50-50 P(d)A/PGA copolymers. Anisotropic magnetic implants
were fabricated by then adding Fe or SmCos particles, which were later magnetized.
Magnetic susceptibilities as high as 8.73x10* H/m were measured for implants
containing SmCos and 4.12x10® H/m for implants containing Fe. Compressive strengths
of porous implants containing 25% Fe by volume and solid implants containing 40% Fe
by volume were 8.2+1.2 MPa and 48+3.0 MPa respectively. The compressive strength of
porous implants was comparable to trabecular bone (2-35 MPa) and the compressive

strength of solid samples was significantly less than cortical bone (193 MPa). Porous



implants containing 25% Fe by volume attracted magnetically tagged chondrocytes in

vitro, indicating that these implants may be suitable for MDC.

INTRODUCTION

Articular cartilage possesses a limited capacity for permanent defect repair'®. Partial
articular cartilage defects show no meaningful repair. Full thickness cartilage defects
have been shown to vascularize at the defect site. This vascularization leads to a healing
response capable of generating new hyaline-like articular cartilage'®. However, this
repair is short lived because this neocartilage does not incorporated into the surrounding
native cartilage tissue®. Despite the poor outcome of cartilage repair by vascularization
of the defect site, the application of chondrogenetic cells remains the rationale behind
many of the current regeneration studies’ .

Perichondral grafting”"!, osteochondral grafting'?'® and synthetic scaffold seeding'”
20 are all successful in limited initial repair of articular cartilage. However, results are
short-lived because of either a lack of neocartilage incorporation, reduced cellular
viability, or infection*®. To date, the most successful cartilage regeneration technique is
autologous chondrocyte transplantation where autologous chondrocytes are injected into

the defect site and covered with periosteal tissue?'?*

. This technique has limited long-
term success in 1-2 year studies, involving multiple surgeries and immobilization of the
joint for up to 8 weeks during healing. However, this research shows that delivering and
holding chondrocytes at a defect site prompts chondrogenesis, resulting in hyaline-like

articular cartilage.



Magnetically directed chondrogenesis (MDC) is similar to autologous chondrocyte
transplantation in that autologous chondrocytes are used to effect a repair of the damaged
tissue. However in MDC, the chondrocytes are held at the defect site by magnetic forces
between the chondrocytes (which have ingested magnetic nanoparticles) and a magnet
implanted into the subchondral bone beneath the defect site”?°. Pilot studies by Halpern,
Grande, and Crimp, using solid neodymium(Nd) magnets, produced cartilage that was

2526 However, the

morphologically and histologically similar to native hyaline cartilage
use of solid Nd magnets introduces long-term biocompatibility issues such as bone
necrosis and implant loosening due to motion between implant and the surrounding
trabecular bone?,

The fabrication protocols will be described for biocompatible, biodegradable,
magnetic implants that will eventually be used to replace Nd. In addition, the magnetic
and physical properties of both porous and solid implants will be reported as well as the

results from an in vitro assessment of their ability to attract tagged chondrocytes.

EXPERIMENTAL PROCEEDURE
MATERIALS

High inherent viscosity (HIV) polymers of 85/15, 75/25, 65/35, and 50/50
poly(dl)lactic/glycolic acid (P(d])A/PGA) were purchased from Alkermes of Blue Ash,
OH. The manufacturers reported molecular weights for each of the four polymer
compositions are given in Table 1.

Fe and SmCos particles were supplied by Tengam Engineering Inc. of Otsego, MI.

The particle size was measured using a Horiba, laser scattering, particle size distribution



analyzer. The average diameters of the Fe and SmCos particles were 1.9 and 2.5 um

respectively.

Table 1 Polymer Molecular Weights

Polymer Composition Molecular Weight
50/50 P(d)A/PGA (HIV) 88,000 Daltons
65/35 P(dDA/PGA (HIV) 141,000 Daltons
75/25 P(d))A/PGA (HIV) 136,000 Daltons
85/15 P(dA/PGA (HIV) 149,000 Daltons

METHODS
Porous Implant Fabrication
Porous biodegradable, magnetic polymer implants were prepared by a salt leaching

technique®®°.

One gram of each polymer was dissolved in 3ml of acetone in Scc
disposable syringes over 12-24 hours. Once dissolved, the appropriate volume fractions
(10, 20, 25, 30, 40 vol. %) of magnetic material (Fe or SmCos) and 50 vol. % sieved
NaCl particles (212-300um) were added. The suspension was shaken for 5 min. to
generate a uniform dispersion and then injected into lcc disposable syringes. These
syringes were placed into a vacuum oven at 80°C and 83 MPa for 24 hours to evaporate
the solvent and dry the implant. Once dried, the temperature was increased to between
120°C and 140°C to soften the polymer in preparation for injection into the molds for
magnetization.

Magnetization began by extruding the softened polymer composite into cylindrical
silicon molds with a cavity of approximately 1.5mm in diameter (Figure 1). The molds

were then heated to 127°C, under an external magnetic field of 55,000 Gauss, using a

MPMS SQUID magnetometer (Quantum Design Inc.) for 10 min. followed by slow



cooling to room temperature. The magnetic field was returned to 0 and the samples
removed and cut into implants, 5-8mm in length.

Compression samples were fabricated by compacting the softened P(dI)A/PGA/Fe
composite material into capped 1cc syringes using the syringe plunger. The syringe acted
as a cylindrical mold having a 4.5 mm diameter. After compaction, the samples were
cooled to room temperature. The cast molds were then machined to lengths between 12
and 16 mm in accordance with ASTM standers for compression testing of brittle

polymers using an EMCO Compact 5 high-speed lathe®'. The polymers were then ejected

from the syringe cylinder.

Polymer is dissolved 1 - =
ina 1 cc syringe.

Polymer was
Fe, SmCos, NaCl > W Syringe heated 3 injected into a
particles were then 120°C silicon mold
added and the and compacted.
suspension was
shaken for 5 min. = -

Figure 1 Schematic of processing strategy

Porous samples processed with salt particles were next leached at 37°C, in 1-dram
specimen vials filled with reverse-osmosis (RO) water. The RO water was changed
every 12 hours, for a period of 48 hours. After leaching, the implants were dried,

weighed, and dimensions recorded for density calculations.
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Solid Implant Fabrication
Solid implants were fabricated by the same processes as porous implants except
implants were made without salt particles and thus the implant was not leached in water

after fabrication.

Implant Morphology

The implant porosity was measured using 2 techniques. First, the implant dimensions
and weight were used to calculate the implant density. The implant porosity was then
determined by comparing the theoretical density of the solid implant with the measured
density of the porous implant. These values were then verified using Archimede’s
technique. Implants were weighed dry (D), wet (M) and suspended in water (S) and the
apparent porosity calculated by Equation 1:

M-

Apparent Porosity =

D

< 100. 1
The average pore size was determined by physical measurement of pores from optical

micrographs. The individual pore sizes were taken from micrographs (5 cross sectional

and 5 surface) from 10 different samples. The total number of pores measured was 500

with 50 pores taken from each micrograph.

Magnetic Field Strength
The magnetic field strengths of 5 samples of each implant composition were measured
using the MPMS SQUID magnetometer. Samples were oriented in the direction of

magnetization (along the long axis of the implant) by mounting the implant in a silicon
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mold (Figure 2). The silicon mold was sealed in the base of a straw filled with Phosphate

Buffered Saline (PBS) at 37° to simulate time zero, in vivo conditions.

Magnetic Particle Orientation

The degree to which the magnetic particles were oriented after initial magnetization
and after 8 weeks degradation were determined for implants composed of 50/50 and
85/15 P(d)A/PGA and 25 vol. % Fe following a technique developed by as Sakai et al*’.
The magnetic field strength was measured in the preferred direction of magnetization
(Brs) and the perpendicular direction (Bn.,). The particle orientation factor (F) was
calculated using Equation 2:

Fo B )
Br-a + Br'b

For the situations were magnetization is maximized and all the particles are oriented in
the same direction, the F-factor equals 1. If the particles were randomly oriented, the F-

factor equals 0.5.

Compression Testing

The ultimate compression strength of 5 implants per implant composition were
measured using a Polymer Laboratories Miniature Materials, screw driven, testing
apparatus operated at a cross head speed of 1 mm/min. with a maximum compression of

Smm.



. SQUID
Ir Magnetometer
/A "
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— Sample
Silicon

Heated 37°C

— T
Figure 2 Schematic diagram of the MPMS SQUID magnetometer showing the implant
mounted in the silicon mold and filled with PBS (left) as well as the squid

magnetometer which was used to measure the magnetic susceptibility of the
implant at 37°C

In Vitro Attraction

To evaluate the ability of this implant to serve as a delivery device for MDC, the
attraction of magnetically tagged chondrocytes to the implants was evaluated. A 50/50
P(d)A/PGA implant, having 25 vol. % Fe, 50 vol. % porosity and 1.234x10° H/m
magnetic susceptibility, was placed in a petri dish filled with DMEM-F12 growth
medium. A 5 ml suspension containing approximately 2.5x10° chondrocytes was added
and the system imaged using a ZEISS Microsystems laser-scanning microscope,

manufactured by Microcosm Inc. of Columbia, MD.
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RESULTS
Morphology

The total porosity was 55 vol. % by both density comparison and Archimedes
technique. Figures 3-5 are micrographs of the porous P(dl)A/PGA/Fe implants processed
by the particulate salt leaching techniques previously described. Figure 3 shows the
cross-section (Figure 3a) and the surface (Figure 3b) of a representative 85/15
P(dl)A/PGA/Fe compression sample. The porosity on the outer surface of the implants
was found to be slightly smaller (179.69+45pm) and more disperse when compared to
the pores in the cross-section (224.23+59um). Combining these resulted in an average

pore size of 200.75+57um.

Figure 3 A stereo-micrograph (12.5X) of a representative a) cross section and b) outer
surface of a representative 85/15 P(dl)A/PGA/Fe compression sample



Higher magnification photomicrographs of the implant cross section and surface
porosity are shown in Figures 4 and 5 respectively. Figure 4 shows the cubic shape of the
pores in the cross section of the implants, while Figure 5 shows a more irregular pore

shape with only a few cubic pores. In all cases, the porosity is uniformly distributed with

no evidence of residual salt.

Figure 5 SEM micrograph of the outer surface of 65/35 P(dl)A/PGA/Fe implant
containing 25 vol. % Fe, 50x



MAGNETIC PROPERTIES

Figures 6 and 7 are plots of the magnetic susceptibility vs. Fe content of porous and
solid 65/35 P(dl)A/PGA/Fe implants respectively. The volume fraction Fe is the volume
fraction of the solid component that is composed of the magnetic material. As expected,
in both the porous and solid 65/35 P(d)A/PGA implants, the magnetic volume
susceptibility increased linearly with the addition of Fe. The maximum volume
susceptibility, 2.02x10°H/m, of the porous implants occurred at 40 vol. % Fe, while the
maximum volume susceptibility, 4.12x10°H/m, of solid implants occurred at 45 vol. %
Fe. This difference is attributed to the 2-fold increase in material volume of the solid
implants compared to the 50% porous implants. Thus, the vol. % Fe also doubles
resulting in the significant increase in magnetic susceptibility. In the case of the porous
samples, the highest achievable volume fraction Fe was 40% while 45vol. % Fe was
achieved in the solid implants. When implants were fabricated with volume fractions of
Fe greater than 40%(porous) and 45%(solid) the implants broke during de-molding after
magnetization.

Figure 8 is a graph of the implant susceptibility as a function of the polymer
composition where all samples were 50% porous with 25 vol. % Fe. The magnetic
susceptibility decreased with increasing PLA polymer compositions. The 50/50
copolymer resulted in an average magnetic susceptibility that doubled that of the 85/15
copolymer, 1.06x10® and 5.06x10” H/m respectively.

The magnetic field strengths along the axis and perpendicular to the implant along
with the calculated F-factors for 50/50 and 85/15 P(d])A/PGA implants with 25 vol. % Fe

are listed in Table 2. The magnetic field strengths in the direction of implant
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Figure 6 Volume susceptibility vs. Fe content of porous 65/35 P(d])A/PGA implants

50 -
45 |
40 -

30 -
25 A i
20 -

15 &

10 TTTTTTY T O gy T T T ST T TI T T r C TTTTy T rT T

v (=} v (=4 w (=) Ual
— (@ N on o < <

Volume Susceptibility
(x107) H/m

10

Volume Fraction Fe

Figure 7 Volume susceptibility vs. Fe content of solid 65/35 P(d])A/PGA implants
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Figure 8 Volume susceptibility vs. polymer composition of porous implants containing
25 vol. % Fe

magnetization (B.,) for the 50/50 P(dl)A/PGA implants were statistically higher than the
85/15 P(d)A/PGA implants, 2.75+0.3x10™ emu and 1.23+0.8x10 emu respectively. In
each case, the magnetic field strengths were significantly less in the direction
perpendicular to implant magnetization (B.p,) than in the direction of magnetization
(Bs). However, the B, of the 50/50 P(dI)A/PGA implants were not statistically
different from the 85/15 P(d))A/PGA implants, 6.3215.7x10™ emu and 4.39+2.5x10™
emu respectively. The calculated F-Factor for the 50/50 P(d)A/PGA implants was
0.802+0.05 and for the 85/15 P(d)A/PGA implants was 0.7311+0.04.

The magnetic susceptibility of solid and porous samples made with SmCos is shown
in Table 3. SmCos implants have a significantly higher magnetic volume susceptibility
as compared to Fe implants. The highest magnetic susceptibility was 8.73x10*H/m in

65/35/SmCos implants, containing 0% porosity and 50 vol. % SmCos_ The average
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Table 2 Calculation of the orientation F-factor for 50/50 and 85/15 P(d)A/PGA implants
containing 25 vol. % Fe

Polymer Fe Content Bre, (emu) B, (€mu) F-Factor
50/50 P(dI)A/PGA | 25 Vol. % | 2.75+0.3x10° | 6.32+5.7x10™ | 0.80210.05
85/15 P(d)A/PGA | 25 Vol. % | 1.23+0.8x10° | 4.39+2.5x10™ | 0.73110.04

Table 3 Volume Susceptibilities of solid and porous implants with SmCos

Polymer Composition | Implant Porosity | SmCos Content | Volume Susceptibility
65/35 0 50 vol. % 8.73x10™ + 8.47x10°
85/15 0 50 vol. % 7.79x10™ + 1.60x10*
65/35 50 vol. % 25 vol. % 1.61x10™ + 3.14x107
85/15 50 vol. % 25 vol. % 1.06x10%+ 3.11x107

magnetic susceptibility of SmCos implants also increased with increases in PGA

composition.

MECHANICAL PROPERTIES

Compressive strengths and compressive moduli for both porous and solid 50/50
P(dI)A/PGA samples are listed in Table 4 as a function of Fe content and implant
porosity. The porous 50/50 P(d)A/PGA implants have an ultimate compressive strength
of 8.2+1.2 MPa and a compressive modulus of 104+25.0 MPa. Solid implants have
significantly higher compressive strengths and compressive moduli, 48+3.0 MPa and

3.410.4 GPa respectively.

Table 4 Mechanical properties of selective implant compositions and porosity

Polymer Fe Content | Porosity Compressive Compressive
Composition (Vol. %) (Vol. %) Strength (MPa) | Modulus (MPa)
50/50 25 50 8§2+1.2 104 + 25.0

50/50 45 0 48.0 £ 3.0 3394 +404.4

19



IN VITRO ATTRACTION STUDY

Figure 9 is an optical micrograph showing the

p of chondrocytes, tagged with
Fe-nanoparticles, to a 50/50 P(d)A/PGA/Fe implant. The implant was placed in a petri
dish containing approximately 2.55x10° chondrocytes in DEM growth medium. The

implant is almost letely sur ded by chondrocytes with a large number of

chondrocytes clustered along the surfaces from the center to the outer edge of the

implant.

Figure 9 Optical photomicrograph of magnetically tagged chondrocytes in DEM growth
medium exposed to a 50/50 P(d)A/PGA/Fe implant. The picture was taken 5
min. after addition of chondrocytes, tagged with Fe nanoparticles
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DISCUSSION

Porous implants were investigated as possible implants for use in MDC for 2 reasons.
First, porous samples allow for bone in-growth along the implant/bone interface.
Secondly, porous implants may be seeded with chondrogenic cells prior to implantation.
This seeding could involve chondrocytes, growth factors or mesenchymal cells'”?°. This,
in theory, would further increase the healing rate of the cartilage and bone defects.

Any artificial matrix used for cell seeding and tissue scaffolding must promote cell
adhesion, cell growth, and maintain cell viability>>. To result in a natural tissue
replacement the matrix must also provide space for cell seeding, cell multiplication and
production of extracellular matrix (ECM)**. Thus, an organized network of tissue cells in
an implant must have an interconnected pore structure of adequate pore size®>>’.
Experimentally, tissue in-growth is optimized with pore sizes in the range of 100 to
400pm®°. The implants fabricated in this study had greater than 50% porosity with
evenly distributed pores and an average pore diameter of ~200.75+57um.

The cubic pore morphology, across the cross-section of the implant, is an artifact of
the cubic shape of NaCl particles and is similar to other porous implants that utilize this
salt leaching technique’®>°. The irregularly shaped pores on the outer surface of the
implants are attributed to the fact that the samples were injected into a mold that was at
room temperature. During injection, the softened polymer hardens quickly when contact
is made with the mold surfaces. However, the NaCl particles are not effected by the
temperature differential since they are not in a softened state. Thus, they are free to move

with the softer polymer away from the outer implant surface. From this it is apparent that
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surface porosity is more difficult to achieve with injection molding processing
techniques.
Implants with porous surfaces and interconnected porosity were optimum for tissue

engineering applications®’.

This interconnected porosity optimizes the interaction
between the transplanted cells and the cells of the host tissue. Implants with a higher
total porosity and improved surface porosity have been produced by non-woven fiber
matting*®, gas saturation'' and phase separation*’*’. The NaCl particle leaching
technique was used out of necessity. To optimize the anisotropic properties of the
implant, the magnetic particles must be oriented under an applied magnetic field at an
elevated temperature where the matrix is appreciably softened. Therefore, the only way a
porous sample could be fabricated is to have a material hold the space for the pore during
this stage of the implant processing. The NaCl particles used in this study serve that
purpose.

The increasing magnetic pole strength associated with increasing PGA compositions
measured in this study are attributed to the lower softening temperature of implants
containing higher PGA concentrations. The magnetic field strengths of the anisotropic
implants are highly dependent on the orientation of the individual magnetic particles?®**.
These individual particles are oriented by first softening the polymer matrix and then
applying an external magnetic field to rotate the particle and orient the maximum number
of particle domains in the direction of magnetization. The maximum temperature that
can be applied by the SQUID magnetometer during magnetization is 127°C and the

manufactures reported processing temperature of the polymers tested in this study range

between 120°C for 50/50 P(dI)A/PGA and 150°C for 85/15 P(d))A/PGA. Thus, the
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50/50 P(d])A/PGA polymer will be softer than the 85/15 P(d)A/PGA polymer at 127°C
and will have more particle rotation and alignment during implant magnetization. This
was also shown by the F-factor calculations. For the 50/50 implants, the initial F-factor
was 0.802+0.05 and for the 85/15 implants, the initial F-factor was 0.731+0.04. This
indicated there was a higher degree of particle orientation in the 50/50 polymer implants
when compared to the 85/15 polymer implants.

Solid samples of equivalent Fe content had higher magnetic field strengths than
porous implants (65/35 P(d))A/PGA with 25 vol. % Fe in Figure 7 and the 65/35
P(d)A/PGA with 12.5 vol. % Fe samples of Figure 6). This higher magnetic field was
attributed to the improved spacing of the Fe particles within the implant. By increasing
the distance between individual particles, the interaction between adjacent particles is
minimized resulting in optimum overall particle magnetization.

Implants containing SmCos possessed a much higher magnetic field strength in
comparison to Fe containing implants. This increase was more than twice that of
equivalent samples containing the same amount of Fe. This increased magnetic field
arises from the high material anisotropy and critical particle size of SmCos as compared
to Fe. SmCos has a hexagonal crystal structure having a magnetic anisotropy of 17.5x10’
erg/cm’ at 300 K*, which is higher than the Fe particles, which are ferromagnetic. This
anisotropy focuses the magnetic field in the desired magnetization direction as compared
to Fe whose magnetic field is more random and more easily manipulated. SmCos also
has a larger critical diameter, below which the particle can exist as a single domain

47
m“’

particle, of ~2u compared to the critical diameter of Fe which is approximately

200nm. Since the SmCos used in this study has a particle size diameter of ~2.3um it can
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be assumed that most of the particles are single domain, making them magnetically hard.
However, the Fe particles used in this study, which have and average particle diameter of
1.9um, are a much softer material because of their inherent multi-domain structure.

The ultimate compressive strength of the porous implants fabricated in this study is
comparable to that of trabecular bone, which depending on the density, can vary between
3 and 35MPa***. The compressive modulus of the porous implants at 104 MPa, is
significantly less than the 413 and 1515 MPa reported by Pugh et al®' for femoral
trabecular bone but comparable to the results from Carter and Hayes who reported
Young’s moduli of the femoral condyle between 10 and 200MPa*’. The solid 50/50
P(dI)A/PGA samples had compressive strength and compressive modulus, 48 and 3397
MPa respectively. These properties are considerably lower when compared to cortical
bone, which has a compressive strength of approximately 193 MPa, and an elastic
modulus of approximately 17000 MPa*2.

Since this is a pilot study for fabricating biodegradable, biocompatible implants
capable of attracting magnetically tagged chondrocytes, no data is available to compare
magnetic field strength with other implants. Therefore, the ability of these implants to
attract chondrocytes was tested in vitro. From the results of Figure 9, it is apparent that
even in implants with magnetic susceptibilities as low as 1.234x10® H/m the implants are

capable of attracting chondrocytes.

CONCLUSIONS
Implants have been fabricated for use as a delivery device for magnetically directed

chondrogenesis. Using P(d])A/PGA copolymers, magnetic implants have been fabricated
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with magnetic susceptibilities as high as 4.12x10°® H/m using Fe and 8.73x10* H/m
using SmCos. Implants containing higher concentrations of PGA resulted in higher
magnetic susceptibilities because of their lower melting and softening temperatures,
while solid implants produced higher magnetic susceptibilities due to improved particle
distribution. Therefore, to optimize the initial magnetic contributions to magnetically
directed chondrogenesis, the implants should be solid and fabricated with 50/50
P(dI)A/PGA copolymer. Porous implants containing 25 vol. % Fe were capable of

attracting chondrocytes to the implant under in vitro conditions.
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ABSTRACT

Magnetically directed chondrogenesis (MDC) is a fundamental approach to articular
cartilage repair.! Recent studies have evaluated the magnetic properties of
P(d)A/PGA/Fe and P(dl)A/PGA/SmCos implants for use in MDC. The magnetic
properties of these implants as a function of degradation time must be evaluated to
optimize the implant/chondrocyte attraction during the repair process. In this study,
porous and solid implants composed of 85/15, 75/25, 65/35, or 50/50 P(dI)A/PGA along
with varying amounts of Fe or SmCo,4 particles were degraded in vitro in phosphate
buffered saline (PBS). The in vitro magnetic field strength as a function of degradation
time was measured for each implant composition at 0, 1, 2, 4, 6, and 8 weeks. This data
was used to calculate the maximum attraction distance over which the chondrocytes are

drawn to the implant. By increasing the volume fraction of magnetic particles, the initial
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magnetic pole strength increased and the magnetic pole strength degradation rate
decreased. Polymers with higher PGA compositions generated higher initial magnetic
field strengths because of their lower softening temperatures. However, this higher
magnetic field strength was quickly lost due to the faster degradation rate of 50/50
P(dI)A/PGA as compared to 65/35, 75/25, and 85/15 P(d])A/PGA copolymers. The
maximum interaction distance between the implants and the chondrocytes was estimated
to be 2.2410.06 mm for solid 65/35/SmCos implants and 0.38+0.018 mm for solid
65/35/Fe implants. After 8 weeks of degradation, the maximum separation distance was
reduced to 1.38+0.04 mm for solid 85/15/SmCos implants and 0.30+0.06 mm for

65/35/Fe implants.

INTRODUCTION

Degradation of polylactic acid (PLA), polyglycolic acid (PGA) and their copolymers
(PLA/PGA) is through bulk erosion, which is evidenced by the significant decrease in
molecular weight that precedes monomer release.> More specifically, PLA and PGA
degrade by hydrolytic scission (cleavage) of unstable ester bonds, incorporated into the
polymer backbone. This random chain scission turns what was once a water insoluble
polymer, into a water soluble, low molecular weight, polymeric material.> Random chain
scission continues until the cohesive polymer strength decreases to zero, producing low
molecular weight fragments. These fragments then degrade into soluble monomers that
are eliminated through the Krebs cycle.>?

Copolymer structure, implant morphology and in vivo implantation conditions

influence PLA, PGA and PLA/PGA copolymer degradation rates. PLA/PGA implant
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degradation rates decrease with increasing molecular weight*’, crystallinity®’ and PLA
composition.*® Porous implants have been shown to degrade faster than solid implants,
and larger polymer implants degrade at a faster rate than smaller implants when subjected
to the same in vivo conditions.”"' Subjecting polymer implants to elevated stress, acidic
environments, and site specific enzymes also increases the degradation rates of polyester
polymers. 16

Degradation of P(d])A, PLLA and PGA polymers has been extensively investigated
over the last 30 years.'” In vivo P(dl)A completely degrades in approximately 501 days

while PGA completely degrades in approximately 112 days.'

Copolymers of PLA and
PGA maintain the biocompatibility of their original components, but their physical
properties are substantially altered depending on the molar ratios of their
constituents.****' Cutright and Barrows have published detailed degradation results of
PLA/PGA copolymers.*®?' A brief overview of their results is given in Tables 1 and 2.
Table 1 lists the amount of polymer degradation as a function of in vivo degradation time
and polymer composition. Table 2 compares the strength and absorption of PLA/PGA
polymers degraded in vivo.

Theoretically, the ideal implant material for use in MDC (like bone-fracture fixation)
should be rigid, non-inflammatory, non-allergenic, and remain until sufficient healing has
occurred to withstand functional stresses. During healing, the material should be
removed from the site at a rate comparable to the rate of bone in-growth resulting in a
gradual transition of load bearing from the implant material to the newly formed bone.

PLA, PGA, and PLA/PGA polymers have all been shown to possess strength comparable

to bone and a degradation rate that, depending on composition and molecular weight, that
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can range between 8 weeks and 2 years.’®*' The ideal implant material for MDC must

also be sufficiently magnetic to attract magnetically tagged chondrocytes to the defect

site. In addition, the magnetic field must be maintained for a period of time period of

sufficient duration to allow the attracted chondrocytes to sustain the repair process.

Table 1 Voh;sne % degradation of PLA/PGA copolymers as a function of degradation

time
0-4 weeks 8 weeks 12 weeks 16 weeks 16+ weeks
PLA 10% 10% 10% 20% 30%
75PLA/25PGA 20% 25% 25% 65% 80%
SOPLA/SOPGA 25% 55% 60% 80% 100%
25PLA/75PGA 2% 30% 55% 100% 100%

Table 2 Strength remaining and Volume % degradation of PLA/PGA copolymers as a

function of implantation time>'

PLA/PGA 3 weeks 12 weeks
75/25 28% original strength 23% absorbed
70/30 32% original strength 75% absorbed
65/35 8% original strength 82% absorbed

The implant/chondrocyte attraction distance can be determined by first evaluating the

critical force (F) necessary to move a magnetically tagged chondrocyte cell through

synovial fluid over some distance. This force is then compared to the actual force

between the implant and chondrocyte. The force equation seen by a single particle in a

transporting liquid is a function of: 1) drag force, 2) gravitational forces, 3) frictional
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forces, 4) pressure differences, and 5) electrostatic forces®>. The resulting differential is

shown in Equation (1).

0 0 0

0
F=d ag]—d[gravity]w,,d —d[fri onLM + d[pre re]m,,d —d[electrﬁm'c] ¢))

When the particle is moving slowly and the velocity approaches 0, the frictional and
drag forces become negligible. An electrostatic force is generated with the application of
an electric current which interacts with the chondrocyte surface charges.’? Since an
electric field is not applied in MDC, the contribution of electrostatic forces are negligible.
The pressure differential developed inside the knee is a complicated system during
normal joint movement. However, one assumption during healing is that joint movement
will be limited making any pressure differentials negligible. Therefore, the critical force
necessary to move a particle is reduced to the force necessary to displace the synovial
fluid directly in its path. This amount of synovial fluid is equivalent of the chondrocyte
cell volume. A schematic of these forces is shown in Figure 1. The synovial fluid
density was estimated to be 1.275gm/cc (measured from a pooled sample of Bovine calf
synovial fluid). The dry mass of a chondrocyte cell (m.) is 2.5x10"°kg. Therefore, the
critical force necessary to move a chondrocyte through synovial fluid can be calculated
from Equation 2 and is equal to 8.9x10'?N.

If the force of magnetic attraction between the implant and the chondrocyte is greater
than 8.9x10"? N, the chondrocyte will then be attracted to the implant. However, if the
attraction force is less than this value, the chondrocytes will not be able to displace the

synovial fluid and move toward the implant.

34



F2=mfx g FllIid

Chondrocyte ¢ F\=m.xg

F

Figure 1 Force profile of a single chondrocyte cell subject to MDC in vivo
F=(m,+m)g= [(1.275x107 k%MJ)(gzz(le 0*cm)’ +(2.5x10 " kg)] x (9.8'"s2) )

F=89x10""N

When a chondrocyte with a magnetic pole strength (m-Wb) is brought into a magnetic
field of intensity (H-A/m), the force F(N) acting on the magnetic pole is
F(N)=mH 3)
The magnetic field developed by the magnet is dependent on the distance away from
the implant. This field strength, as a function of distance away from the implant, can be
calculated by*

o2
dru,r

Q)

where p = pole strength of the implant ( “"/;,)
r = distance away from the implant
1 = length of the implant (Smm)
Mo = permeability of vacuum (47x10” H/m)
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A schematic representation of these parameters is illustrated in Figure 2.

Figure 2 Schematic of parameters involved with the calculation of magnetic field away
from implant site

By combining Equations (2) and (3) and solving for the separation distance, r, the
maximum separation distance over which a particle is attracted to the implant can be

calculated from Equation (5).

. z3‘/(1.78><1o‘°)mp1 )

Ho

It is apparent that r increases with increasing magnetic pole strength of the
chondrocytes, m, or increasing magnetic pole strength of the implant, p.

Anisotropic polymer magnets were first developed in the early 1950s. Ever since, the
physical properties of polymer magnets and the processing techniques of polymer magnet
fabrication have been infrequently reported.*>*¢ Even though the magnetic properties of
plastic magnets composed of a polymer matrix and magnetic particles are generally
inferior to cast or sintered magnets, they are more easily fabricated then sintered magnets
and can be formed into small, or complex shapes. Polymer magnets have enjoyed
widespread use in electronic instruments, communication instruments, household

utensils, and audio equipment. The magnetic properties of anisotropic polymer magnets
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are dependent on the magnetic material®>, polymer matrix’*, volume of magnetic

material®®, and orientation of the magnetic particles.* *
In this study, the magnetic field strength of P(d])A/PGA/Fe and P(d])A/PGA/SmCos

magnetic composites as a function of in vitro degradation time was evaluated. This

information was used to estimate the maximum chondrocyte/implant interaction distance

over which magnetically tagged chondrocytes are attracted to the implant site.

EXPERIMENTAL PROCEDURE

MATERIALS

High inherent viscosity (HIV) polymers of 85/15, 75/25, 65/35, and 50/50 poly(dl-

lactic/glycolic acid) were purchased from Alkermes of Blue Ash, OH.

The

manufacturers reported molecular weights and glass transition temperatures for each of

the four polymer compositions are given in Table 3.

Table 3 Polymer Molecular Weights

Polymer Composition Molecular Weight (Daltons) | Glass Transition Temp. (°C)
50/50 P(dL)A/PGA (HIV) 88,000 45
65/35 P(dL)A/PGA (HIV) 141,000 47
75/25 P(dL)A/PGA (HIV) 136,000 49
85/15 P(dL)A/PGA (HIV) 149,000 51

Fe and SmCos particles were supplied by Tengam Engineering Inc. of Otsego, MI.

The particle size was measured using a Horiba laser scattering particle size analyzer. The

average diameters of the Fe and SmCos particles were 1.9 and 2.5 um respectively.
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METHODS
Porous Implant Fabrication

Porous biodegradable, magnetic polymer implants approximately 1.5mm in diameter
and 5-7 mm long were prepared by a salt leaching technique. Target implants contained
50% porosity with 10, 20, 25, 30, and 40 vol. % Fe or 25 vol. % SmCos. Porous implants
were also prepared with 25 vol. % Fe and 50/50, 65/35, 75/25, or 85/15 P(d)A/PGA
copolymers. Five implants of each composition were tested.

One gram of each polymer was dissolved in 3ml of acetone in Scc disposable syringes.
Sieved NaCl particles (212-300um) were then added along with the appropriate vol. %
Fe or SmCos. The suspension was shaken for 5 min. to generate a uniform dispersion,
injected into 1cc disposable syringes and placed into a drying oven at 62°C and 635mm
Hg. The syringes were next heated to 120°C and injected into a silicon mold consisting
of a cylindrical hole with a diameter of 1.5mm. The implants were re-heated to 127°C
under an applied magnetic field of 5.5 Tesla using a MPMS SQUID magnetometer
(Quantum Design Inc.). The temperature and magnetic field were held at 127°C and 5.5
Tesla for 10 minutes respectively. The implants were then slowly cooled to room
temperature and the magnetic field removed. Following magnetization, the implants
were leached in de-ionized H,O for 48 hours at 37°C and dried in an oven at 62°C dried

for 48 hours before morphological evaluation.

Solid Implant Fabrication
Solid samples were processed in the same way as the porous samples described above.

However, no NaCl particles were added and the samples were not leached in water after
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magnetization. Target implants contained 12.5, 25, 30, 35, 40, and 45 vol. % Fe or 50

vol. % SmCos.

Aging/Degradation

Five samples of each composite were mounted in a silicon base and placed in the
bottom of a common household straw (Figure 3). The ends of the straw were then sealed
with silicon sealant to prevent saline leakage. The straws were filled with PBS and
placed in a water bath at 37°C for a period of 8 weeks. The PBS solution was replaced
every 3 days and the magnetic field strength measured at 0, 1, 2, 4, 6, and 8 weeks. The
magnetic field strength was measured using a MPMS SQUID magnetometer (Quantum
Design Inc.). The magnetic fields were converted to magnetic pole strengths
(normalized) by division of the measured magnetic field by the lengths of the cylindrical
implants. The magnetic pole strength was then used to calculate the maximum attraction
force between the implant and tagged chondrocytes. Images in this dissertation are

presented in color.

PBS “— Air

N «— Straw

«— Implant

Silicon Implant/Stand

Figure 3 Diagram of in vitro sample holder for use with the MPMS SQUID
Magnetometer (Quantum Design Inc.)
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Chondrocyte Field Strength

The pole strength of the tagged chondrocytes was determined by measuring the
magnetic field of 2 samples of 0.5 ml of DMEM F-12 growth media each containing
approximately 2.55x10° chondrocytes using a MPMS SQUID magnetometer (Quantum

Design Inc.). The chondrocytes were counted by using a blood hemocytometer.

Magnetic Particle Orientation

The degree to which the magnetic particles were oriented after initial magnetization
and after 8 weeks degradation were determined for implants composed of 50/50 and
85/15 P(d)A/PGA and 25 vol. % Fe following a technique developed by Sakai et al.*®
The magnetic field strength was measured in the preferred direction of magnetization
(Bs) and the perpendicular direction (B.p). The particle orientation factor (F) was
calculated using Equation (6)

Fo—Brme (6)
Broa + Brtb

For the situations were magnetization is maximized and all the particles are oriented in
the same direction, the F-factor equals 1. If the particles were randomly oriented, the F-

factor equals 0.5.

RESULTS
IMPLANT MORPHOLOGY EVALUATION

The average porosity was found to be 55 vol. % by both density comparison and
Archimedes technique.  Scanning electron micrographs (SEMs) of the porous

P(d])A/PGA/Fe implants processed by the particulate salt leaching techniques previously
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described are shown in Figure 4. The cross-section and surface of a representative 65/35
P(d)A/PGA/Fe implant are shown in SEM figures 4a and 4b respectively. The pore size
on the outer surface of the implants were found to be slightly smaller, 179.69+45um and
more disperse as compared to the pore size in the cross-section, 224.23+59um.

Therefore, the average pore size is 200.75157um.

CHONDROCYTE FIELD STRENGTH

The chondrocyte suspension had an average magnetic susceptibility of 1.24x10"
emu/0.5ml, which contained approximately 2.55x10° cells. Thus, the average cell
susceptibility was

_ 1.241x10° emu g 0.5ml
0.5ml 2.55x10° cells

=0.487x10™" e'n% " )

Since the average chondrocyte cell diameter is 10um, the cell volume is estimated as

5.233x10'°m’ (assuming a spherical cell morphology). Using this volume, the magnetic

polarization of the cell is calculated by

0.487x107" emu.
m=MxA= celx2(5x10°m)’ = 7.310x10”7 emu/ (8)

g z(5x10~°m)*

Conversion of this value to Webers yielded

m=(7.310x10"7 em%, )4mx107"° Wb-'%mu) =9.186x107'¢ W%e”. ©)

4]



B)

Figure 4: S 1 of the A) cross section and B) surface of a
reprmmanve 65/35 P(dI)A/PGA implant containing 25 vol. % Fe

MAGNETIC FIELD STRENGTH
Porous Implants
The implant magnetic field strengths as a function of degradation time are plotted in

Figures 5-9. The data were analyzed by performing 2-sided t-test calculations between
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adjacent curves (starting from the bottom curve) to determine significance. If the data
marker is solid, it can be said with 90% certainty that the data point value is different than
the corresponding value directly above it; and there is less than 90% certainty for data
points with unfilled markers. Since there is nothing to compare the top line with, the top
line of the graph always has solid markers.

The magnetic field strength of porous implants with 10, 20, 30, and 40 vol. % of the
solid component consisting of Fe and the remaining solid component 65/25 P(d)A/PGA
were graphed in Figure 5 and listed in Table 4. The curves in Figure 5 indicate a gradual
increase in the initial magnetic pole strength of the implants with increasing Fe content
from 0.951840.6x10™ “™/pug, at 10 volume % to 4.018+1.0x10™ ™/, at 40 volume %.
The degradation of the magnetic field was most pre dominant with the 10 vol. % samples

as compared to the 40 vol. % samples, degrading to 68% and 48% of their initial

magnetic field strengths respectively.
—_ 0.0005 —e— 40 vol. % Fe
E —&— 30 vol. % Fe
>~
E./ 0.0004 - 20 vol. % Fe
..g.‘b 0.0003 E —e— 10 vol. % Fe
&
S 00002
2
a°_ 0.0001 ¢\‘\‘
e —eo o
o+t—— —  — e .
0 2 4 6 8
Degradation Time (weeks)

Figure 5 Pole strength vs. degradation time of 50% porous composite implants fabricated
with 65/35 P(dI)A/PGA and 10, 20, 30 or 40 vol. % Fe
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Table 4 Magnetic pole strengths of 65/35 P(dl)A/PGA implants fabricated with 10, 20,
30 or 40 vol. % Fe as a function of degradation time

Polymer | Fe Vol. t=0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks

% (emw/mm) | (emwmm) | (emw/mm) | (emwmm) | (emwmm) | (emu/mm)
65/35 40 | 40.2£10.3x10° | 34.6£12.2x10” [ 30.7+7.8x10” | 26.4+8.4x10” | 24.0+8.3x10” | 20.9+6.8x10”
65/35 30 32.6+4.5x10° | 26.0+4.3x10° [ 21.1+5.1x10° | 18.0£5.5x10° | 15.7+4.5x10° | 13.7+4.2x10”
65/35 20 18.248.5x10° | 15.2+8.2x10° | 13.5£7.9x10° | 11.7+7.5x10” | 10.1+6.9x10” | 9.0+7.1x10”
65/35 10 9.5+6.1x10° | 7.1£4.5x10° | 5.943.9x10° | 4.242.9x10° | 3.5+2.3x10” | 3.1+2.0x10”

A graph of the magnetic pole strength of implants containing 50/50, 65/35, 75/25, and
85/15 P(dI)A/PGA with 25 vol. % Fe and a target porosity of 50 vol. % is shown in
Figure 6 with the individual data points and standard deviations listed in Table 5. The
initial implant magnetization and the rate of magnetization decay are dependent on the
implant polymer composition. As the composition of the polymer shifts to higher PGA
compositions, there is a gradual increase in the magnetic pole strength. However, this
increased magnetic field strength in the 50/50 implants is lost during the first week of in
vitro degradation. The shape of the 65/35, 75/25 and 85/15 curves are almost identical,
showing a gradual decrease in magnetic ﬁeld strength over the 8-week degradation period
to 50%, 57%, and 60% of their initial strengths respectively. = However, the 50/50
polymer implants degraded at a more rapid rate to approximately 80% of its initial
magnetic field strength during the 8-week study.

The magnetic field strengths along the axis and perpendicular to the implant along
with the calculated F-factors for 50/50 and 85/15 P(dl)A/PGA implants with 25 vol. % Fe
are listed in Table 6. The magnetic field strengths in the direction of implant
magnetization (By.,) for the 50/50 P(d)A/PGA implants were statistically higher than the

85/15 P(dI)A/PGA implants, 2.7540.3x10” ™/, and 1.23+0.8x10> ™/, respectively.



In the direction perpendicular to implant magnetization (Br) the magnetic field strengths
were significantly less than in the direction of magnetization in both cases. However, the
By of the 50/50 P(d)A/PGA implants were not statistically different from the 85/15
P(d)A/PGA implants, 6.32+5.7x10* “™/p, and 4.3942.5x10* “™/,,ry respectively. The
F-Factor for the 50/50 P(d)A/PGA implants was 0.802+0.05 and for the 85/15
P(d)A/PGA implants was 0.731£0.04. After 8 weeks of degradation, the F-factor
decreased for both the 50/50 and the 85/15 P(dI)A/PGA implants. The 50/50

P(d))A/PGA implant F-factors decreased to 0.726+0.05 and the 85/15 decreased to

0.7010.03.

0.00025

0.0002 —%—50/50
-~ —&—65/35
B 75725
2 —e—385/1
& 000015 | 4
£
& 0.0001
2
o
=N

0.00005

Degradation Time (weeks)

Figure 6 Pole strength vs. in vitro degradation time and polymer composition of 50%
porous composite implants with 25"/0 Fe
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Table 5 Magnetic pole strengths of 50/50, 65/35, 75/25 and 85/15 P(dI)A/PGA implants
fabricated with 25 vol. % Fe as a function of degradation time

Polymer | Fe Vol. =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks

% (emu/mm) (emwmm) | (emw/mm) | (emw/mm) | (emwmm) | (emu/mm)
50/50 25 21.0£10x10° | 15.9+8.5x10° | 11.2¢7.6x10° | 7.5£5.3x10° | 5.1+3.3x10° | 4.242.8x10”
65/35 25 19.5+5.8x10° | 17.0+4.7x10° | 14.243.9x10° | 11.6+3.3x10° | 10.443.1x10” | 9.6+2.8x10’
75/25 25 1546.7x10° | 12+4.3x10° | 10+4.1x10° | 8+3.5x10° | 7+2.5x10° | 6+2.2x10°
85/15 25 10.1£2.4x10° | 8.7+2.8x10° | 7.242.4x10° | 5.4£1.2x10”° | 4.6£1.1x10° | 4.0+1.4x10°

Table 6 Calculation of the orientation F-factor for 50/50 and 85/15 P(dI)A/PGA implants
containing 25 vol. % Fe

Polymer Time Fe Content B, (emu) Bye» (emu) F-Factor
50/50 P(d1)A/PGA 0 25 Vol. % 2.7540.3x1073 6.32+5.7x10* | 0.80210.05
85/15 P(d)A/PGA 0 25 Vol. % 1.23+0.8x107 4.39+2.5x10* | 0.73140.04
50/50 P(d))A/PGA | 8 weeks 25 Vol. % 2.742+2.38x10™* | 9.3446.67x10° | 0.7260.05
85/15 P(dI)A/PGA | 8 weeks 25 Vol. % 2.2640.70x10* | 9.68+4.05x10™ | 0.70110.03

The pole strengths of porous samples composed of 85/15 and 65/35 P(d)A/PGA
copolymers and 25 vol. % SmCos degraded for eight weeks in vitro are plotted in Figure
7 and listed in Table 7. Comparing the initial magnetic pole strengths of 65/35
P(d)A/PGA/Fe implants of Figure 6 to 63/35 P(d)A/PGA/SmCos implants of Figure 7

0% ™/ m to

shows an order of magnitude of two increase in pole strengths from 1.97x1
3.202x102 ™/, respectively. The basic shape of the degradation curves was identical,
which is attributed primarily to the identical polymer compositions. The pole strength of
the 85/15 implants degraded faster than the 65/35 P(d)A/PGA/SmCos implants. More
specifically, the 85/15 P(d])A/PGA/SmCos implant magnetization decreased to 48% of
the initial values while the 65/35 P(dl)A/PGA/SmCos implant magnetization decreased

over 58% during the 8-week degradation period.
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Figure 7 Pole strength vs. in vitro degradation time and polymer composition of 50%
porous composite implants with 25 vol. % SmCos

Table 7 Pole strength data and standard deviations for porous 65/35 and 85/15
P(dl)A/PGA implants containing 25 vol. % SmCos

Polymer | Fe Vol. =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks
% (emw/mm) (emwmm) | (emwmm) | (emu/mm) emwmm) | (emw/mm)

65/35 25 | 32.066.2x107 | 23.5:6.8x10” | 20.1£5.9x10” | 15.9:3.6x107 | 14.122.9x10” | 13.6£2.6x10”

85/15 25 | 21.0862x107 | 15.8+4.6x10" | 14.0£3.8x10” | 12.1:3.2x107 | 11.6£5.3x10” | 10.9+4.8x10”

Solid Implants

The magnetic pole strength of solid implants composed of 65/35 P(d)A/PGA as a
function of Fe content and in vitro degradation time are plotted in Figure 8 and listed in
Table 8. As expected, the initial pole strengths increased from 3.2+0.4x10* to
8.240.9x10* “™/pn with increasing Fe additions from 12.5 vol. % to 45 vol. %
respectively. After 1 week of degradation, there was a noticeable decrease in the field

strength of the 45, 40, 35, and 30 vol. % Fe implants to 71%, 75%, 77%, and 80% of their
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initial pole strengths respectively. The implants with 25 vol. % Fe degraded to 87% of
the initial pole strength and implants with 12.5 vol. % Fe degraded to 90% of the initial
pole strength after 1 week of in vitro degradation. After 2 weeks, the degradation rates
for the remaining time for all the solid samples were essentially identical. After 8 weeks
of degradation, the 12.5, 25, 30, 35, 40, and 45 vol. % Fe samples degraded to
1.8620.4x10™ *™/pp, 2.540.2x10™* ™/, 2.8320.6x10% ™/, 3.3241.3x10™ ™/,
3.35£1.0x10™ ™/ 5y, and 3.4440.4x10™ ™/, which was 58%, 48%, 47%, 47%, 43%,
and 42% of their initial strengths, respectively. Even though the implants with higher Fe
concentrations (>30 vol. %) degraded faster and lost more of their initial magnetic
strengths than implants made with lower Fe concentrations (12.5 and 25 vol. %), they

still maintained higher pole strengths throughout the entire 8-week testing period.

0.0009
"E 0.0008 —e—12.5 Vol% Fe
—4— 25 Vol% Fe
§\ 0.0007 -~ -—30 Vol% Fe
®_ 0.0006 —o— 35 Vol% Fe
—60— 40 Vol% Fe
go 0.0005 —%— 45 Vol% Fe
g 0.0004
o 0.0002 ¢ —— —e
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0 4 S _ _ .
0 2 4 6 8

Degradation Time (weeks)

Figure 8 Magnetic pole strength vs. in vitro degradation and Fe loading of 65/35
P(d)A/PGA implants
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Table 8 Pole strength data and standard deviations for solid 65/35 P(d)A/PGA implants
containing 12.5, 25, 30, 35, 40 and 45 vol. % Fe vs. in vitro degradation time

Polymer [Fe Vol, t=0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks

% (emw/mm) (emw/mm) (emwmm) | (emwmm) | (emw/mm) | (emwmm)
65/35 | 45 | 81.6£9.6x10° | 57.5+7.8x10” | 45.6+5.5x10” | 39.0+6.1x10” | 36.2+4.3x10” | 34.41+4.4x10”
65/35 | 40 |76.8£17.0x107 | 58.1£15.1x10™ [51.1£16.5x10°[42.2+13.8x10"[35.6+10.2x10"|33.5£10.0x10~
65/35 | 35 [69.7£15.3x107 | 53.8+13.3x10” [46.8+12.1x10°[38.8+13.4x10°[35.1+13.8x10°°|33.2£12.9x10°
65/35 | 30 |60.4+£13.5x107 | 47.6+14.5x10” [45.4+12.8x10°[41.3£10.6x10”| 32.0+7.8x10” | 28.316.4x10”
65/35 | 25 | 52.0t4.3x10”° | 44.8+4.9x10” | 41.745.5x10” | 33.1£7.9x10” | 27.742.5x10” | 24.9+1.7x10”
65/35 | 12.5 | 32.5+4.2x10° | 29.1+4.1x10” | 26.3+3.8x10” | 22.6+4.8x10” | 20.1+3.2x10" | 18.6+3.9x107

The magnetic pole strength of solid implants containing 50 vol. % SmCos as a
function of in vitro degradation time and polymer composition is shown in Figure 9 and
Table 9. Once again, the initial magnetic field strength of the 65/35 P(d)A/PGA
implants was increased relative to the 85/15 P(d)A/PGA implants. However, this
slightly higher initial pole strength was lost during the first week of in vitro degradation.
The shape of the two curves were very similar to that of the implants composed of Fe
with a rather large decrease in magnetic strength during the first 2 weeks of degradation
and a more gradual degradation rate for the remaining 6 weeks. The 65/35 implant pole
strengths decreased from 0.17410.017 “™/m to 0.05940.012 “™/py in 2 weeks and to

0.031£0.007 “™/mm in 8 weeks. The 85/15 implant pole strengths degraded from
0.15540.32 *™/pm to 0.07340.007 ™/um in 2 weeks and to 0.04040.003 ™/ in 8

weeks.
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Figure 9 Magnetic pole strength of solid 65/35 P(d])A/PGA implants and 85/15
P(dl)A/PGA implants containing 50 vol. % SmCos as a function of in vitro

degradation

Table 9 Pole strength data and standard deviations for solid 65/35 and 85/15 P(d])A/PGA
implants containing 50 vol. % SmCos

Polymer | SmCos =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks
Vol. % | (emu/mm) (emwmm) | (emwmm) | (emwmm) | (emuw/mm) | (emuw/mm)
65/35 50 17.4£1.6x10% | 9.120.7x107 | 5.8+1.1x107 | 3.8+1.1x107 | 2.6+1.5x107 | 3.1+0.7x107
85/15 50 15.5£3.2x10% | 9.2+4.6x107 | 7.7+0.7x107% | 5.440.6x107 | 4.5+0.4x107 | 4.0+0.3x107
Separation Distance

The calculated maximum separation distances over which a chondrocyte would be

attracted to implants as a function of implant composition and degradation time are

plotted in Figures 10-14 and listed in Tables 10-14. From initial analysis, each of these

graphs has the same shape as the previously examined pole strength graphs of Figures 5-

9. Thus, Figures 10-14 were only used to quantify the magnetic strength of the individual
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implants applied to MDC. Again, 2 sided t-tests were performed on adjacent curves
starting at the bottom. If the data points are different, with >90% confidence, the markers
are solid. Otherwise, the markers are hollow.

The maximum separation distance for porous 65/35 P(d)A/PGA implants with 10, 20,
30, and 40 vol. % Fe are plotted in Figure 10 and listed in Table 10. The porous Fe
implant separation distances decreased by 19% from 0.27+0.021 mm initially to
0.2240.023 mm after 8 weeks of degradation for 40 vol. % Fe samples and from
0.1610.039 mm initially to 0.11+0.024mm at 8 weeks degradation for 10 vol. % Fe

samples. The degradation curves of implants containing 10, 20, and 30 vol. % Fe were

parallel with the 40 vol. % Fe implants having a slightly slower degradation rate.

—— 40 Vol. % Fe
——30 Vol. % Fe

20 Vol. % Fe
—e— 10 Vol. % Fe

0.3 -
0.28
0.26
0.24
0.22

0.2
0.18
0.16
0.14
0.12 ¢

Maximum Separation
Distance(mm)

0 2 4 6 8
Implantation Time (weeks)

Figure 10 Maximum chondrocyte/implant separation distance as a function of
degradation time and Fe concentration for 50% porous implants composed
of 65/35 P(d)A/PGA
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Table 10 Maximum chondrocyte/implant separation distance for 65/35 P(dl)A/PGA

implants fabricated with 10, 20, 30 or 40 vol. % Fe as a function of

degradation time
Polymer | Fe =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks
Vol. (mm) (mm) (mm) (mm) (mm) (mm)
%
65/35 40 0.27440.021 | 0.260+0.028 | 0.251+0.020 | 0.23740.025 | 0.229+0.026 | 0.219+0.023
65/35 30 0.25740.012 | 0.238+0.013 | 0.22140.016 | 0.209+0.019 | 0.199+0.019 | 0.191+0.019
65/35 20 0.20740.035 | 0.194+0.035 | 0.18610.036 | 0.17610.038 | 0.1661+0.040 | 0.158+0.045
65/35 10 0.163+0.039 | 0.149+0.035 | 0.139+0.033 | 0.1241+0.030 | 0.117+£0.027 | 0.11310.025

The maximum separation distance for porous 50/50, 65/35, 75/25, and 85/15
P(d1)A/PGA implants with 25 vol. % Fe are plotted in Figure 11 and listed in Table 11.
The highest initial maximum separation distances were achieved by the 50/50 and 65/35
P(d)A/PGA implants which attracted chondrocytes 0.22+0.038 and 0.21+0.025 mm
away respectively. The 75/25 and 85/15 P(dl)A/PGA copolymers had smaller maximum
attraction distances of 0.19+0.030 and 0.0174+0.015 mm respectively. After 8 weeks of
degradation the 65/35 P(dI)A/PGA polymer had the highest attraction distance of
0.1740.021 mm. The 50/50 P(dI)A/PGA polymer had an attraction distance comparable
to the 85/15 P(dI)A/PGA polymer composites at 0.12 mm.

The maximum attraction distance between P(d])A/PGA/Fe implants and tagged
chondrocytes was 0.381+0.18 mm for solid 65/35 samples containing 45 vol. % Fe (Figure
12). However, the attraction distance quickly decreased by 13% to 0.33+0.016 mm after
1 week of degradation and by 26% to 0.28+0.012 mm after 8 weeks. The maximum

attraction distance of solid samples containing 25, 30, 35, and 40 vol. % all decreased

rapidly and had maximum chondrocyte/implant attraction distances between
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approximately 0.25-0.28 mm after 8 weeks of degradation. The 12.5 vol. % Fe implants

had a slower degradation rate decreasing only 15%, from 0.27+0.012 mm to 0.23+0.014

mm, during the 8-week degradation study.
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11  Maximum chondrocyte/implant separation distance as a function of
degradation time and polymer concentration for 50% porous implants
containing 25 vol. % Fe

Maximum chondrocyte/implant separation distance between 50/50, 65/35,

75/25 and 85/15 P(d)A/PGA implants fabricated with 25 vol. % Fe as a
function of degradation time

Polymer | Fe Vol. =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks
% (emu/mm) (emwmm) | (emwmm) | (emwmm) | (emwmm) | (emwmm)

50/50 25 0.21740.038 0.19640.038 | 0.172+£0.042 | 0.150£0.037 | 0.13440.029 | 0.125+0.029
65/35 25 0.21410.025 0.204+0.023 | 0.194+0.021 | 0.180+0.021 | 0.173£0.022 | 0.169+0.022
75/25 25 0.1960.030 0.18440.022 | 0.17640.022 | 0.160+0.022 | 0.153+0.018 | 0.147+0.017
85/15 25 0.17340.014 0.16440.018 | 0.153+0.018 | 0.141£0.010 | 0.132+0.011 | 0.126+0.018
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Figure 12 Maximum chondrocyte/implant separation distance as a function of
degradation time and Fe concentration for solid implants composed of
65/35 P(d)A/PGA

Table 12 Maximum chondrocyte/implant separation distance and standard deviations for
solid 65/35 P(dI)A/PGA implants containing 12.5, 25, 30,35,40 and 45 vol. %
Fe vs. in vitro degradation time

Polymer | Fe Vol. =0 t=1 week t=2 weeks | t=4 weeks | t=6 weeks | t=8 weeks
% (mm) (mm) (mm) (mm) (mm) (mm)
65/35 45 0.38210.018 0.334£0.016 | 0.309£0.013 | 0.293+0.016 | 0.286+0.012 | 0.281+0.012

65/35 40 0.36740.027 | 0.3340.029 | 0.31840.036 | 0.299+0.033 |0.283%0.026 | 0.277+0.027
65/35 35 0.355+0.029 | 0.325+0.029 | 0.310+0.026 | 0.290+0.033 | 0.28020.039 | 0.274+0.038
65/35 30 0.338+0.025 | 0.31120.031 | 0.307+0.029 | 0.298+0.025 | 0.27420.022 | 0.2630.020
65/35 25 0.323+0.008 | 0.307+0.011 | 0.300£0.012 | 0.278+0.012 | 0.2620.008 | 0.2530.006
65/35 125 0.27610.012 0.266+0.013 | 0.25740.012 | 0.244:0.017 | 0.235+0.012 | 0.230+0.014

The highest maximum interaction distances were achieved by solid implants
containing SmCos (Figure 13). Solid 65/35 P(d)A/PGA implants with 50 vol. % SmCos

can initially attract chondrocytes that are 2.24+0.06 mm away from the implant and can
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attract chondrocytes that are 1.25+0.10 mm away after 8 weeks of degradation. Porous

65/35 implants composed of 25 vol. % SmCos (Figure 12) can attract chondrocytes that

are 1.1840.7 mm away initially and 0.88+0.06 mm after 8 weeks of in vitro degradation.

The highest maximum chondrocyte/implant attraction distance at 8 weeks were solid

implants fabricated with 85/15 P(dI)A/PGA and 50 vol. % SmCos, which attract

chondrocytes that are 1.38+0.04 mm away.
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Figure 13 Maximum Chondrocyte/Implant Separation Distance as a Function of
Degradation Time and Polymer Concentration for solid implants containing
50 vol. % SmCos

Table 13 Maximum separation distance and standard deviations for porous 65/35 and

85/15 P(dI)A/PGA implants containing 25 vol. % SmCos

Polymer | SmCos =0 t=1 week t=2 weeks | t=4 weeks t=6 weeks t=8 weeks
Vol. % (mm) (mm) (mm) (mm) (mm) (mm)

65/35 50 2.2440.06 1.81+0.04 1.56+0.09 1.35+0.12 1.1310.30 1.2540.10

85/15 50 2.1510.16 1.8110.08 1.68+0.05 1.5240.06 1.4410.040 1.38+0.04
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Maximum chondrocyte/implant separation distance as a function of
degradation time and polymer concentration for 50% porous implants
containing 25 vol. % SmCos

Figure 14

Table 14 Maximum separation distance and standard deviations for porous 65/35 and
85/15 P(d)A/PGA implants containing 25 vol. % SmCos

Polymer | SmCos t=0 t=1 week t=2weeks | t=4 weeks | t=6 weeks | t=8 weeks
Vol. % (mm) (mm) (mm) (mm) (mm) (mm)
65/35 25 1.18+0.08 1.0610.10 1.0110.09 0.931+0.07 0.89+0.06 0.89+0.06
85/15 25 1.021+0.10 0.93+0.08 0.8910.08 0.8510.07 0.8310.12 0.8110.12
DISCUSSION

The increasing magnetic pole strengths associated with increasing PGA compositions
were attributed to the lower softening temperature of implants having higher PGA
concentrations. The magnetic field strengths of anisotropic polymer magnets are highly

dependent on the orientation of the individual magnetic particles.’**® This makes the
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ability of individual particles to reorient themselves during processing under the applied
external magnetic field vital to maximizing the final magnetic field strength of the
implant. The maximum temperature that can be applied by the SQUID magnetometer
during magnetization is 127°C, and the manufacturers reported processing temperature of
the polymers tested in this study range from 120°C (50/50 P(dI)A/PGA) to 150°C (85/15
P(d))A/PGA). Thus, the 50/50 P(d)A/PGA polymer will be softer then the 85/15
P(d)A/PGA polymer at 127°C and will result in more efficient particle rotation and
alignment during implant magnetization. This improved orientation increases the
magnetic field strength in the direction of magnetization as shown by the particle
orientation and F-factor calculations of this study. In the case of the 50/50 implants the
initial F-factor was 0.80210.05, and for the 85/15 implants the initial F-factor was
0.731+0.04. This indicated a higher degree of particle orientation in the 50/50 polymer
implants as compared to the 85/15 polymer implants.

Another common trend of the magnetic implants was the increase in the magnetic pole
strength degradation rate for samples having higher PGA concentrations. This was
attributed to the increased degradation rate of polymers containing higher concentration
of PGA.>* During the initial stages of polymer degradation there is an absorption of
H,0 and a decrease in the molecular weight of the polymers.”® The decrease in cohesive
strength decreases the bonding strength between the magnetic particles and the polymer
matrix. This frees the particles to rotate and re-align. Individual particles are then able to
reorient themselves away from the magnetic axis of the implant. The particles reorient in
response to the magnetic field of adjacent particles, which are in the opposite direction to

their magnetic field. This situation is schematically shown in Figure 15. This particle
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reorientation resulted in a decrease in the overall pole strength of the implant. This was
also shown by Osawa et al** who reported that the magnetic properties of
polymer/ferromagnetic composites were dependent on the interfacial bonding between
the two materials. Materials with higher compatibility or bonding strength produced
harder and higher magnetic field strengths. This was confirmed in this study by the
decreasing F-factor in both the 50/50 and 85/15 P(dI)A/PGA implants after 8 weeks of
implant degradation. Degradation was more pronounced in the 50/50 implants whose F-
factor decreased 10% as compared to the 85/15 implants that only decreased 4% after 8

weeks of degradation.

Figure 15: Particle-particle interaction within a P(dl)A/PGA/Fe or P(d)A/PGA/SmCos
implant. The magnetic poles (B)of the individual particles are oriented in the
same direction creating a magnetic field (H). As can be seen in the schematic
as the particles approach each other the magnetic field of one the top particle
is oriented in the opposite direction of the lower particle

Polymers containing SmCos possess a higher initial and 8 week magnetic field
strength compared to Fe. In some cases, this increase was over twice that of equivalent

implants containing Fe. This increase was attributed to the large material anisotropy and

critical particle size of SmCos as compared to Fe. SmCos has a hexagonal crystal
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structure that has a magnetic anisotropy of 17.5x10’ erg/cm® at 300 K*' that is much
higher than Fe, which is ferromagnetic and isotropic. = This anisotropy focuses the
magnetic field in the desired magnetization direction as compared to Fe, whose magnetic
field is randomly oriented. SmCos also has a larger critical diameter (a diameter below
which the particle exists as a single domain particle) of ~ 2um***® compared to Fe, which
has a single domain size of ¥ 200nm. Since the SmCos used in this study has a particle
size diameter of ~2.3um, it was assumed that most particles were single domain, making
them magnetically hard and less affected by either heat or external magnetic fields.
However, the Fe particles used in this study are a magnetically softer because of their
inherent multi-domain structure.

Comparing porous to solid implants having of equivalent volumes of Fe (65/35
samples of Figure 6 and the 12.5 vol. % samples of Figure 8), solid samples had higher
initial magnetic field strengths and slightly slower degradation rates. The higher initial
magnetic field is attributed to the improved spacing of the Fe particles in the composite.
By increasing the distance between the particles, the interaction between adjacent
particles, shown in Figure 15, is minimized. This in turn optimizes the individual particle
magnetization. That the magnetic strength of the porous implants degraded faster than
the solid implants is contrary to previously reported degradation results in other studies
which show an increased degradation rate of solid polymer implants compared to porous
implants.>'' The anomoly shown by these magnetic polymer implants is contributed to
the presence of the second phase magnetic material that is impermeable to water. The

magnetic material acts as a barrior to water absorption at the implant/fluid interface.
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Thus, the higher surface area of porous samples is necessary to increase amount of water
absorption and the rate of hydrolysis.

The maximum implant/chondrocyte separation distance is important to fabricate an
implant that can attract enough chondrocytes to fill the entire chondrocyte thickness.
Normal articular cartilage thickness for humans ranges from 1-6 mm.** Since the
maximum separation distance achieved with P(d])A/PGA/Fe implants was 0.38210.018
mm, the chondrocytes must be delivered to within the defect site thickness. This limited
attraction potential may also lead to partial thickness healing in vivo. However, if SmCos
particles are used, this attraction distance will be increased to 2.24+0.06 mm, resulting in

a more complete filling of the cartilage defect with chondrocytes.

CONCLUSION
MDC may be an effective technique for soft tissue regeneration. This technique

utilizes an implant that is magnetic as well as biodegradable to restore the joint to it
native condition. For this reason, suitable implant materials and their magnetic properties
must be investigated. The in vitro degradation of the magnetic pole strengths of
P(d)A/PGA/Fe and P(dI)A/PGA/SmCos implants were measured as a function of
polymer composition, volume of magnetic material and morphology. These results were
used to assess the maximum separation distance for attraction between the implant and
chondrocyte. Results of in vitro studies indicated that implants containing SmCos had a
larger initial and 8 week attraction distance. Initial magnetic pole strength increased with
increasing volume of magnetic material and the magnetic pole strength degradation rate
decreased. Additionally, solid implants had higher magnetic field strengths during

degradation than porous implants. Implants with higher PGA compositions generated
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higher initial magnetic field strengths because of their lower softening temperatures and
more efficient particle alignment. Finally, for use in human models, where the cartilage
thickness can range from 1-6 mm, we believe that the chondrocyte particles would have
to be injected into the defect site due to the minimal maximum attraction distances of

both P(d)A/PGA/Fe and P(d)A/PGA/SmCos implants.
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ABSTRACT

The increased use of temperature sensitive instruments and biomaterials, such as
polylactic acid (PLA), polyglycolic acid (PGA) and their copolymers, have increased the
demand for low temperature sterilization processes (LTSPs). These processes must
provide high level disinfection without degrading the physical properties of the material.
The newest LTSPs are ethylene oxide sterilization (EtO) and hydrogen peroxide (H,0,)
gas plasma sterilization techniques (Sterrad Sterilization). The short and long term
effects of these sterilization techniques on polylactic/polyglycolic acid (PLA/PGA) have
been only sparsely reported. In this study, the effects of EtO and H,O, sterilization on
the molecular weight and polymer structure of pure P(dl)A, 75/25 P(dl)A/PGA and 50/50
P(d)A/PGA were measured. Molecular weight was measured using gel permeation

chromatography (GPC) and the chemical structure evaluated using Fourier transform
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infrared spectroscopy (FTIR). H,O, sterilization resulted in a 4% decrease in the
molecular weight of 100 P(dI)A and a 10% decrease in the molecular weight of 75/25 and
50/50 P(dI)A/PGA. EtO sterilization decreased the molecular weight by 10% in 75/25
P(d)A/PGA, but was only apparent 14 days after sterilization. 100 P(dI)A and the 50/50
P(dl)A were not significantly altered by EtO sterilization. This decrease in molecular
weight was accompanied by a decrease in the incidence of COC and C=0O bonding, as
measured by FTIR. Therefore, H,O, sterilization leads to premature hydrolytic

degradation of P(d)A/PGA copolymers.

INTRODUCTION

Polylactic Acid (PLA, P(dl)A), polyglycolic (PGA) and their copolymers (PLA/PGA)
have enjoyed substantial development as bioabsorbable sutures, bone plates, tissue
scaffolds, bone screws and bone pins.''! Three degradation characteristics make PLA,
PGA and PLA/PGA copolymers desirable biomaterials. First, degradation rate and
mechanical properties can be controlled by changing the polymer molecular weight.'*"?
Secondly, degradation rate and mechanical properties can be manipulated by altering the
molecular concentrations of PLA/PGA copolymers.'*'*> Finally, the degradation products
of PLA, PGA and PLA/PGA are biocompatible.'*'®

Degradation of PLA, PGA and PLA/PGA is through bulk erosion, as evident from the

significant molecular weight loss that precedes monomer release.'®

More specifically,
PLA and PGA degrade by hydrolytic scission (cleavage) of unstable ester bonds, that are
incorporated into the polymer backbone. This random chain scission turns what was

once a water insoluble polymer into a water soluble, low molecular weight, polymeric



material.'* The random chain scission continues until the cohesive polymer strength
decreases to zero producing low molecular weight fragments. These fragments degrade
into soluble monomers that are eliminated through the Krebs cycle.'*'¢

Sterilization is mandatory for materials used in clinical applications. The most
common of these sterilization techniques are dry heat, steam, gas and radiation
sterilization.'” However, the hydrolytic degradation and inherent low softening
(working) temperature of PLA/PGA copolymers (120°C-150°C) make sterilization by
dry heat and steam sterilization impossible. Even though gamma radiation sterilization
employs relatively low temperatures, it modifies the chemical structure of polymers

leading to alterations of their mechanical properties.'’*

Thus, low temperature
sterilization processes (LTSP) that are less destructive to the physical properties of low
temperature polymers are continually being developed. EtO gas sterilization and H,0O,
sterilization are two of these LTSPs.  EtO sterilization has become the most common
sterilization technique for temperature sensitive materials because of the relatively low
temperatures (= 35°C-70°C) used, good penetration of the gas into the target material and
the reputation for leaving the polymers undamaged.”> EtO is a low molecular weight,
highly water-soluble chemical that is rapidly and evenly distributed throughout most
tissues upon initial exposure.”’ EtO is either used in its pure form or mixed with N,, CO,
or a non-ozone depleting chloro-flurocarbon. Component sterilization results from an
alkylation of sulfhydryl, amino, carboxyl, phenolic, and hydroxyl groups of nucleic acids,
which cause cell injury and death.”’

Little-to-no oxidative effects on the surface were indicated and no significant

decreases in fatigue strength were seen in EtO sterilized ultra high molecular weight
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polyethylene (UHMWPE) when compared to non-sterilized UHMWPE.>*** However,
Zhang et al. found that EtO sterilization causes microcracking on the surface of
polyurethane elastomers when compared to samples sterilized by other methods.”® These
microcracks were attributed to the hydrophobic nature of polyurethane and result from
hydrolysis during sterilization. Verheyen et al. showed that the flexural strength caused
by a slight decrease in molecular weight of PLA in hydroxyapatite/PLA composites after
EtO sterilization.”’

Deaths and serious tissue reactions to EtO sterilized plastics and rubbers have been
reported.”®*>° Reports have shown EtO to be toxic and have classified it as a Group I
carcinogen.’® Exposure to EtO has been associated with lymphatic, hematopoietic
cancers, lymphatic leukemia and non-Hodgkin’s lymphoma.® To insure complete
ethylene oxide removal, implants sterilized by EtO require aeration to reach acceptable
FDA levels (<25 ppm).*' The amount of EtO absorbed into a polymer is dependent upon,
sterilization temperature, sterilization time, concentration of EtO and the type of dilutent
gas used.*?

Sterrad sterilization is a newly developed LTSP that utilizes low-temperature
hydrogen peroxide plasma. Sterrad sterilization rapidly destroys microorganisms in 5
phases: vacuum, injection, diffusion, plasma and vent cycles. First, an aqueous solution
of H,0, is injected into a sample chamber and is vaporized by an applied vacuum. The
H,0; vapor is then diffused into the sample for ~40min. with the chamber temperature
controlled between 40°C-45°C. A low temperature plasma is generated by decreasing the
vacuum and applying an approved radio frequency to the sample chamber a low

temperature plasma. In the plasma state, the hydrogen peroxide vapor breaks down into
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reactive species that include free radicals. These free radicals react with and kill
microorganisms’’.

Alfa et al. found that H,O, plasma sterilization was less effective than EtO
sterilization in destroying bacteria on surface carriers in the presence of serum and salt”’.
In lumen carriers inoculated with bacteria, serum, and salt, EtO was shown to be more
effective than H,0,, with both techniques less reliable than steam sterilization?’. Neither
EtO nor H,O; sterilization was proven to be reliable in sterilizing items contaminated
with inorganic and organic debris>’. Even though Feldman et al. states that H,O, gas
plasma sterilization is effective in sterilizing a broad range of materials used in the
medical industry, the materials are hydrophobic in nature, chemically stable, and resistant
to oxidation and moisture are the most compatible for this technique.’> However,
polyester polymers, however, are not short-listed as one of these materials because of
their hydrophilic nature and hydrolytic degradation characteristic.

Goldman et al. studied the effect of H,O, gas plasma sterilization on the molecular
structure, fatigue resistance and wear behavipr of UHMWPE and compared this
technique to other commonly used sterilization processes.'®* H,0, gas plasma
sterilization resulted in less oxidation compared to gamma-radiation as well as an
improved resistance to fatigue crack propagation and cyclic damage. In addition the bulk
properties of UHMWPE, such as fatigue strength and wear behavior, remained basically
unchanged compared to non-sterilized samples.

Even though the effect of EtO and H,O, sterilization techniques on the mechanical
and structural properties of UHMWPE have been tested, their effect on the mechanical

properties and chemical structure of P(d)A/PGA polymers have yet to be investigated.
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In this study the molecular weight and chemical structure of 100 P(dI)A, 50/50 and 75/25
P(d)A/PGA were analyzed before and after EtO and H,O; sterilization. The molecular
weight and the chemical structure were evaluated using gel permeation chromatography

(GPC) and Fourier transform infrared spectroscopy (FTIR) respectively.

EXPERIMENTAL PROCEEDURE
MATERIALS

The Medisorb® 100 P(d)A, 75/25 P(d)A/PGA and 50/50 P(d)A/PGA as-
received materials were purchased from Alkermes Inc. of Wilmington, OH. The
Medisorb® polymers were manufactured for medical applications and have been
approved by the FDA for specific applications. The 50/50 P(d)A/PGA, 75/25
P(dI)A/PGA, and P(d)A polymers were manufactured in August 1997, June 1997 and
September 1997 respectively. The as-received material properties for the 50/50
PLA/PGA, 75/25 PLA/PGA and 100 PLA copolymers, as reported by Alkermes, are

listed in Table 1.}

Table 1 Material properties for the as-received 100 P(dI)A, 75/25 and 50/50 P(dl)A/PGA
polymers reported by Alkermes Inc. of Wilmington, OH>

PLA/PGA Inherent Viscosity M,.* Polydispersity Te
Ratio (dVg) (daltons) (°O)
50/50 0.78 69587 1.37 47.22
75/25 0.77 130132 1.676 49.6

100 0.73 128450 1.568 52.22
METHODS

Fourier Transform Infrared Spectroscopy (FTIR)
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Thin films of each of the polymers were spun onto KBr disks for FTIR analysis
using the following procedure. KBr disks were manufactured using Spectrum® crystal
IR grade potassium bromide. Pressing 0.400gm of KBr with 0.656MPa of pressure
generated disks 13mm in diameter and 1.3mm thick. The KBr disks were then coated
with 100ul of 10 vol. % solutions of each polymer in acetone. The coated disk was
placed into a centrifuge for 30 seconds at 4,000 rpm. The resulting polymer films were
dried in a furnace at 60°C under a vacuum of 635 mm-Hg for 24 hours prior to FTIR
measurements. Six thin films of each polymer were prepared and FTIR tested.

FTIR measurements were made using a Bio-Rad Excaliber Series spectrometer.
Each sample was measured before sterilization, 1 day after sterilization and 2 weeks after
sterilization. Each FTIR measurement represents the average of 64 scans. The resultant

peaks were then assigned referencing Kister, et al.>*

Gel Permeation Chromatography (GPC)

The molecular weight of 10 as-received pellets of 100 P(dl)A, 75/25 and 50/50
P(d)A/PGA polymers were tested using gel permeation chromatography (GPC) prior to
and following EtO and H,O, sterilization. The molecular weight was measured by
streaming dissolved polymer solutions through a 4-column Waters Millipore Millennium
2010 GPC. The columns were calibrated every 7 days using 29,300, 44,000, and 114,200
Dalton polystyrene standards purchased from Aldrich Chemical Co. of Milwaukee, WI.
0.1 vol% polymer suspensions were made by dissolving the as-received and sterilized
polymer pellets in tetrahydrofuran (THF) in 1.0 dram sample vials. To insure complete

polymer dissolution the pellets were dissolved for 24 hours prior to testing.
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EtO Sterilization

As-received polymer pellets and polymer/KBr thin films were EtO sterilized
using a Steri-Vac 4000, manufactured by the 3M Company of St Paul, MN. Samples
were placed in an uncovered petri dish and sterilized at the MSU College of Veterinary
Medicine. Gas exposure occurred under warm (55°C) conditions for a period of 15
minutes. The samples were then purged using fresh air to remove residual EtO from the
polymer for periods of at least 10 hours, to a maximum of 14 hours. After sterilization
the polymer pellets and polymer/KBr thin films were placed in non-woven polypropylene

sterilization Aspeck® wraps until GPC or FTIR testing.

H,0; Sterilization

The as-received polymer pellets and polymer/KBr thin films were placed in non-
woven polypropylene sterilization Aspeck® wraps and H,0, sterilized using the
Sterrad® 100-sterilization system at Borgess Medical Center in Kalamazoo, MI. After
placing the sample wraps into place the sterilization the chamber was evacuated to
0.3mmHg pressure using a 59 vol. % concentration of H,O; to H,O. The H,0, plasma
was applied for 40 min. after which the sample chamber was purged with filtered air and

the Aspeck wraps sealed until GPC or FTIR testing.

RESULTS
GPC
The GPC measurements as a function of sterilization technique were done over a 6-

month period. Between the EtO sterilization measurements and the H,O, sterilization
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measurements the pressure sensor of the Millipore GPC was replaced. Therefore, the
resulting molecular weight data was normalized by the measured molecular weights
before sterilization. This shifted the initial polymer molecular weights to higher
molecular weights. The normalized molecular weight of the 50/50 P(d])A/PGA, 75/25
P(dI)A/PGA, and 100 P(d)A polymers as a function of time after H,O, (Sterrad) and
Ethylene Oxide (EtO) sterilization is plotted in Figure 1. Two sided t-tests were used to
statistically compare the molecular weight of samples, 1 day and 14 days after
sterilization, to the measured molecular weights before sterilization. If the data points are
significantly different (>90% confidence) the data marker is hollow. If the data points
are not significantly different (<90% confidence) the data marker is solid.

The normalized molecular weight of the 50/50 P(dI)A/PGA copolymer after EtO and
H,0; sterilization is plotted in Figure 1A. After EtO sterilization, the molecular weight
of the 50/50 P(dI)A/PGA decreased to 95.6+5.6% of the initial molecular weight 1 day
after sterilization and to 96.116.3% of its initial value 14 days after sterilization.
However, neither of these molecular weights were statistically different then their
molecular weight before sterilization. After H,O; sterilization, the molecular weight of
the 50/50 P(dI)A/PGA copolymer decreased to 97.213.5% at 1 day and to 92.9+1.3%
after 14 days. The molecular weight 1 day after sterilization was not statistically
different than before sterilization, but after 14 days, the molecular weight was statistically
lower. Thus, the only significant difference in molecular weight was shown after H,0,
sterilization 14 days after sterilization.

The normalized molecular weight of the 75/25 P(dI)A/PGA copolymer after EtO and

H,0;, sterilization is plotted in Figure 1B. GPC results from the 75/25 P(d)A/PGA
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copolymer showed a gradual decrease in the molecular weight after both EtO and H,0,
sterilization. One day after EtO sterilization, the molecular weight increased to
102.1111.3% and 14 days after EtO sterilization, the molecular weight decreased to
90.3112.2% of the nonsterilized value. T-test calculations indicated the initial increase
was not statistically significant while the decreased values after 14 days was significantly
different. After H;O, sterilization, the molecular weight of the 75/25 P(d)A/PGA
decreased gradually to 96.1+1.6% and 92.1+1.5%, after 1 and 14 days respectively. This
decrease was only statistically significant at 14 days after H,O, sterilization.

The normalized molecular weight of the 100 P(d])A polymer after EtO and H,O,
sterilization is plotted in Figure 1C. One day after EtO sterilization, the molecular weight
was measured to be 98.315.6% of the non-sterilized polymer. After 14 days, the
molecular weight was measured to be 109+8.3% of the non-sterilized value. Neither
measurement was statistically different than the non-sterilized 100 P(dl)A polymer. After
H,0; sterilization, the molecular weight gradually decreased to 97.9+3.3% after 1 day
and to 96.6t+1.7% after 14 days. Once again, the molecular weight at 1 day was not
statistically different, but after 14 days, the molecular weight was statistically different

from the non-sterilized 100 P(dI)A polymer.

FTIR
Since the 3 FTIR samples for each polymer were essentially identical with the same
peak ratios, one sample was chosen as a representative sample for qualitative analysis of

the effect of EtO and H,O; sterilization. Representative FTIR spectrums for 100 P(dI)A,
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75/25 and 50/50 P(dl)/PGA polymers are plotted in Figures 2-7. Each spectrum is a plot
of absorbance vs. wavenumber.

Figures 2-4 are the FTIR spectrums for EtO sterilized 50/50, 75/25 and 100 P(d)A
polymers respectively. Thin films were tested before sterilization (A), 24 hours after
sterilization (B) and 14 days after sterilization (C). The change in the polymer structure
was evaluated by subtracting the FTIR curves of the sterilized polymer from that of the
as-received polymer and are shown in (D) and (E).

The polymer bonding peaks were labeled and assigned referencing Kister, et al.** The
primary peaks for all experimental variables of the 100 P(dl)A, 75/25 and 50/50
P(dI)A/PGA polymers fell at: 1756 cm™ (A), 1091 cm” (B), 1187 cm™ (C), 1131 cm’
(D) and 1270 cm™(E). The 1753 cm™ peak corresponds to vC=O bonding, the 1089 cm
peak to v;COC bonding, the 1186 cm™ peak to v,sCOC+r,CH; bonding, the 1130 cm™
peak to r,<CH3 and the 1270cm™ peak to SCH+vCOC. The subscript s implies symmetry
and the subscript as implies asymmetry. The integrated areas of these peaks are shown in
Tables 2-4. In these tables, the negative values represent the negative peaks shown in the
subtraction curves and are indicative of the decrease in the incidence of that particular
bond formation.

Only a slight effect of EO sterilization on the 100 P(d)A, 75/25 and 50/50
P(dI)A/PGA polymer structure was found. With all three polymers, there was an increase
in the polymer/KBr disk absorbance at wavelengths greater than 1700 cm™ which
resulted in a continuously sloped peak seen in B and C of each of the Figures 2-4. This
sloping peak represents the absorption of EtO into the disks and was confirmed by

measurements on uncoated KBr disks. Thus, this EtO absorption can be neglected as a
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Table 2 Integrated peak areas for 100 P(dI)A sterilized using EtO

Polymer\Peak 1756em” | 1270cm™ | 1187cm” [ 1131em” | 1091cm™”
100 As Received 5.842 0.475 2.725 0.433 2.019
100 EO ster. (1 day) 5.804 0.395 2.357 0.373 1.868
100 EO ster. (14 day) 5.088 0.382 2.355 0.371 1.840
Subtraction (1 day) -0.072 -0.094 -0.351 -0.060 -0.151
Subtraction (14 day) -0.796 -0.096 -0.386 -0.062 -0.179

Table 3 Integrated peak areas for 75/25 P(dl)A/PGA sterilized using EtO

Polymer\Peak 1756cm™ | 1270cm™ | 1187cm” | 1131cm™ | 1091cm™
75/25 As Received 11.601 0.660 3.458 0.545 2.280
75/25 EO ster. (1 day) 8.267 0.486 2.983 0.475 2.119
75/25 EO ster. (14 day) | 6.073 0.382 2.492 0.391 1.855
Subtraction (1 day) -4.117 -0.182 -0.439 -0.067 -0.161
Subtraction (14 day) -2.905 -0.290 -0.936 -0.150 -0.425

Table 4 Integrated peak areas for 50/50 P(dl)A/PGA sterilized using EtO

Polymer\Peak 1756cm”’ | 1270cm” | 1187cm” | 1131cm™ | 1091cm™
50/50 As Received 5.818 0.436 1.960 0.217 1.390
50/50 EO ster. (1 day) 5.717 0.426 1.860 0.201 1.366
50/50 EO ster. (14 day) | 5.222 0.403 1.798 0.197 1.318
Subtraction (1 day) 0.064 0.009 0.010 0.016 0.024
Subtraction (14 day) 0.337 0.034 0.013 0.020 0.072

processing artifact to using self manufactured KBr disks for mounting the thin film

polymer samples.

The FTIR spectrum and the peak areas indicated no differences in the subtraction

scans, D and E, of the 50/50 and 100 polymers. However, the 75/25 samples did have a

decrease in peak height at approximately 1753cm™. The decreasing area of the 1753cm™

peak area from 11.6 initially to 8.3 confirmed these decreasing peaks after 1 day and to

6.1 after 14 days. This decrease in the C=O peak was accompanied by decreases in the

COC peaks at 1187cm™ and 1091cm™.
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The FTIR spectrums for polymers sterilized by H,O; sterilization methods are plotted
in Figures 5-7 with the integrated peak areas listed in Tables 5-7. The 50/50 polymer and
the 75/25 polymer subtraction spectrums indicated distinct decreasing peaks at
approximately 1756 cm™ and less defined decreasing peaks at 1187cm™ and 1091cm™.
This is verified by the decreases in the 1756cm™ peak areas from 38.5 to 24.0 for the
50/50 P(d)A/PGA polymer and from 23.0 to 17.0 for the 75/25 P(dl)A/PGA polymer. In
the 75/25 polymer these decreasing peaks were not readily apparent until 14 days after
sterilization. The 100 P(dI)A polymer, however, showed no decrease in the intensity of
the 1270cm™, 1187cm™, 1131cm™, or 1091cm™ peaks after 1 day and only slight changes
after 14 days. However, the 1760 peak did decrease in area from 23.3 to 18.8 but
subtraction curves did not have a visibly different peak at this wavenumber. Thus, the
decrease in peak area is likely attributed to the absorption of H,O, and the sloping
absorption curve that alters the integration and not an actual decrease in the occurrence of
this specific bonding.

For each of the polymers tested there were no other changes in the chemical structure.
There was no appreciable shifting of the peaks or addition of new peaks that would

indicate absorption of EtO or H,O into the polymer.

DISCUSSION
The GPC data and FTIR spectrums indicate that the 100 P(dl)A, 75/25 and 50/50
P(d)A/PGA polymers were most effected by H,O, sterilization. Both the 75/25 and

50/50 P(dI)A/PGA polymers showed a gradual decrease in the molecular weight of
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Table 5 Integrated peak areas for 100 P(dl)A sterilized using H,O,

Polymer\Peak 1756cm” | 1270cm™ | 1187cm™ | 1131ecm™ | 1091cm”
100 As Received 23.346 1.612 8.900 1.568 6.121
100 H,0, ster. (1 day) 21.425 1.642 9.208 1.681 6.073
100 H,0, ster. (14 day) 18.755 1.629 8.684 1.619 5.779
Subtraction (1 day) -0.536 - - - -
Subtraction (14 day) -0.815 -0.036 -0.308 -0.033 -0.134
Table 6 Integrated peak areas for 75/25 P(dl)A/PGA sterilized using H,0,
Polymer\Peak 1756em™ | 1270cm™” | 1187cm” | 1131cm™ | 1091cm”
75/25 As Received 22.943 1.195 8.115 1.351 5.249
75/25 H,O, ster. (1 day) 21.464 1.128 7.741 1.207 5.093
75/25 H,0, ster. (14 day) | 17.025 1.159 6.435 1.098 3.899
Subtraction (1 day) 20217 | -0.034 | 0424 | 0.036 | -0.289
Subtraction (14 day) | 4.693 | -0.099 | -1.574 | 0257 | -1.365

Table 6 Integrated peak areas for 50/50 P(dI)A/PGA sterilized using H,O,

Polymer\Peak 1756cm ™’ | 1270cm”’ | 1187cm”’ | 1131cm” | 1091cm™
50/50 As Received 38.467 | 2.535 11.162 1.166 7.075
50/50 H,O, ster. (1 day) | 29.823 | 2.332 10.470 1.187 6.676
50/50 H,0, ster. (14 day) | 24.011 2.161 9.298 1.101 5.893
Subtraction (1 day) -4.586 | -0.209 | -0.617 | -0.021 -0.399
Subtraction (14 day) | -.10417 [ -0.372 | -1.806 | -0.065 -1.182

approximately 10% and decreases in the 1760 cm™ (C=0), 1270 cm™ (CH+COC), 1187

cm’! (COC+CH3), 1131 cm” (CHs) and 1091 cm” (COC) peak areas while the 100

P(d)A gradually decreased to 4%. These decreases in molecular weight can be explained

by PLA/PGA polymer degradation theory.

The chemical structure of PLA and PGA are polyester polymers are shown in Figure

8aand b. The principal bond joining the individual monomers is the COC bond. The

degradation of these polymers in H,O has been well studied and documented.*®"

PLA/PGA degradation occurs by hydrolytic scission and cleavage of the ester bonds that
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connect the individual monomers. In this process (Figure 9), the OH molecules from
absorbed water bond to the carbon atom of the COC ester bonds and form a carboxyl
(COH) end group that terminates the polymer sequence. Even though the amount of H,O
available during sterilization is minimal, the OH™ molecules are readily available during
the ionization phase of HO, gas plasma sterilization. Therefore, it is apparent that
hydrolytic degradation decreases the incidence of the COC bonds similar which is
apparent by the decrease in the 1270 cm™,1187 cm™ and 1091 cm™ bonds shown in this
study.

It has also been well established that this degradation process occurs quicker in
polymers having higher concentrations of PGA.*> The methyl (CHs) groups present on
the repeating lactic acid chains protect the carbonyl carbons from tissue fluid, which
reduces the hydrolysis rate of PLA as compared to PGA." Therefore, hydrolytic
degradation occurs faster in polymers with higher concentrations of PGA. This explains
the increased degradation rate of the 50/50 and 75/25 polymers when compared to the
100 P(dI)A polymers which degraded to 93, 92 and 96% respectively. The looser
chemical structure of the P(d])A/PGA copolymers allowed for easier diffusion of the
H,0; and H,O chemical species into the polymer and an increased interaction between
OH species and the COC bond of the polymers.

Since the polymer molecular weights continued to decrease for up to 14 days after
sterilization, the polymer likely reacts with the H,O,/H,O initially as well as absorb into
the polymer for the reactions to continue to take place after sterilization is complete. This
was confirmed by the presence of a continuous sloping peak at wavelengths greater than

1700 cm'™ that represents the absorbance of H,0; and H,O groups. The extent of
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this degradation and the extent of how long it continues to occur should be the subject for
future studies.

Saalman validated FTIR spectroscopy studies to show the absorption of EtO into
polymers.*® Subtraction spectrum of UHMWPE subject to EtO gave characteristic EtO
peaks at 866 cm”, 1270 cm™ and 3066cm™. However, in this study these characteristic
peaks were not apparent. Regardless, the absorption of EtO into the polymers cannot be
ruled out because the characteristic peaks of EtO are at the same wavelengths as
PLA/PGA polymers. Thus, FTIR is not a good tool for this application using these

polymers.

CONCLUSIONS

EtO did effect the intensity of the peaks for the 75/25 PLA/PGA copolymer, but
did not effect the molecular weight and polymer structure of the 50/50 PLA/PGA and 100
P(dI)A polymers 24-hours, and 14 days post-sterilization. However, H,O, sterilization
resulted in a decrease in the molecular weight of 100 P(dl)A, 75/25 and 50/50
P(d])A/PGA polymers, as well as decreases in the absorbance of C=0 and COC FTIR
peaks. The molecular weight of 75/25 and 50/50 P(d])A/PGA copolymers decreased by
approximately 10%, while the molecular weight of 100 P(dl)A decreased about 4 %.
This was consistent with the increased degradation rate of polymers with higher PGA.
H,O; sterilization of P(dI)A/PGA polymers resulted in polymer degradation through
hydrolytic scission and ester bond cleavage, similar to that occurring in PLA/PGA

degradation.
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CHAPTER 4

FINITE ELEMENT MODELING OF THE VON MISES STRESS OF A FEMORAL
CONDYLE SUBJECT TO FULL THICKNESS CARTILAGE DEFECTS AND
MAGNETICALLY DIRECTED CHONDROGENESIS IMPLANTS OF VARYING
SIZE AND MORPHOLOGY
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ABSTRACT

Magnetically directed chondrogenesis (MDC) has been shown to be a promising
technique for cartilage repair.'” In this technique, a magnet implanted into the
subchondral bone beneath a cartilage defect is used to attract magnetically tagged
chondrocytes to the defect site. The effect of implant/magnet morphology, as well as the
number of magnets implanted into the defect site on the stress profile of the femoral
condyle has to be evaluated to insure the stability of the post-operative joint and to
optimize the conditions for bone in-growth. In this study, an Ansys 5.5 finite element
model was developed to determine the von Mises stress concentration in the femoral
condyle with 6mm wide full thickness cartilage defects and PLA/PGA/Fe MDC implants

of different size, number and porosity under standing loading conditions. The von Mises
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stress concentration adjacent to the implant was not significantly increased with the
inclusion of empty cartilage defects or implantation of polymer magnets at the defect site.
No significant alterations in stress at the base of the implants were found when comparing
smaller implants equally spaced across the defect site to implants that spanned the entire
defect site. A significant decrease was found in the stress between the two smaller
implants. Solid implants produced less stress in the areas adjacent to the defect site when
compared to porous implants. However, in all cases the stresses in the bone remained
appreciably under the reported ultimate strengths of trabecular bone. Therefore,
P(d)A/PGA/Fe implants will not significantly increase the stress in the implantation area.
To optimize the rate of bone in-growth, the porous implant should span the entire defect
site up to 6 mm. This implant morphology is expected to promote bone in-growth by
generating elevated stress levels that are below the compressive strength of trabecular

bone.

INTRODUCTION

Osteoarthritis is considered to be the most prevalent rheumatic disease.’ It results in a
deterioration and/or loss of articular cartilage leading to pain and joint dysfunction in 75%
of the elderly population.* In 1985, Wilson et al. performed and a case study of 98
patients showing symptomatic osteoarthritis of either the hip or knee.’ 78 of the 98
people had some level of osteoarthritis of the knee joint.” The knee joint serves as a
synovial hinge joint that connects the femoral and tibial condyle and the patellae and

trochlear surface of the femur. Most commonly, cartilage defects occur on the mid-medial
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surface of the femoral condyle. These lesions eventually develop into full thickness
cartilage defects.®

Repair of articular cartilage has been studied for centuries’. As early as 1743, William
Hunter, stated that “from Hippocrates to the present time, it is universally allowed that
ulcerated cartilage is a troublesome thing, and that when it is once destroyed, it is not
repaired”.” Magnetically directed chondrogenesis (MDC) is a novel, fundamental
approach to articular cartilage repair.'? Histology results from the pilot study by Halpern,
Grande and Crimp, have shown optimistic results by producing a hyaline-like cartilage
after 8 weeks implantation.? MDC requires the implantation of a biodegradable polymer
magnet into the subchondral bone underlying the cartilage defect. This magnet is used to
attract magnetically tagged chondrocytes to the defect site and hold the chondrocytes to
facilitate cartilage formation. The effect of this implant on the stress concentration of the
femoral condyle is unknown.

In this study, a finite element model was developed and used to investigate the effect of
P(d)A/PGA/Fe implants on the von Mises stress in the human femoral condyle. The
effect of implant size, number and porosity on the von Mises stress in the trabecular bone,

subchondral to a cartilage defect and surrounding MDC implants, was investigated.

EXPERIMENTAL PROCEDURE

A quasi-static, linear elastic, finite deformation model for the femoral condyle was
developed (Ansys 5.5). The topography of a human femur was modeled by tracing an
x-ray image of a 44-year-old male (Figure 1). The knee joint appeared healthy with equal

articular space medial and lateral and a combined thickness of the articular surfaces of
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approximately Smm. The topography of the articular surface of the femoral condyles was
- taken from scale pen and ink drawings of Cahill et al. who drew the profile of coronal
planes of the human knee from cadaver studies (Figure 2).® This figure was enlarged to
match the size of the x-ray and the articular surface traced onto the femoral surface. The
solid model was then meshed using 8-node quad meshing with 3404 elements.

The material properties used for the bone and cartilage are given in Table 1. The
elastic modulus for cartilage was taken from the tensile modulus reported by Akizuki et
al’ The elastic modulus for trabecular bone was taken from the data reported by Carter
and Hayes.'’ Poisson’s ratio for both the articular cartilage and the trabecular bone were
based on a study by Li et al. who modeled the patello-femoral joint of NZW rabbits. '

The boundary and loading conditions for the present study were adapted from a study
by Furkubayashi and Kurosawa who applied a 1500N load to human cadaver knees.'
Furkubayashi et al. measured the contact area and pressures (Figure 3) on the tibial
plateau using a pressure sensitive film.'> A line across the middle of the tibial plateau was
then drawn. The pressure distribution along the line was used as the pressure profile along
the articular surface in the 2-D model. Zero displacement boundary conditions were
applied to the femoral shaft surface of the model and the stress distribution calculated
(Figure 4). Images in this dissertation are presented in color.

Since the goal of this research is to analyze the effect of MDC implants on the stress
concentrations in the femoral condyle, full thickness defects and implant magnets were
inserted into the articular cartilage and subchondral trabecular bone to simulate an arthritic
joint subject to MDC implants. The addition of these defects acts to redistribute the

loading across the articulating surfaces of the knee. Thus, the loading for an arthritic knee
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Figure 1 X-ray of a 44-year-old male knee

Figure 2 Cross-section diagram of the human knee”



would be altered from that of Furkubayashi and K

generated on the femoral surface of Figure 4 were used as the loading condition and the

zero displacement boundary condition was placed on the articular cartilage surface (Figure

s).

Therefc the loads

Table 1 Material Properties used in the femoral condyle FEM model

Material Elastic Modulus Poisson’s Ratio
Bone 200 MPa 0.3
Cartilage 13.7 MPa 0.49
Solid PLA/PGA/Fe implant 3.394+4.04 GPa 0.3
Porous PLA/PGA/Fe implant 104425 MPa 0.3

Figure 3 Pressure profile across the tibial plateau with application of 1500kN load®
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Figure 4 Area map of the finite element model with the loading conditions on the articular
surfaces and the boundary conditions on the proximal surface (femoral shaft)

To determine the stress profile in the femoral condyle of joints with cartilage defects,

cartilage segments were removed from the areas of highest loading on both the medial and

lateral condyles. The defects ded to the subchondral bone (full thick ) and were

approximately 6mm wide. Porous and solid 50/50/Fe implants with 2 different implant
sizes, 6mm in diameter by 6mm long and 1.5 mm in diameter by 6mm long, were
evaluated. The larger implants spanned the entire defect site while the smaller implants
were located 1 mm toward the center of the defect site, separated by 1 mm. The material

properties of these three implant materials, are given in Table 1. The elastic modulus was

measured from compression tests of 5 cylindrical impl d by the previoust

't prep

Y

plained methods”. B of the lack of published Poisson’s ratio values for

PLA/PGA, the Poisson’s ratio was estimated to be that of bone, 0.3.
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Figure 5 Area map of the finite element model with the loading conditions on the articular
surfaces and the boundary conditions on the proximal surface (femoral shaft)

RESULTS
The nodal solution of the finite element model where the pressure profile is applied to

the articular surface showed elevated stresses at the articular surface at the location of the

applied p with stress ions app in the areas of highest loading
(Figure 6). The von Mises stresses in the articulating surfaces were the highest, between
2.25 and 3.00 MPa, in the middle of the lateral condyle (A) and ranged between 1.50 and
2.25 MPa in the middle of the medial condyle (B). In general, the von Mises stress and
the deformation in the articuting surfaces mirrored the applied loading with the maximum
deformation and stress occuring in the cartilage that was subject to the highest loads. In

the subchondral trabecular bone, lower von Mises stress, between 0 and 0.75 MPa, in the
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middle, were predicted in the middle of the femur, the medial surface and the lateral
surface (C) with elevated stresses in strips beneath the articular surfaces (D). Stress
concentration points are also present on the corners of the femoral condyle where the
model terminates at the femoral shaft. However, these points are believed to be artifacts
of the model and the stress concentration created by the sharp angle, ~ 90°, formed where
the femoral condyle terminates at the femoral shaft.

With loads applied to the femoral shaft and zero displacement boundary conditions
applied to the femoral condyle articular surfaces (Figure 5), the von Mises stress is
minimized, between 0 and 0.754 MPa, in the center of the femoral condyle and on the
medial and lateral surfaces (Figure 7). The model showed elevated stresses of 0.75 and
1.5 MPa in the trabecular bone underlying the cartilage contact surfaces (A). In the lateral
articular cartilage, the von Mises stress and deformation were evenly distributed with the
articular surface maintaining the same curvature as in the unloaded condition. However,
in the medial articular cartilage, the von Mises stress distribution varied between 0 and 1.5
MPa with von Mises stress distributions between 0 and 0.75 in the middle of the condyle
and between 0.75 and 1.5 at the edges of the contact surface. The maximum stress of
6.75 MPa was located where the model terminates at the medial surface of the femoral
shaft.

With the application of 6 mm wide full thickness articular cartilage defects to both the
medial (A) and lateral (B) articular surfaces, the von Mises stress concentration in the
trabecular bone subchondral to the defect site decreased to 0 - 0.75 MPa (Figure 8). The
application of full thickness defects increased the stress in the articular cartilage, apparent

in the elevated von Mises stress in the medial condyle and the increased cartilage
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Figure 6 Von Mises stress distribution in the femoral condyle using the loading
conditions on the articular cartilage and the boundary conditions on the femoral
shaft
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Figure 7 Von Mises stress distribution in the femoral condyle using the loading profile
bone surface and 0 displacement boundary conditions on the articular surface.
The model indicated elevated von Mises stress concentrations underlying the
articular cartilage (A) with lower von Mises stresses on the medial and lateral
surfaces of the femoral condyle as well as in the femoral groove
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deformation (C). In Figure 7, the stress distribution across the medial condyle was 0 -1.5
MPa but with the application of a full thickness cartilage defect, the stress distribution
increased to 0.75 - 1.5 MPa. In the lateral condyle, the stress still ranged from 0.75 to 1.5
MPa for most of the contact surface but on the medial side of the lateral condyle the

stress concentration increased to over 2.25 MPa. The i d cartilage defc

with the application of a full thickness defect is most apparent in the medial condyle,
which indicated that the cartilage is compressed all the way down the subchondral bone at
the ends of the contact surface (C). This complete deformation was not apparent in

articular surfaces not having cartilage defects (Figure 7).
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Figure 8 FEA of femoral condyle with 2 full thickness defects on the articular surface.
The model indicated a decrease in von Mises stress in the trabecular bone
subchondral to the defect sites (A and B) and elevated von Mises stress and
deformation in the lateral articular cartilage (C)



The von Mises stress at the base of the cartilage defect in both the lateral and medial

dyles was approximately 0 and gradually increased with distance away from the defect

site (Figures 9 and 10). In both cases, there was a rounding of the articular cartilage on
the surfaces of the defect (A). This deformation is accompanied by an increase in von
Mises stress at the cartilage bone interface (B). In both the lateral and medial condyles,
the von Mises stress in this region (B) increases to between 1.7 and 2.1 MPa and is the
maximum stress concentration in the region of the defect site. In the trabecular bone,
subchondral to the cartilage defect (C), there was a decrease in the von Mises stress to
between 0 and 0.24 MPa. The von Mises stress then gradually increased as one moves

toward proximal toward the femoral shaft (arrow).
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Figure 9 FEM model of the lateral condyle defect. The model indicated a significant
amount of cartilage deformation along the surfaces of the defect (A) with
increased von Mises stress at the cartilage/trabecular bone interface (B). A
reduction in the von Mises stress in the trabecular bone subchondral to the
defect site was also apparent (C)
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Figure 10 FEM model of the medial condyle defect. The model indicated a significant
amount of cartilage deformation along the surfaces of the defect (A) with
increased von Mises stress at the cartilage/trabecular bone interface (B). A
reduction in the von Mises stress in the trabecular bone subchondral to the
defect site was also apparent (C)

Two MDC implant sizes were tested using this finite element model. Either two
cylindrical implants 1.5 mm in diameter and 6 mm long were implanted into the
subchondral trabecular bone underlying the cartilage defect (Figure 11) or one cylindrical
implant 6 mm in diameter and 6 mm long was implanted (Figure 12). When 2 smaller
implants were used, they were evenly spaced across the defect site leaving 1-mm gaps
between the edges of the defect and the implant as well as a Imm gap between the
individual implants. When the larger MDC implant was tested, the implant spanned across

the entire defect site.

The insertion of two porous implants into the trabecular bone subchondral to the defect

site resulted in little to no alterations of the von Mises stress in the bone and cartilage

surrounding the defect site (Figure 13). The von Mises stress at the base of the cartilage



Figure 11 Area map of the femoral condyle with cartilage defects and 2 magnetic implants

Figure 12 Area map of the femoral condyle model with cartilage defects and 1 magnetic
implant
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defect was 0.020 MPa and gradually increased to approximately 1 MPa at areas proximal
to the defect site. Stresses in the implants ranged between 0.02 and 0.70 MPa and the
stress in.the bone adjacent to the implant ranged from 0.02 MPa between the implants (A)
to 0.93 MPa on the outside surfaces of the implants (B). In the articular cartilage the
stress ranged between 0.93 and 1.39 MPa with stress concentration points of
approximately 2 MPa at the cartilage/bone interface (C).

The insertion of two solid implants into the trabecular bone subchondral to the defect
site (Figure 14) resulted in higher stress concentrations in the implants and stress gradients
in the trabecular bone adjacent to the implant sites as compared to porous implants. The
von Mises stress in the trabecular bone adjacent to the MDC implants ranged between 1.0
and 1.25 MPa at the cartilage surface (A) and gradually decreased to between 0.39 and
0.61 MPa at the deepest portion of the implant (B). Once again, the stress was lowest in
the trabecular bone between the two implants (C) with the minimum stress of the solid
implants of 0.17 MPa compared to 0.02 MPa for the model containing porous implants.
Comparing the stress profile in the solid implants and the porous implants indicated an
elevated maximum stress from 0.70 in the porous implants to 2.12 in the solid implants.
The stress gradients in the solid implants were also considerably greater than that of the
porous implants having a distribution of stress between 0.60 to 2.12 MPa in solid implants
compared to between 0.02 and 0.70 in porous implants.

With the implantation of one porous implant that spans the entire width of the defect
site (Figure 15) the von Mises stress profile was very similar to that of Figure 14 where no

implant was used. The stress concentration was at a minimum (0.04 MPa) at the base of
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Figure 13 Von Mises stress profile of the lateral condyle femur with 2 porous implants
implanted into the base of the cartilage defect. The FEM model predicted a
decrease in the von Mises stress between the implants (A) and a slight increase
in von Mises stress surrounding the implant (B). Once again stress
concentration points were present at the cartilage/trabecular bone interface (C)

.17343  Mpa
.389714 MPa
.605999 MPa
.822284 s::
1.039 MPs
1.255 MPa
1.471 MPa
1.687 MPa
1.904 MPa
A 2.12 MPa

Figure 14 Von Mises stress profile of the lateral condyle with 2 solid implants implanted
into the base of the defect. The FEM model predicted a decrease in the von
Mises stress between the implants (A) and a slight increase in von Mises stress
surrounding the implant (B). Once again stress concentration points were
present at the cartilage/trabecular bone interface (C)
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the cartilage defect and gradually increased radially toward the center of the femoral
condyle. The implant stress ranged between 0.04 and 0.70 MPa from most of the implant
with elevated stresses at the corners, adjacent to the defect site (A), of up to 1.56 MPa.
The von Mises stress in the trabecular bone adjacent to the implant ranged between 0.48
and 1.346 MPa (B) on the bottom surface and between 0.91 and 1.35 on the sides (C).
Once again, there were stress concentrators at the cartilage/bone interface at the edge of
the defect site that resulted in a von Mises stress of 2.00 MPa. Throughout the rest of the
cartilage the stress ranges between 0.91 and 1.35 MPa.

Insertion of one solid implant beneath the cartilage defect resulted in a decrease in the
stress in the trabecular bone adjacent to the implant as well as increases in the stress in the
implant (Figure 16). In this case the location of the minimum stress (0.08 MPa) moved
from what was the implant/defect interface to the middle of the implant. The von Mises
stress then gradually increased as you move away from this minimum. Comparing the
stresses inside the solid implant to the stresses in the porous implant showed higher
stresses approaching 3.12 MPa in the solid implant compared to 1.56 MPa in the porous
implant. Both maximum stresses occurred at the top corner of the implant adjacent to the
defect site (A). With the solid implant the stress gradient was much higher than the
porous implant ranging between 0.08 and 3.12 MPa. The von Mises stress in the
trabecular bone adjacent to the implant ranged between 0.42 and 1.10 MPa (B) on the
bottom surface and between 0.42 and 1.43 on the sides (C) which was slightly less than if
porous implants were used. With solid implants that span the entire defect site the stress

concentrators at the cartilage/bone interface at the edge of the defect site were not
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Figure 15 Von Mises stress profile of the femoral lateral condyle with 1 porous magnet
implanted at the base of the defect. The FEM model predicts minimal elevated

von Mises stresses in the corners of the implant (A) and along the sides of

implant (C). The von Mises stress was minimized on the proximal end of the

implant (B) and gradually i d with di away from the implant
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Figure 16 Von Mises stress profile of the femoral lateral condyle with 1 solid magnet
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implanted at the base of the defect. The FEM model predicted higher stresses
in the corners of the implant (A). The stress surrounding the implant was more

uniform and ranged between 0.42 and 1.10 MPa over most of the
implant/trabecular bone interface (B)



apparent and the stress throughout the rest of the cartilage ranged between 0.75 and 1.43

MPa which once again was slightly lower than with porous implants.

DISCUSSION
In this model the effect of cartilage defects and the implantation of MDC implants on

the von Mises stress concentration was determined. The von Mises stress is calculated by:

S LA Y - 0

From Equation 1 the von Mises stress is calculated as the average difference in the

principal stresses G,, 6; and o;. The von Mises stress can then be compared to stress
values obtained from samples of the material tested in the laboratory in uni-axial

compression to estimate the probability of failure.'*

Even though this comparison is less
effective for anisotropic materials such as bone and articular cartilage it is often still used
in this case and greatly simplifies the interpretation and representation of FEA stress
analysis."*

In general the von Mises stress in the trabecular bone in all cases studied varied
between 0 and 1.52 MPa which is well below the ultimate compression strength for the
trabecular bone. Carter and Hayes reported the ultimate compressive strengths of
trabecular bone to range between 2 and 10 MPa for samples having apparent densities
between 0.2 and 0.5 gm/cc respectively.”” Behrens et al. reported compressive strengths
between 2.95 and 29 MPa for trabecular bone having apparent densities between 0.3 and

0.9 gm/cc respectively.'® Ducheyne et al. reported ultimate compression strengths of the

trabecular bone in human femurs that ranged between 15.7 MPa on the lateral condyle and
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34.6MPa on the medial condyle.'” The increased ultimate compression strengths of the
medial condyle was attributed to the higher density of bone on the medial side due to the
fact that a greater portion of the joint force during the free stance phase of walking is
concentrated on the medial condyle. Thus, based on these results the introduction of
articular cartilage defects or the implantation of porous or solid MDC implants would not
appreciably compromise the strength of the subchondral trabecular bone and initial failure
of the femoral condyle.

The two drawbacks to this study are: 1) a lack of published data on the material
properties of PLA/PGA/Fe implants the Poisson’s ratio of the MDC implants were
estimated to be 0.3, and 2) the loading conditions for knee subject to 6mm full thickness
cartilage defects are not known. Figures 6 and 7 show that the location of the applied
loads and the boundary conditions play effect the von Mises stress in the articular cartilage
and in the subchondral trabecular bone. With the loading forces applied to the articular
cartilage surface the maximum von Mises stress in the cartilage and subchondral bone
reached between 2.25 and 3.00 MPa. With the loading forces applied to the femoral shaft,
the maximum stresses in the cartilage and subchondral bone ranged between 0.75 and 1.50
MPa. This reduction was attributed to the fact that when the boundary conditions are
applied to the articulating surface, the stress is redistributed and averaged across the
boundary condition. However, since the maximum stress for both models is significantly
less than the maximum compressive stress for bone and in this study the effects of adding
MDC implants to the subchondral bone on the stress are being evaluated, the magnitude is

less critical.
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The small von Mises stress concentrations, between 0 and 2 MPa, which dominate this
study are the result of two factors. First, the stress in articular cartilage and subchondral
trabecular bone is minimized in this study by the fact that the loading is placed on the
femoral surface condyle and the zero displacement boundary condition is placed on the
articular surface (Figures 5). This resulted in a redistribution of the stresses across the
articular surface (Figure 7) as compared to models which load the femoral condyle
through the articular cartilage and have the boundary condition on the femoral shaft
(Figures 4 & 6). However, this model is necessary in order to evaluate the stresses in a
femoral condyle where the articular surface is compromised and the contact surface is
different than previous studies where the loading is analyzed.

The second reason the von Mises stresses are low in this study is that a full thickness
articular cartilage defect is applied to the medial and lateral condyles. The application of
this defect reduces the contact area of the boundary condition. Thus, the subchondral
trabecular bone to the defect site is unconstrained. This reduces the stress in that area
which was shown in Figure 8. This reduces the stress in the trabecular bone even further
before the MDC implants are implanted. This is important because according to Wolff’s
law this reduced stress state in the trabecular bone subchondral to the defect site could
result in a significant amount of bone resorption or remodeling under the cartilage defect.

In 1892 Julian Wolff published his monograph on bone remodeling.'"* His main
observation was that bone is reformed in response to the loading conditions that act on it.
Wolff emphasized that the remodeling of cancellous bone follows mathematical rules
corresponding to the principle stresses that act on it. Bone not subject to forces due to

inactivity have been shown to resorb and decrease in apparent density and bone subject to
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increased stress has been shown to remodel increase in apparent density in the areas of

elevated stress.'®?°

Thus, not only is it important to evaluate the stress as it may
contribute to bone failure, but it is also important to evaluate the stress conditions in the
trabecular bone and how they will effect the bone in-growth into the implant site as the
implant degrades.

Comparing the von Mises stress profiles of condyles subject to multiple implants to
condyles subject to single MDC implants indicated higher stresses in the trabecular bone
surrounding single implants. The von Mises stress between two smaller implants ranged
between 0.2 and 0.5 MPa which is significantly lower than the von Mises stresses in the
same area of a femur not subject to full thickness cartilage defects or MDC implants which
was between 0.75 and 1.5 MPa (Figure 7). Thus, by placing multiple implants into the
defect site the bone between the implants will most likely resorb or remodel to decreased
apparent density and load bearing capacity due to the decreased stress in that area. In the
regions outside of the implants the von Mises stresses are more comparable to the native
condition and higher for single implants as compared to multiple implants. Thus, by
Wolff’s law it is also expected that the regeneration around the single implants would be
accelerated as compared to the bone surrounding the smaller multiple implants.

Comparing the stress concentrations of solid implants compared to porous implants
this study indicated that solid implants resulted in higher stresses in the implants as well as
decreased stresses in the trabecular bone surrounding the implants. The increased stress in
the solid implants would result in an increased implant degradation rate. Implants placed
in anatomic sites exposed to greater degrees of stress have been shown to degrade faster

than implants in low stress areas.”’ The elevated stresses are believed to lead to cracks in

113



the implant, which both reduce the effective strength of the implants and increase the
surface area of the implant resulting in an increase in water absorption and increased
degradation kinetics. The elevated von Mises stress in the trabecular bone surrounding
porous implants is also important because once again this predicts an increased bone

remodeling rate in that area.

CONCLUSIONS

A finite element model was used to evaluate the stress concentration in the subchondral
trabecular bone of a femoral condyle subject to articular cartilage defects and MDC
implants. Results showed that the addition of full thickness cartilage defects decreased the
stress concentration in the subchondral bone underlying the cartilage defect with minimal
to no increases in stress to the trabecular bone surrounding the defects. Solid and porous
magnetic implants, located directly beneath the cartilage defect, did not significantly
increase the stress concentration in that area. Implanting two polymer magnets that are
1.5mm wide and 6mm long into the subchondral bone underlying cartilage defects shielded
the subchondral bone between the implants and were predicted to result in bone
resorption. However, implants that span the entire width of the defect resulted in an
increase in the von Mises stress in the surrounding subchondral bone and is predicted to
remodel more quickly. Solid PLA/PGA/Fe implants resulted in decreases in von Mises
stress in the surrounding subchondral bone and articular cartilage as well as significant
increases in the stresses developed within the implant itself as compared to porous
implants. However, even with elevated stresses in the bone and the implant both are

significantly lower than the ultimate compressive strengths of trabecular bone. Thus, for
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cartilage defects that are 6 mm wide, porous magnets that span the entire defect site

would be the most beneficial to maximizing the rate of bone in-growth during implant

degradation with out compromising the strength the subchondral trabecular bone.
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CONCLUSIONS

This research has been successful in producing a biocompatable, biodegradable,
magnetic, polymer implant. In Chapter 1 solid implants and implants with predictable
porosities could be fabricated by salt leaching and extrusion molding techniques. The
compressive strength and elastic modulus of porous samples equated well with those of
trabecular bone, while the compressive strength of solid samples was significantly less
than cortical bone. The elastic modulus of the solid samples was equivalent to that of
cortical bone. Implants fabricated with SmCos possessed higher magnetic field strengths
as compared to equivalent samples composed of Fe particles. In both cases the initial
implant magnetization increased with increases of magnetic material, PGA composition
and decreases in implant porosity. In a preliminary study of the chondrocyte/implant
attraction, photomicrographs indicated that magnetically tagged chondrocytes coated
porous 50/50 P(dI)A/PGA implants containing 25 vol. % Fe.

In pilot biocompatibility studies, the biocompatibility of P(dl)/A/PGA/Fe implants
was tested by implantation into the femoral groove of NZW rabbits. Results indicated a
minimal immunological response with normal fibrous encapsulation and a minimal
foreign body response to both 50/50 and 75/25 P(dI)A/PGA implants. 50/50 P(d])A/PGA
composites resulted in a greater degree of bioactivity with a larger amount of bone
forming cells in the vicinity of the implant as compared to equivalent implants made from
75/25 P(dI)A/PGA.

In Chapter 2, the magnetic strength of P(d)A/PGA/Fe and P(dI)A/PGA/SmCos
implants was investigated as a function of in vitro degradation time. This data was then

used to estimate the maximum chondrocyte/implant separation distance. Results showed
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that implants that contained SmCos had a larger initial and 8 week attraction distance.
The initial magnetic pole strength increased with increasing volume of magnetic material,
and the magnetic pole strength degradation rate decreased. Additionally, solid implants
had higher magnetic field strengths during degradation than porous implants. Implants
with higher PGA compositions generated higher initial magnetic field strengths.
However, the higher magnetic field strengths of the 50/50 P(dl)A/PGA implants degraded
quicker than the 65/35, 75/25, and 85/15 P(d)A/PGA implants. The maximum
separation distance at which the implant is capable of attracting chondrocyte cells was
calculated to be 2.24 mm for SmCos samples and 0.38 mm for Fe samples.

In Chapter 3, the effect of HO, and EtO sterilization techniques on the molecular
weight and chemical structure of 100 P(dl)A, 75/25 P(dI)A/PGA, and 50/50 P(d)A/PGA
polymers was investigated to determine the most appropriate sterilization strategy. GPC
analysis showed a decrease in the molecular weight of 50/50 and 75/25 polymers subject
to hydrogen peroxide sterilization, while no significant changes were found with
polymers subjected to ethylene oxide sterilization. FTIR analysis supported these results
and indicated a decrease in the incidence of the COC ester bonds, which is consistent
with the initial stages of PLA/PGA hydrolysis.

In Chapter 4, finite element analysis of a femoral condyle subjected to articular
cartilage defects and MDC implants indicated that solid and porous magnetic implants,
located directly underneath the cartilage defect, did not alter the stress concentration in
bone surrounding the implant. However, solid implants resulted in lower stresses in the
surrounding subchondral bone as well as significant increases in the stresses developed

within the implant itself as compared to porous implants. However, even with the
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elevated stresses, the stress level in the implants was well below their ultimate
compressive strengths.

From these results, the optimum implant for magnetically directed chondrogenesis
would be solid, composed of 50/50 P(dI)A/PGA and contain 50 vol. % SmCos. The
choice of the 50/50 P(d])A/PGA polymer was made on the basis that 50/50 P(d])A/PGA
implants had the highest initial magnetic field and a greater level of bioactivity than
implants containing higher concentrations of PLA. The only drawback to the 50/50
P(d)A/PGA implants is their increased degradation rate, which limits the attraction
distance 8 weeks after implantation.

The optimum implants are solid for two reasons. First, the magnetic field strength of
solid implants was significantly higher due to the larger amount of magnetic material and
improved magnetic particle spacing. Secondly, solid implants resulted in a decreased
degradation rate due to the decreased surface area open to H,O absorption. The
drawback to solid implants is that it was shown that porous implants are predicted to
result in higher von Mises stresses in the subchondral bone surrounding the implant. This
would theoretically increase the rate of bone in-growth during implant degradation.

The optimum implant would be composed of SmCos because of the higher implant
chondrocyte/attraction distance, which should result in a more complete filling of a full
thickness defect site with chondrocytes. The maximum separation distance for
P(d)A/PGA/Fe implants was 0.38 mm and for P(d])A/PGA/SmCos implants was 2.24
mm. However, for use in human models, where the cartilage thickness can range from 1-

6 mm, it was determined that the chondrocyte particles would still have to be injected
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into the defect site due to the minimal maximum attraction distances of both
P(d)A/PGA/Fe and P(d)A/PGA/SmCos implants.

The implants should be sterilized by EtO sterilization instead of H,O, sterilization in
order to minimize the amount of hydrolytic degradation before implantation. H,O,
sterilization of 50/50 P(dI)A/PGA polymers resulted in a 10% decrease in the molecular
weight 14 days after sterilization, and EtO sterilization of 50/50 P(d)A/PGA did not have
a significant effect on the molecular weight. Thus, in order to optimize the properties of
the implant at the time of implantation, EtO sterilization is the most appropriate
sterilization method.

For cartilage defects less than 6 mm wide, the implants should span the entire defect
site in order to optimize the magnetic field across the defect site. Neither single nor
multiple implants resulted in a significant increase in the von Mises stress in the
surrounding subchondral trabecular bone. In fact, the stress between multiple implants
was decreased considerably and could possibly lead to resorption of that bone anyway.
In any case implants under 6 mm in diameter and 6 mm long have been shown to only

minimally increase the stress of the trabecular bone in the femoral condyle.
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APPENDIX 1

AN IN VIVO STUDY OF THE BIOCOMPATIBILITY AND BIOREACTIVITY OF
50/50 P(dI)A/PGA/FE AND 75/25 P(d)A/PGA/FE IMPLANTS USED AS DELIVERY
DEVISES FOR MAGNETICALLY DIRECTED CHONDROGENESIS

ABSTRACT

Recent studies have evaluated the magnetic properties of P(d])A/PGA/Fe implants as a
magnetic delivery device for magnetically directed chondrogenesis (MDC). However,
the biocompatibility of P(d])A/PGA/Fe implants has not been evaluated. In this study,
the biocompatibility of 75/25 and 50/50 P(d])A/PGA/Fe implants were evaluated
following implantation into the mid-portion of the trochlea in each knee of 2 New
Zealand White (NZW) rabbits for 8 weeks. 50/50 and 75/25 implants showed a fibrous
encapsulation that contained cellular activity. In the 75/25 implants, encapsulation was
greatly reduced with less cellular response apparent in the implant region. In this pilot
study, the immune response to both the 50/50 and 75/25 P(dI)A/PGA/Fe implants was
minimal but before absolute biocompatibility can be determined more specific

biocompatibility studies must be performed.

INTRODUCTION

The recent studies of magnetically directed chondrogenesis (MDC) as a cartilage
regeneration technique capable of forming tissue with hyaline-like cartilage morphology
has necessitated the development of biodegradable, biocompatible, magnets.'?

Specifically, implants composed of P(dI)A/PGA copolymers combined with 1.9 um Fe
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particles have been shown to posses a sufficient magnetization to attract magnetically
tagged chondrocytes in vitro. However, the biocompatibility of this type of implant is
still not completely understood.

The biocompatibility of bioresorbable polyesters such as polylactic acid (PLA)*?,
polyglycolic acid (PGA)'®"” and their copolymers (PLA/PGA)'**? have been studied
extensively in the form of sutures, bone rods and bone screws. In general, little to no
immune response was reported and bone formation adjacent to the implant occurred in as

3-7,11-13,18-20

early as 3 weeks post-operative. However, PGA has shown a moderate

foreign body reaction, in the form of bone rods that is characterized by macrophage and

IL12 with numerous cases resulting in aseptic sinus formation.'*'* This

giant cell activity
immune response is contributed to the rapid degradation rate of the PGA polymer. PLA
has also been found to produce a late foreign body reaction.” In the case of PLA, this
response consists primarily of giant cell, monocyte, and fibroblast cellular activity at the
site of PLA implantation.

Fe is a readily available ferromagnetic material that is tolerated by the body and has a
proven record of safety and biocompatibility.® Although, Fe is an essential mineral, at
high doses it can be toxic. This has initiated biocompatibility studies of Fe particles

resulting from implant wear.**’

The biocompatibility of 55 pum steel particles was
evaluated by Lucas et al.>* Lucas et al. reported that 55 um particles were too large to be
transported systemically and resulted in an immune response that included a loss of
ultrastructural organization of the surrounding cells that increased with particulate

concentration.* In a study by Buchhorn et al., Fe particles with particle sizes ranging

between 0.5 and 0.65 pm, subcutaneously injected into the back of rats. A mild

122



inflammatory response at the site of implantation was noted, along with a strong active
absorption of the particles away from the implant site.”> Thus, the size of Fe particles
plays an important role in the biocompatibility and the resulting inflammatory response.
In this study, the biocompatibility of porous P(d])A/PGA implants, containing 25 vol.
% by volume of 1.9 um Fe particles was evaluated. The MDC implants were implanted
into the mid-portion of the trochlea of New Zealand White (NZW) rabbits.
Biocompatibility was assessed at the implant site by histological examination of the

surrounding trabecular bone, 8 weeks after implantation.

EXPERIMENTAL METHODS
MATERIALS

50/50 P(dI)A/PGA polymer and 75/25 P(d)A/PGA polymer implants with 25 vol. %
Fe and a target 50 vol. % porosity were prepared using the processing techniques
described in Chapter 1. The implants were cylindrical, approximately 1.Smm in
diameter and Smm long. For each of the implants evaluated, the initial magnetic

parameters and general material properties of the implants are given in Table 1.

Table 1: Physical properties of the implants used.

Implant Density  Estimated  Field strength Magnetic Susceptibility
(gmv/cc) Porosity (emu) (emw/gm)
50/50 Implant A  1.622 43% 9.928x10~ 0.764
50/50 Implant B 1.534 46% 2.540x107 0.110
75/25 Implant A  1.595 45% 1.608x10° 0.404
75/25 Implant B 1.242 44% 6.525x10" 0.423

Prior to implantation, the implants were placed in pouches, sterilized with ethylene oxide

and aerated under a vacuum for 8 hours.
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METHODS
Implantation

Under general anesthesia, the knee region was shaved, prepped and draped in a sterile
fashion. A medial parapatellar incision was used to enter the knee joint and expose the
distal femur and trochlea (patello/femoral joint). A drill fitted with a customized bit,
sized approximately 0.01-0.05mm greater than the implant diameter, was used to create
two defects in the mid-portion of the trochlea. One defect was approximately 1 cm distal
to the superior joint margin and one defect was approximately 1 cm proximal to the
superior joint margin. In this same fashion, a full thickness cartilage defect was
generated that was approximately 3mm in diameter. The implant was then inserted using
a polyethylene guide and tap. The implant was set flush with the subchondral
bone/cartilage interface. The joint capsule, subcutaneous tissue-and skin were then closed
using 4-0 nylon sutures.

At 8 weeks post-operative, the animals were sacrificed by injection of Pentobarbitol

and the knees harvested for histologic evaluation.

Histological Preparation
Fixation

The knees were fixed by submerging the tissue into a buffered isotonic solution of 4%
formaldehyde to avoid tissue digestion by enzymes or bacteria and to preserve the
physical structure of the knee. Formaldehyde reacts with the amine groups (NH;) in the

tissue proteins which blocks the enzyme or bacteria attack. The knees were then
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sectioned into cubic 2.54 cm blocks that encapsulated the implant site. The sectioned

knees were stored frozen in this isotonic solution prior to subsequent tissue preparation.

The tissue was then thawed and washed with tap H,O for 3 hours prior to embedding.

Embedding

The tissue was next embedded. Embedding was broken down into 2 stages:
dehydration and clearing. During dehydration, water in the tissue was replaced with an
organic solvent by rinsing the tissue with increasing alcohol concentrations. Subjecting
the tissue to continuously increasing alcohol concentrations then dehydrated the tissues.
The joint was next rinsed with 70% ETOH for 6 hours, 95% ETOH overnight with
agitation and then 3 rinses of 100% ETOH for 3-6 hours with the ETOH being replaced
after each rinse. The second stage of embedding is clearing. During clearing, ethanol
was replaced by a solvent miscible with the embedding medium (Paraffin). This was
accomplished with 3 rinses of 100% methyl salicylate for 3-6 hours with the methyl
salicylate being replaced after each rinse. The tissue was finally floated in melted
paraffin at 60-65°C under an applied vacuum. The heat evaporated the solvent and the
resulting vacant spaces then filled with liquid paraffin. The embedded tissues were then

cooled to room temperature.

Sectioning/Staining
The embedded block containing the tissue sample was sectioned using an Isomet low
speed bone saw. Tissue sections approximately 1-10um in thickness were floated in

warm H,O and transferred onto glass slides for microscopic evaluation. The slides were
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then stained by a combination of Hematoxylin and Eosin stains. Hematoxylin stains the
cell nucleus and acidic structures blue, while eosin stains the cell cytoplasm red and

stains collagen pink.

RESULTS

Figures 1 and 2 are the histological optical photomicrographs of the 50/50
P(dl)A/PGA/Fe implants after 8 weeks. Images in this dissertation are presented in color.
The implant site is the hollow portion in the middle of both micrographs, marked A. The
material that appears to be floating in the center of this hole (B) is believed to be what is
left of the implant. Surrounding each of the implants is a thin fibrous encapsulation layer
that is approximately 0.10-0.25 mm thick (C). The pores (D), surrounding the implant
and outside of the implant encapsulation, is the marrow region.

A higher magnification of the marrow space and encapsulation are shown in Figures 3
and 4 respectively. The tissue in Figure 3 shows little evidence of an immune response.
The marrow appears healthy with few areas, close to the implant, where marrow pores
are filled with lymphocytes and lymph nodes. These lymphocytes are considered to be
only a mild foreign body reaction. In Figure 4, the purple fibrous encapsulation appears
to be filled with darker cells (marked A). These cells are similar to those found in the
immune response of previous studies.®*° Matlaga et al labeled these cells as macrophage
and fibroblast cells.*® Cutright et al. labeled these cells as plump fibroblasts, endothelial
cells, and mononuclear phagocytes.® Red blood vessels have also begun forming at the

implant/bone interface (marker B).
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Figure 1 Cross-section of 50/50 P(dl)A/PGA/Fe Implant after 8 weeks. The implantation

site (A) is filled with residual implant fr. (B) and ded with a
fibrous encapsulation (C). The bone marrow regions (D) shows little evidence

of an immune response , 25X

Figure 2 Cross-section of 50/50 P(d1)A/PGA/Fe Implant after 8 weeks. The implantation

site (A) is filled with residual implant fr: (B) and sur ded with a
fibrous encapsulation (C). The bone marrow regions (D) shows little evidence
of an immune response, 25X
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Figure 3 Histological micrograph of the marrow region (DD) surrounding the 50/50
P(dL)A/PGA/Fe implant 75X

Figure 4 Histological micrograph of the fibrous encapsulation surrounding the 50/50
P(dl)A/PGA/Fe |mplant The purple fibrous encapsulation is filled with
and 1 (A) as well as red blood vessels (B),

1 OOX
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Figure 5 is a histological photomicrograph of a 75/25 P(dI)A/PGA/Fe implant. Once
again, the implant site (A) is filled with residual implant material (B). Fibrous
encapsulation of the implant, similar to that of the 50/50 implant, is minimal. However,
the marrow space, adjacent to the implant shows an increased foreign body activity (C).
Figures 6 and 7 are the higher magnifications of this foreign body response to the
implant. The marrow region is filled with a significant amount of dark cells (CC). These
cells are lymphocytes and lymph nodes. Compared to the immune response of the 50/50
P(d)A/PGA/Fe, the 75/25 P(d)A/PGA/Fe implants resulted in more lymphocyte activity

in the bone marrow region and borders on a secondary immune response.

DISCUSSION

The fibrous encapsulation or walling off of the implant to the surrounding bone,
shown in Figures 1, 2 and 4, is similar to that found in previous studies involving PGA
and PLA.%'%'%3° However, this region is thin, extending only 0.25 mm from the implant

surface. This indicated that the reaction is minimal and rated, 1 of 5 where 0 is no

immune response and 5 is complete implant rejection.”’ Makels et al. showed this type

of encapsulation as early as 3 weeks after implanting pure PGA into NZW rabbits."'
They found that at 4 weeks, this reaction increases considerably as pieces of PGA break
away from the implant. The encapsulation is fibrous in nature as evidenced by its pink
coloration of a collagen matrix, which indicated the presence of collagen fibers.”® Blood
vessels, scattered fibrocytes and macrophage cells were found in the fibrous
encapsulation and in the areas immediately surrounding the implant. This is consistent

with the findings of Mooney et al. who implanted porous PLGA and PLA sponges seeded
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Figure 5 Cross section of 75/25 P(dl)A/PGA/Fe implant. The implantation site (A) is
filled with residual implant fragments (B) The bone marrow regions (c) shows
evidence of an immune response, 25X

Figure 6 Histological micrograph of the marrow region surrounding the 75/25
P(dl)A/PGA/Fe implant, 75X
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Figure 7 Histological micrograph of the marrow region surrounding the 75/25
P(dI)A/PGA/Fe implant showing lymphocyte activity (CC), 100X

with hepatocyte cells into Lewis rats.*?'

They reported fibrovascular tissue
encapsulation and in-growth with composite tissue consisting of blood vessels and
fibrous tissue. Capillaries from the host tissue grew into the newly formed tissue and
resulted in the formation of an integrated tissue consisting of implanted cells and

mesenchymal elements from the host tissue.?!

In the 50/50 and 75/25 P(dl)A/PGA/Fe impl no dary i was

P P

noted since the surrounding marrow regions were not completely filled with foreign body
cellular material. Some areas are partially full of lymphocytes and lymph nodes, which
indicates an elevated immune response to the implants. However, the reaction is minimal
near the implant site and is constrained to regions near the implant.

Comparing this slight immune response to the responses of previous studies shows an

absence of macrophage and giant cell activity in both the 75/25 and 50/50 implants.'?
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The absence in macrophage and giant cell activity at 8 weeks post-operative is attributed
to the more rapid degradation rate of the pure PGA used by Ruuskanen et al.'?> compared
to the 75/25 and 50/50 polymers used in this study. Macrophage and giant cells are
responsible for breaking down the PGA and exporting the material for disposal. The
implants in this study, however, have not degraded to the point of disintegration so
exporting and removal mechanisms are not apparent.

The encapsulation surrounding the implants was filled with dark spots. These spots
are comparable to other studies that labeled them as fibroblast and phagocytes. Other
notable artifacts of the 50/50 implants are the presence of red blood vessels supplying the
area with osteocytes necessary for bone re-growth (Figure 4). In the 75/25 P(d)A/PGA
samples, shown in Figures 5, 6 and 7 there was less of a response adjacent to the implant,
however the cellular response in the bone marrow region was more pronounced,
bordering on a secondary foreign body reaction.

An immune response to the Fe is not apparent from these results. When 55 pm Fe
particles are implanted into soft tissues, local cells have been reported to lose their ultra-
structural organization.”* Such cells are not readily apparent in these micrographs. The
osteocytes, osteoblasts and osteoclast cells remain viable as indicated by the formation of
the fibrous collagen encapsulation surrounding the implant. When smaller particles of Fe
have been introduced, lymph nodes are created for storage and resorption of the
particles.?**” Even though lymphocytes and lymph nodes surround both the 50/50 and
75/25 P(d])A/PGA implants, at 8 weeks the reaction is minimal. Thus, the 1.9 um Fe
particles used in this study gave the same tissue reaction as the 0.5-0.65 um Fe used in

26,27

previous studies™ " and are probably are eliminated in the same fashion.
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CONCLUSION

50/50 P(d)A/PGA/Fe and 75/25 P(d)A/PGA/Fe implants were placed into the
subchondral bone of a NZW rabbit for 8 weeks. Histological analysis of both the 50/50
and 75/25 P(d)A/PGA/Fe implants showed a fibrous encapsulation and lymph node
formation at the interface between the bone and implant. However, the response was
considered minor. The cellular activity in the encapsulation region of the 50/50
P(dI)A/PGA/Fe implants was significantly greater than the 75/25 implants. The 1.9 um
Fe particles indicated an immune response comparable to other studies that utilized 0.5-
0.65 um Fe particles.’®?’” Based on this pilot study, 50/50 and 75/25 P(dI)A/PGA/Fe
implants pose no obvious biocompatibility concerns. = However, more specific
biocompatibility studies need to be performed before an absolute biocompatibiliy can be

determined.
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APPENDIX 2

POROSITY DETERMINATION:

ID Dia. Length Volume Archemedes Measured Measured

Pely-Vol-Por# (mm) (mm) (mpl) b ) M y Poresity Dessity(gm/cc) Beresity

75-25-50-1 1.7 17.07 16.03 0.023 0.01 0.037 0.027 1.43397283 49.14989964

51.8518519

75-25-50-2 162 7.18 14.79191 0.022 0014 0.032 0018 555555556 1.487299907 47.25886855

75-25-50-3 156 6.5 12.4174. 0.015 0.006 0.024 0018 50 1.207978067 57.16389833

75-25-504 185 6.65 17.86631 0.02 0.008 0.035 0.027 55.5555556 1.119425606 60.30405653

75-25-50-5 167 6.64 14.53686 0.016 0.01 0025 0015 60 1.100650168 60.9698522

75-25-506 16 642 12.90163 0.015 0008 0023 0.015 53.3333333 1.16264361 58.7715032

75-25-50-7 1.7 6.17 13.99757 0017  0.007 0.029 0.022 54.5454545 1.214496473 56.93274919
75-25-50-8 1.65 6.35 13.57098 0.017 0.01 0.025 0.015 53.3333333  1.25267281 55.57897837
75-25-50-9 1.73  7.06 16.58695 0.02 0.01 0.031 0.021 52.3809524 1.205767105 57.24230123
75-25-50-10 1.85 7.26 19.50517 0.022 0.01 0036 0.026 53.8461538 1.127906103 60.00332968
75-25-50-11 165 6.62 14.14802 0.02 0013 0029 0.016 56.25 1413625794 49.87142574

50-25-50-1 193 7.37 21.55022 0.025 0.009 0041 0.032 50 1.160080819 58.86238231
50-25-50-2 205 741 24.44531 0028 0009 0049 0.04 525 1.145413888 59.38248625
50-25-50-3 165 4.55 9.724089 0.012 0006 0.018 0.012 50 1.234048715 56.23940726
50-25-504 166 749 16.20196 0.026 0012 0043 0.031 54.8387097 1.604743767 43.09419267
50-25-50-5 161 6.08 12.37157 0.015 0006 0024 0.018 50 1.212456793 57.00507827
50-25-506 162 715 15.45116 0.021 0015 003 0.015 60 1.359121697 51.80419515
50-25-50-7 167 45 9.851789 0.012 0006 002 0014 57.1428571 1.218052853 56.80663643
50-25-50-8 175 72 17.30925 0.02 0.01 0.03 0.02 50 1.155451565 §9.02654025
50-25-50-9 1.75 5 12.02031 0.017 0.01 0.026 0.016 56.25 1.414272715 49.84848527
50-25-50-10 1.84 6.75 17.93945 0.027 0.019 0.04 0.021 619047619 1.505063032 46.6289705

50-25-50-11 162 6.61 13.61762 0.018 0.007 0029 0.022 50 1.321817081 53.12705385
65-25-50-1 252 6.78 33.79873 0.038 0012 0059 0.047 446808511 1.124302469 60.13111812
65-25-50-2 19 6.18 17.51319 0.024 0.008 0048 0.04 60 1.37039545 51.40441667

65-25-50-3 184 6.75 17.93945 0.025 0.02 0.034 0014 64.2857143 1.393576882 50.58238009
65-25-50-4 228 742 30.27912 0.033 0011 0049 0.038 421052632 1.089859926 61.3524849
65-25-50-5 128 5.2 6.687949 0.011 0.004 0.03 0.026 73.0769231 1.644749433 41.675552
85-25-50-1 196 4.88 14.7164 0.017 0.007 0.027 0.02 50 1.155173719 59.03639294
85-25-50-2 194 532 15.71755 0018 0005 0.032 0.027 51.8518519 1.145216921 59.38947089
85-25-50-3 167 543 11.88783 0.014 0.01 0024 0014 714285714 1.17767541 58.23846064
85-25-50-4 187 6.03 16.55275 0.025 0018 0035 0017 588235294 1.510322967 46.44244797
85-25-50-5 147 4.69 7.955677 0.013 0.003 0.027 0.024 583333333 1.634053168 4205485219
85-25-50-6 176 6.93 16.8511 0.018 0006 0032 0.026 53.8461538 1.068179596 62.12129091
85-25-50-7 191 6.6 18.90081 0.023 0.007 0.038 0.031 483870968 1.216879316 56.8482512
65-25s-50-1 1.76 647 15.73256 0019 0006 0.033 0.027 51.8518519 1207686823 57.17422612
65-25s-50-2 1.65 6.93 14.81054 0016 0009 0026 0017 588235294 1.080312007 61.6910636

65-253-50-3 1.56 6.98 13.33442 0015 0009 0025 0.016 62.5 1.124907942 60.10964745
65-25s-50-4 172 6.78 15.74549 0017  0.011 0.031 0.02 70 1.079674084 61.71368496
65-25s-50-5 2.15 5.52 20.03022 0.02 0.008 0.035 0.027 55.5555556 0.998491429 64.59250251
65-25s-50-6 1.8 6.74 17.14252 0.021 0012 003 0.018 50 1.225024378 56.55941922

85-25s-50-1 165 6.5 13.89156 0.02 0.007 0039 0.032 59.375 1.439723501 48.94597514
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85-25s-50-2
85-25s-50-3
85-25s-50-4
85-25s-50-5
85-25s-50-6
85-25s-50-7
65-40-50-1
65-40-50-2
65-40-50-3
65-40-50-4
65-40-50-5
65-40-50-6
65-30-50-1
65-30-50-2
65-30-50-3
65-30-50-4
65-30-50-5
65-30-50-6
65-20-50-1
65-20-50-2
65-20-50-3
65-20-50-4
65-20-50-5
65-20-50-6
65-20-50-7
65-20-50-8
65-10-50-1
65-10-50-2
65-10-50-3
65-10-50-4
65-10-50-5
65-10-50-6

213 709
181 647
1.61 6.03
1.76  6.24
1.67 5.89
1.77 6.74
147 65
1.58 6.09
1.65 433
1.56 6.14
19 6388
1.68 471
243 623
195 75
1.54 6.32
19 6.18
25 642
1.87 728
1.75 5.88
181 6.68
161 6.75
154 65
1.24 6.78
1.54 711
167 636
172 6.78
172 6.55
224 521
208 5.61
1.38 6.24
1.6 662
194 7.18

25.2508
16.63915
12.26983
15.17328
12.8949
16.57586
11.02599
11.93441
9.253914
11.72971
19.49689
10.4354
28.87821
22.38722
11.76598
17.51319
31.49813
19.98408
14.13589
17.17921
13.73489
12.10109
8.183568
13.23673
13.92386
15.74549
15.21135
20.52123
19.05282
9.328513
13.30355

2121278

0028 0018
0.02 0.012
0.015 0.007
0019  0.009
0.017 0.013
0.021 0.012
0018 0011
0.025 0.019
0.015 0.007
0.021 0.014
0.034 0.025
0017  0.012
0032 0012
0.025 0.017
0016  0.011
0.023 0.008
0.032 0.019
0.024 0.013
0.015 0.006
0019  0.012
0.02 0.014
0.014 0.004
0.011 0.004
0.018 0.009
0017  0.007
0.019 0.01

0.016 0.01

0.022 0.009
0.015 0.005
0.008 0.0011
0.011 0.003
0014  0.005

INITIAL POLYMER MAGNETIZATION:

50/50 P(dI)A/PGA
25 Volume % Fe

50% porosity:

Average:

0.0002288
0.0002966
0.000314
0.0001003

0.0001117
0.00021028

1.15114E-06
1.49225E-06

1.5798E-06
5.04629E-07
5.61985E-07
1.05796E-06
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0.042
0.028
0.024
0.029
0.023
0.031
0.028
0.035
0.023
0.029
0.045
0.025
0.055
0.033
0.024
0.039
0.048
0.037
0.026
0.027
0.027
0.026
0.02
0.028
0.029
0.031
0.026
0.034
0.026
0.015
0.02
0.025

Pole Strength(emwmm)  Volume Susceptibiliy(H/m)

0.024
0.016 50
0.017

0.019
0.017
0.016 62.5
0.016 50
0.015

0.013
0.043
0.016 50
0.013
0.031 51.6129032
0.029
0.024

0.015
0.013
0.022
0.016
0.019
0.022
0.021
0.016 62.5
0.025 48
0.021
0.0139
0.017

58.3333333

52.9411765
0.02 50
0.01 60
52.6315789
58.8235294

53.3333333
0.02 55

61.5384615
53.4883721

61.5384615

55.1724138
54.1666667
0.02 55

53.3333333
53.8461538
54.5454545

56.25

52.6315789
54.5454545
57.1428571

52.3809524
50.3597122
52.9411765
0.02 33

Average 55.1201459

StDev: 552197979

65/35 P(dI)A/IPGA
25 Volume % Fe
50% porosity:

0.0001737
0.00007
0.0003081
0.000169
0.0001896
0.00018208

1.108875869 60.67816068
1.201984614 57.37643213
1.222510332 56.6485698
1.252200921 55.59571202
1.318350923 53.24996727
1.266902545 55.07437782
1.632506136 42.1097115
2.094782251 25.71694147
1.620935812 42.52000665
1.7903258 36.51326952
1.743868047 38.16070755
1.62907018 422315539
1.108101972 60.70560383
1.116708613 60.40040379
1.359852506 51.77827993
1.313295639 53.42923264
1.015933488 63.97398978
1.200955713 57.41291797
1.061128988 62.37131248
1.105987789 60.78057486
1.456145639 48.36362981
1.156920671 58.97444431
1.344156895 52.33486187
1.359852506 51.77827993
1.220925619 56.70476529
1.206694565 57.2094126
1.051845933 62.70049883
1.072060424 61.9836729
0.787285171 72.08208615
0.857585773 69.58915698
0.826846845 70.67918989
0.659979544 76.59647007
55.35424825
8.39915328

8.73919E-07
3.52184E-07
1.55011E-08
8.50273E-07

9.53916E-07
9.16081E-07



St Dev.: 0.000100456 5.05414E-07 8.47656E-05 4.26473E-07

75/25 P(dI)A/PGA 85/15 P(dI)A/PGA
25 Volume % Fe 25 Volume % Fe
50% porosity: 50% porosity:
Pole Strength(emu/mm)  Volume Susceptibiliy(H/m) Pole Strength(emwmm) Volume Susceptibiliy(H/m)
0.0002031 1.02184E-06 0.0001218 6.128E-07
0.0002373 1.1939E-08 0.0001184 5.95694E-07
0.0000911 4.58342E-07 0.0001142 5.74563E-07
0.0001408 7.08393E-07 0.00008161 4.10596E-07
0.0000866 4.35702E-07 0.0000678 3.41115E-07
Average: 0.00015178 7.63636E-07 0.000100762 5.06954E-07
St Dev.: 6.70792E-05 3.37489E-07 2.44314E-05 1.22919E-07

POROUS 65/35/FE INITIAL MAGNETIC DATA:

65/35 P(dI)A/PGA 685/35 P(dI)A/PGA
10 Volume % Fe 20 Volume % Fe
50% porosity: 50% porosity:
Pole Strength{emwmm) Volume Susceptibiliy(H/m) Pole Strength(emwmm) Volume Susceptibiliy(H/m)
0.0001885 9.48381E-07 0.0001737 8.73919E-07
0.00008107 4.07879E-07 0.00007006 3.52486E-07
0.00002141 1.07718E-07 0.0003081 1.55011E-08
0.0000775 3.89918E-07 0.000169 8.50273E-07
Average: 0.000095196 4.7895E-07 0.000182092 9.16141E-07
St. Dev.: 6.08566E-05 3.06182E-07 8.47458E-05 4.26373E-07
65/35 P(d))A/PGA 65/35 P(dI)A/PGA
30 Volume % Fe 40 Volume % Fe
50% porosity: 50% porosity:
Pole Strength(emwmm) Volume Susceptibiliy(H/m) Pole Strength(emwmm) Volume Susceptibiliy(H/m)
0.00040011 2.01303E-06 0.0003397 1.7091E-06
0.0003016 1.51741E-06 0.000585 2.94325E-06
0.0002908 1.48307E-06 0.0003676 1.84947E-06
0.0003375 1.69803E-06 0.0003622 1.8223E-06
0.0002675 1.34585E-06 0.0003547 1.78457E-06
Average: 0.000319502 1.60748E-06 0.00040184 2.02174E-08

St. Dev.: 5.1648E-05 2.59852E-07 0.000102926 5.1784E-07

139



SOLID 65/35/FE INITIAL MAGNETIC DATA:

65/35 P(dI)A/PGA

12.5 Volume % Fe

0% porosity:

Pole Strengti{emw/mm)
0.00026
0.000315
0.000375
0.000339
0.000324
0.0003226
4.18127E-05

Average:
St Dev.:

65/35 P(dI)A/PGA
30 Volume % Fe
0% porosity:

Pole Strength{emwmm)
0.000754
0.000482
0.000739
0.000568
0.000476
0.0006038

0.00013536

Average:
St Dev.:

65/35 P(dI)A/PGA

40 Volume % Fe

0% porosity:

Pole Strength(emu/mm)
0.000829
0.00071
0.000559
0.000722
0.001019
0.0007678
0.000170208

Average:
St. Dev.:

Volume Susceptibiliy(H/m)
1.30811E-08
1.58483E-06

1.8867E-06
1.70558E-08
1.63011E-06
1.62307E-08
2.10368E-07

Volume S tibiliy(H/m)
3.79352E-06
2.42504E-06
3.71806E-06
2.85772E-068
2.39485E-06
3.03784E-06
6.81021E-07

4.17086E-06
3.57215E-08
2.81244E-06
3.63253E-08
5.12679E-08
3.86296E-06

8.5635E-07

140

85/35 P(dI)A/PGA

25 Volume % Fe

0% porosity:

Pole Strength(emu/mm) Volume Susceptibiliy(H/m)
0.000503 2.53069E-06
0.000508 2.54579E-06
0.000492 2.47535E-08
0.000503 2.53069E-06
0.000597 3.00363E-06
0.0005202 2.61723E-06

4.32631E-05 2.17666E-07

65/35 P(dI)A/PGA

35 Volume % Fe

0% porosity:

Pdle Strength(emwmm) Volume Susceptibiliy(H/m)
0.000729 3.66774E-06
0.000778 3.91427E-06
0.000731 3.67781E-06
0.000817 4.11049E-08
0.00043 2.16342E-06
0.000897 3.50675E-06

0.000153647 7.7303E-07

65/35 P(dI)A/IPGA

45 Volume % Fe

0% porosity:

0.000882 4.43752E-06
0.000873 4.39224E-06
0.001057 5.31798E-06
0.000835 4.20105E-06
0.000675 3.39606E-06
0.0008644 4.34897E-08
0.000136212 6.85311E-07



SmCos INTITIAL MAGNETIC DATA:

65/35 P(dI)A/PGA

25 Volume % SmCog

50% porosity:

Pole Strength(emu/mm)
0.02629
0.037619
0.039814
0.027319
0.029056
0.0320196
0.006241251

Average
St Dev.

65/35 P(dI)A/PGA
50 Volume % SmCo5

0.154795

0.175575

0.196047
Average 0.1737586
St Dev. 0.016841969

Volume Susceptibitiy(H/m)

0.00013227
0.000189269
0.000200312
0.000137447
0.000146187
0.000161097

3.1401E-05

0.000874214
8.47353E-05
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85/15 P(dI)A/PGA

25 Volume % SmCo;

50% porosity:

P rength(emu/mm) Volume Susceptibiliy(H/m)
0.021168 0.00010649
0.013707 6.89627E-05
0.017083 8.5948E-05
0.023078 0.00011611
0.029976 0.000150815
0.021002 0.000105665

0.006193645 3.11615E-05

85/15 P(dI)A/PGA

50 Volume % SmCo5

0% porosity:

Volume Susceptibiliy(/m) Pole Strength(emwmm) Volume Susceptibiliy(H/m)
0.182768 0.000919532
0.104476 0.00052564
0.143092 0.000719924
0.168229 0.000846394

1770 0.000890789
0.1551232 0.000780456
0.032119664 0.0001616



COMPRESSIVE STRENGTH DATA:

Ultimate Yield Stress (MPa)
50/50 P(dI)A/PGA
0% porosity

438

50.72

46.08

49.41

50.35

Average: 48.072
St. Dev.: 3.008715673
Ultimate Yield Stress (MPa)

50/50 P(dI)A/PGA
50% porosity

10.02

7.48

6.84

8.23

8.48

Average: 8.21
St. Dev.: 1.199916664

Elastic Modulus (MPa)
50/50 P(dI)A/PGA
0% porosity
3837
2899
3987
3594
3330
3489.4
404.4481425
Elastic Modulus (MPa)
50/50 P(dI)A/PGA
50% porosity
133.56
72.8
84.08
118.48
110.95
103.974
25.01004558
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