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ABSTRACT

Embolic coils have become a valuable tool for occluding brain aneurysms to
reduce the occurrence of hemorrhagic strokes and the associated high mortality and
morbidity rates, but this strategy is still limited by high rates of recanalization and
retreatment. Devices utilizing shape memory polymer foam for occlusion applications
have demonstrated potential to enhance occlusion and improve healing associated with
the treatment, which is expected to decrease recanalization rates. Extensive, rigorous
testing is required to demonstrate that new devices, such as those utilizing the shape
memory polymer foam, will be safe and effective in order to enable clinical translation. In
this dissertation, we use established and novel methods to evaluate biological responses
to a shape memory polymer foam-coated coil device designed for treating brain
aneurysms.

Long-term implantation studies in the rabbit elastase aneurysm model
demonstrated improved healing relative to standard bare platinum coil device controls.
Additionally, the devices did not induce a chronic inflammatory response. In vitro
cytocompatibility of the degradation products from this device was evaluated using novel
methods, and it was observed that the degradation products are unlikely to cause a
cytotoxic response. This is consistent with the aforementioned and other in vivo studies
that have assessed the biocompatibility of this shape memory polymer foam. Finally,
potential mechanisms for the improved healing associated with shape memory polymer

foams were investigated using immunostaining and qPCR techniques with in vivo and in
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vitro samples. The macrophage phenotypes associated with the inflammatory response to
the devices were found to vary in in vitro and in vivo testing at early timepoints.

The findings from these studies support the continued evaluation of the shape
memory polymer foam-coated coil devices as a valuable treatment option that may
improve outcomes in endovascular occlusion procedures. Additionally, novel methods
developed here may allow biocompatibility evaluation of polymer degradation products

that could not have been directly evaluated previously.
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CHAPTER I

INTRODUCTION

Aneurysms

An aneurysm is an abnormal ballooning of a blood vessel wall caused by
breakdown of the internal elastic lamina'. Intracranial aneurysms occur in ~3% of the
population and pose a risk of rupture that results in a 25-50% mortality rate, while leaving
2/3 of survivors requiring institutional care?. The probability of developing an aneurysm
increases with certain genetic factors, hypertension, and smoking; and females are at
higher risk as are people with family history of aneurysms or strokes!.

The original method for treating brain aneurysms was the use of craniotomy and
surgical clipping. A small metal clip was fitted to the neck of the aneurysm and tightened
to close the ostium. This eliminated blood flow into the aneurysm, and the decreased
hemodynamic pressure reduced the risk of rupture and hemorrhagic stroke. Dr. Guido
Guglielmi was the first to introduce a minimally invasive approach to treating intracranial
aneurysms. Dr. Guglielmi developed a detachable coil that could be delivered to an
aneurysm by catheter. The coils were designed to occlude the aneurysm and block blood
flow to the aneurysm dome. These “Guglielmi Detachable Coils” (GDCs) were approved
by the FDA in 19956, Since the release of these devices, many others have been developed
to improve the ability of physicians to treat aneurysms with this minimally invasive

technique.



Embolic coil treatment has provided a valuable tool for physicians, however
aneurysm occlusion procedures have been reported to fail due to recanalization in 17-34%
of cases, and up to 30% require retreatment’'!. Large to giant aneurysms can be especially
difficult to treat, with 44% of aneurysms > 10 mm recanalizing, requiring retreatment, or
experiencing a bleeding episode after treatment with bare platinum coils'?. This has led to
the continued development of new devices and strategies for improving the stability of

occluded aneurysms.

Clinically Used Devices
Bare Platinum Coils

GDCs were the first embolic coils cleared for use in humans by the FDA, but there
are various types of embolic coils. GDCs are an example of “bare platinum coils” (BPCs),
and BPCs remain the most widely available embolic coil in the clinic. These coils are
typically made of a Platinum-Tungsten alloy, but the sizes and shapes of the devices vary
significantly!'®. Devices are made at various lengths, and the shapes can be altered to allow
different packing strategies. “Complex” and “framing” coils do not have the same simple
helical shape as the original detachable coils, and this allows them to fill abnormal voids
in the aneurysm or serve as baskets around the edges of an aneurysm to hold other coils
inside. As mentioned above, these coils are designed to fill the aneurysm space as much
as possible to halt bloodflow into the dome. Ideally, a clot forms around the devices that
is later remodeled into connective tissue while endothelial cells cover the devices and clot

at the neck of the aneurysm'4,



The healing response associated with bare platinum coils has recently been
summarized by Brinjikji, et al'*. Macrophages are expected to infiltrate the thrombus
surrounding the coils from the periphery of the aneurysm dome in the first week. These
macrophages enhance and remodel the provisional fibrin matrix on the surface of the coils.
Between two and four weeks after implantation, fibroblasts are observed in the aneurysm
dome with some differentiating to myofibroblasts. The macrophages and fibroblasts are
expected to remodel the fibrin matrix to collagen in the aneurysm dome. After one to three
months, the cells in the dome undergo apoptosis leaving hypocellular granulation tissue.
Treatment with bare platinum coils typically yields loose, hypocellular connective tissue
in the domes of aneurysms and thin, if any, endothelial layers at the necks of
aneurysms'>!®,_ It has been observed that increased packing of aneurysm domes has led to
better healing with increased connective tissue deposition and decreased recanalization
rates' 13, Because of these findings, physicians using BPCs for treating aneurysms
typically target packing densities of 25-30% or greater!®.

Brinjikji, et al. proposed that a wound healing response that promotes collagen
deposition in the dome and improved neoendothelialization at the neck could improve
outcomes in coiled aneurysms. It is expected that dense, mature collagen deposition
throughout the aneurysm dome can provide mechanical support to the coils to help reduce
the risk of coil compaction. Similarly, complete endothelialization of the aneurysm neck

is expected to provide a barrier to help reduce blood flow into the aneurysm dome.



Hydrocoils
Hydrocoils are similar to bare platinum coils, but they include a crosslinked
acrylamide hydrogel component designed to expand upon implantation to increase volume

filling within the aneurysm dome?®2!

. This increased filling is expected to reduce
recanalization rates as was noted above in studies with BPCs. Multiple animal studies
using bare platinum coil controls have demonstrated positive occlusion outcomes with
Hydrocoil devices?!~2*. All of these studies show at least equivalence to bare platinum
coils, and 3 of them show benefits in occlusion rates and thrombus organization rate over
bare platinum coils. In these studies, the cellular response described after histologic
examination is typically thinner layers of connective tissue and fewer foreign body giant
cells between coils compared to bare platinum coils.

Clinical results with Hydrocoils are mixed. Some studies suggest superiority over

2025 while others suggest equivalence!>%¢. The variation may be due

bare platinum coils
to differences in aneurysm size and treatment history. In large aneurysms and aneurysms
needing retreatment after previous endovascular occlusion treatments, no benefits were
observed with Hydrocoils '%2°, Histology data obtained from 13 human explants suggest
that thrombus organization begins after 10-40 days, and the necks of aneurysms are

completely covered with neoendothelium by 74 days?’. Hydrocephalus has also been

observed as a complication potentially related to occlusion using Hydrocoil devices®.



Matrix Coils

Matrix coils are another example of a polymer-coated platinum coil that has been
used clinically. These coils included a PLGA fibered coating designed to degrade within
three months and stimulate an immune response®®. Early studies using Matrix coils
showed excellent healing and good occlusion rates in multiple studies in the porcine
sidewall aneurysm model?®=°, One study found increased neointima thickness, slightly
higher inflammatory scores, and earlier thrombus organization after treatment with Matrix
coils®.

Clinical results with matrix coils have been less favorable. Two studies completed
single institution reviews of Matrix-treated aneurysms and found high rates of
recanalization and retreatment®’*2. Matrix coils showed higher recanalization and
retreatment regardless of aneurysm size. Two mechanisms proposed for negative
outcomes associated with Matrix coils included a) friction caused by the PLGA coating
leading to decreased packing densities and b) resorption of the polymer leading to
insufficient mass filling the aneurysm sac after degradation®. A more recent study
followed a single physician’s experience with GDC, Matrix, and Hydrocoil, and found
aneurysms treated with Matrix coils were more likely to recanalize than aneurysms treated
with either GDC or Hydrocoil®>. A new prototype called the Matrix 2 has been developed
with a thinner, smoother polymer coating, but clinical studies have failed to show the
benefits of the Matrix 2 over GDCs*>.

Matrix coils were also studied in rabbit elastase aneurysms after 2, 6 and 10 weeks

compared to bare platinum coils and Hydrocoils??. Matrix coils demonstrated increased



cellular reaction and neck healing compared to bare platinum coils, and neck healing was
observed to be similar to Hydrocoils. Despite these results, Matrix exhibited significantly
greater recanalization and compaction (33% for Matrix vs 22% for bare platinum and 0%
for hydrocoil). The authors suggested that the different hemodynamic factors present in
the rabbit elastase aneurysms compared to the porcine sidewall aneurysms may have been

a cause of the differences observed.

Figure I-1. Endovascular coiling of an aneurysm. A) The tip of the catheter is
placed within the dome of the aneurysm. B) Coils are pushed out of the catheter
into the aneurysm dome. C) The aneurysm dome is filled with coils and the catheter
is removed.
Shape Memory Polymers

Shape memory polymers (SMPs) are a unique class of material that is capable of
undergoing geometric programming and recovery cycles when exposed to appropriate
stimuli**. Thermally actuated SMPs undergo these cycles around a characteristic transition

temperature, such as the melting or glass transition temperature. When the material is

heated above its transition temperature, it can be deformed then cooled to program its



secondary shape. This secondary shape will be maintained until the material is reheated
above its transition temperature, and the primary shape of the material will be recovered.
SMPs have many potential applications in various industries, but one promising area of
research is in using SMPs for minimally invasive medical devices®.

Our lab has designed a polyurethane SMP material system that can utilize chemical
blowing processes to generate highly porous, ultra-low density SMP foams3®. These
highly tunable materials are capable of up to 70X volume recovery, and they can be
synthesized with transition temperatures appropriate for passive or active actuation after
implantation in the body**37. These materials have also been demonstrated to elicit a
beneficial healing response when implanted in vivo in cardiovascular occlusion
applications®®*!. The SMP foams induce rapid clotting, and the porous structure acts as a
scaffold for connective tissue deposition and endothelial formation.

SMP foams have been observed to degrade slowly over long periods of time*.
Minimal degradation of the SMPs was observed in previous animal studies up to 180 days,
but in vitro evaluation of oxidative degradation suggests a faster rate. The effects of the
degradation products from these materials on cells have not yet been thoroughly
investigated, and the degradation of biomaterials is an important factor in assessing
foreign body response and healing® .

A novel SMP foam-coated coil (FCC) device was designed by Boyle, et al. to
enable clinical translation of this SMP foam technology for the treatment of intracranial
aneurysms*®, This new device allows for the benefits of SMP foam technology to be

harnessed in a form that is easily adoptable by clinicians. Feedback from collaborators has



indicated that this device is sufficiently soft and radiopaque to be clinically viable. The in

vivo responses to implantation of the SMP FCC will be investigated in this work.

Figure I-2. One cycle of the shape memory effect for a shape memory polymer
foam.

Foreign Body Response

The implantation of any biomaterial in the body elicits a foreign body response.
This reaction differs based on the composition, structure, mechanical properties and
location of the implant as well as the species and disease state of the implant recipient*”48,
The implantation process inherently causes an injury, which initiates an inflammatory
response based on the extent of injury, damage to basement membranes, blood-material
interactions, and amount of necrosis*®. After the injury, hemostasis processes begin then
lead to the formation of a provisional protein matrix on the surface of the implant*’. The
formation of this protein matrix is driven by the Vroman effect, which describes the

process that allows serum proteins to be replaced over time by proteins with a higher



affinity for the biomaterial surface*’. The conformation of the adsorbed proteins is also
critically important to the cell and tissue responses, and the conformations will be
determined by interactions with the surface of the biomaterial®®. Complement adhesion
and activation can also affect the amount and types of cell adhesion to a biomaterial’!.
Inflammatory cells infiltrate the site of injury and begin clearing debris and any pathogens
present by phagocytosis and release of proteolytic enzymes or reactive oxygen and
nitrogen species?’. These cells will include mostly neutrophils early on, and eventually
there will be a shift toward macrophages and then fibroblasts*®. Lymphocytes, mast cells,
and eosinophils can also be present at various stages of the foreign body response to the
implant**. Macrophages may also fuse to form foreign body giant cells (FBGCs) in an
attempt to phagocytose the foreign material depending on the material surface chemistry
and the presence of relevant T helper 2 type stimuli, such as interleukin 4 (IL-4)2. Another
important role of the macrophage is the release of cytokines and chemokines that recruit
fibroblasts and other cells to initiate healing, the final stage of the foreign body
response>>*, Formation of granulation tissue composed of macrophages, fibroblasts, and
neovascularization is a strong indication of the initial healing response after
inflammation**. Continuous remodeling of the provisional matrix to form new tissue may

also lead to integration or encapsulation and exclusion of the implant from the host tissue.

The final stages of the healing response typically consist of fibrous encapsulation and/or

fibrosis™®.



Macrophage Polarization

Recent studies investigating the biological response to implanted materials and
devices have introduced the importance and the variability of macrophage phenotypes*.
Macrophages have been observed to exist in a spectrum of phenotypes that can range from
the “classical” macrophage that fights infection and clears debris to another “alternative”
activation state that engages in wound healing and immunoregulation**#3-33¢_ The former
has been deemed the “M1” macrophage and the latter has been deemed the “M2”
macrophage. M1-like macrophages are expected to generate more pro-inflammatory
cytokines, while also producing more reactive oxygen and nitrogen species; and M2-like
macrophages are expected to generate more anti-inflammatory cytokines, while producing
more growth factors and remodeling the extracellular matrix.

In reality, M1 and M2 are the extremes of a spectrum, and various terminology has
been created to help explain what type of activity is expected from a population of

5758 Recent nomenclature uses the activator molecules to describe a

macrophages
macrophage phenotype, for instance a M[IL-4] macrophage might be expected to express
CD206 as a subset of the M2-like phenotype.

The activity of macrophages has been hypothesized to determine the outcome of
an implant>>%°, The presence of M1-like macrophage responses and M2-like macrophage
responses have both been demonstrated to be necessary for appropriate healing and
integration of biomaterial implants*-**-%!. However, prolonged M1-like responses and/or
early overexpression of M2-like responses are believed to be associated with necrosis,

chronic inflammation, and pathologic fibrosis®*%3.
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Purpose of this Research

In this dissertation, the biologic responses to implantable SMP FCCs have been
evaluated using a combination of in vitro and in vivo techniques. The rabbit elastase
aneurysm model was utilized to evaluate long term healing after implantation of SMP
FCCs compared to BPC controls. In vitro cell culture was used to test relative cytotoxicity
thresholds of degradation products from the SMP foams. Immunostaining was used on
tissues from the rabbit elastase aneurysm study to evaluate macrophage phenotypes at
these long term timepoints in relation to the healing observed. Finally, in vitro cell culture
experiments were used to assess the polarization of macrophages seeded on SMP FCCs

and BPC controls with qPCR analysis.
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CHAPTER I
IN VIVO COMPARISON OF SHAPE MEMORY POLYMER FOAM-COATED AND
BARE METAL COILS FOR ANEURYSM OCCLUSION IN THE RABBIT

ELASTASE MODEL"

Introduction

Bare platinum coils (BPCs) have been used extensively for occlusion of intracranial
aneurysms since the first versions, Guglielmi Detachable Coils, were cleared for clinical
use by the FDA in 1995. These platinum microcoils promote the formation of a stable
thrombus within the aneurysm, which is meant to be remodeled into connective tissue and
covered by a neoendothelial layer across the ostium. The minimally-invasive nature of
BPC treatment has been beneficial for many patients; however, BPC-treated aneurysm
recanalization rates have been reported from 17-34% in studies using 6-18 month follow
up schedules”. Recanalization can lead to aneurysm rupture, and up to 30% of treated

aneurysms require retreatment to prevent such adverse outcomes!®!!, Other endovascular

* Reprinted with permission from “In Vivo Comparison of Shape Memory Polymer
Foam-Coated and Bare Metal Coils for Aneurysm Occlusion in the Rabbit Elastase
Model” by Herting, S., Ding, Y., Boyle, A.J., Dai, D., Nash, L.D., Asnafi, S., Jakaitis,
D.R., Johnson, C.R., Kallmes, D.F., Kadirvel, R., Maitland, D.J., 2019. Journal of
Biomedical Materials Research, Part B. Vol 107, pp 2466-2475, Copyright 2019 John

Wiley and Sons.”!
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devices and strategies have been developed to reduce these recanalization rates, including
coated coils, stent-assisted coils, flow diverters, and liquid embolics?!2%64-65  However,
some additional issues remain to be resolved such as hydrocephalus induced by

867 The introduction of

HydroCoils and coil compaction after deployment of Matrix coils
flow diverters has been beneficial in some cases, but coil embolization of intracranial
aneurysms remains widely used. There is no need to use anticoagulation drugs after

coiling, and occurrence of thromboembolic events in the parent artery is much lower than

with flow diverter implantation.

One main concern with aneurysm coiling is incomplete occlusion, especially in large
and wide-necked aneurysms®. Shape memory polymer (SMP) foam-coated coils (FCCs)
are a new type of coated coil that utilizes ultra-low density SMP foam to increase packing
density, promote rapid thrombus formation, and encourage remodeling and connective
tissue deposition within the aneurysm*. The polyurethane SMP foam coating on these
devices enables ~2.5x volume expansion upon thermal actuation at the glass transition
temperature*®. This large volume expansion allows for increased packing densities, and
increasing packing density has been reported to decrease recanalization rates!®1%:68:5% The
porous foam also acts as a scaffold to support tissue healing, and previous studies in
porcine sidewall aneurysms demonstrated increased connective tissue deposition within
the domes and thicker neointimal formation at the necks of SMP foam-treated
aneurysms>*#!, Previous studies utilized “foam only” devices, which were not deemed

clinically viable due to limitations to device delivery through a 5-6F guide catheter. SMP

13



FCCs are a new prototype device that utilizes the foam material in a more clinically
relevant design that is deliverable through an 0.021” ID (2.7F) microcatheter.

It has been hypothesized that dense collagen deposition and thick neointima formation,
as has been observed after implantation of similar SMP foams, will lead to improved
outcomes for endovascular aneurysm occlusion procedures by increasing the stability of
the occlusion and preventing recanalization!®. This type of foreign body response is not
often observed in aneurysms treated with BPCs. The goal of the research described here
is to evaluate chronic aneurysm healing in the rabbit elastase aneurysm model after

treatment with SMP FCC devices.

Materials and Methods
Test Devices

The SMP FCC devices consist of SMP foam cylinders adhered to the outside of
platinum-tungsten coils as seen in Figure 2.1. A more detailed manufacturing process has
been presented by Boyle, et al*. Briefly, platinum-tungsten wire wrapped in a tight, spring
shape is formed into a helical secondary shape. Then, the SMP foam is synthesized using
a three-step process that combines diisocyanates with polyols and water to form a highly
crosslinked poly(urethane urea) foam as described previously’®. SMP foams are cut into
cylinders using biopsy punches, then helical platinum-tungsten coils are pulled straight
and threaded through the center axis of the foam cylinders. A mixture of the same
diisocyanates and polyols used to synthesize the foam is applied to the assemblies, then

heat-cured to act as a glue adhering the foam to the coil. The FCCs are attached to a
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delivery pushwire designed for electrolytic detachment of the coils when used with a
separate detachment controller system. The devices are packaged in foil pouches and
sterilized by electron beam irradiation at a minimum of 25 kGy before use.

SMP FCC sizes available for this study included 2 x 2,2 x4,4x 6,4 x 10, and 6
x 10 (helical diameter in mm x coil length in cm). The Barricade Coil System (Blockade
Medical) was used as the BPC control device in this study. Available Barricade sizes
included1x2,1.5x2,1.5x3,15x4,2x1,2x2,2%x3,2x4,2x6,2x8,2.5%x3,2.5
x4,3x4,3x6,3x8,3x10,4x6,4x8,4x10,4x13,5x8,5x9,5x10,5x15,5x%

17,6x10,6x11,6x15,6x16,6x20,7x13,7x 15,7 x 20,7 x 30 (helical diameter in

mm X coil length in cm).

Figure II-1. Shape memory polymer foam-coated coil device used in this study. The
0.750 mm diameter shape memory polymer foam coating is compressed to a 0.381
mm diameter (left) before implantation, then expands (right) when exposed to
blood after implantation. Reprinted with permission from (Herting, 2019).”!
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Aneurysm Creation Procedure

All the animal procedures were conducted according to Mayo Clinic AUP#
A68514-15-R17. New Zealand White rabbits were anesthetized through intramuscular
injection of ketamine/xylazine, intubated, and then anesthesia was maintained with 2.5-
3% isoflurane carried by 100% oxygen. Aneurysms were created in rabbits with elastase
incubation as described by Altes, et al’>. Briefly, using sterile technique, the right common
carotid artery (RCCA) was exposed and ligated distally, a 5 French sheath was advanced
retrograde in the RCCA to a point approximately 3 cm cephalad to the CCA origin.
Through this indwelling sheath, a 3 French Fogarty balloon was advanced to the origin of
the right CCA at its junction with the right subclavian artery. The balloon was inflated
with iodinated contrast just enough to achieve flow arrest in the RCCA. Porcine elastase
(approximately 100 U/ml) mixed at a 1:1 ratio with iodinated contrast was incubated for
20 minutes in the dead space of the RCCA, above the inflated balloon. Following
incubation of the elastase solution, the balloon was deflated and the sheath was removed
and the RCCA was ligated below the sheath entry site. The skin was closed with running

4-0 Vicryl suture, and the rabbits were sent to recovery.

Embolization Procedure
Aneurysms were embolized with BPC controls or SMP FCCs at least 3 weeks after
aneurysm creation’®. The anesthesia procedure was the same as at the time of aneurysm
creation. Using sterile technique, surgical exposure of the right common femoral artery

was performed, and a 5 French sheath was placed in the right common femoral artery
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followed by 500 units heparin injection through the sheath. Using coaxial technique, with
continuous heparinized saline flush, a Rebar-18 (SMP FCC Delivery) or Echelon-14 (BPC
Delivery) microcatheter was advanced into the aneurysm cavity. The size of the aneurysm
was assessed using direct comparison to radiopaque sizing devices during digital
subtraction angiography (DSA) assuming the aneurysms were ellipsoids. Aneurysms were
packed with multiple BPCs or multiple SMP FCCs and the packing density was calculated
as the total volume of coils implanted divided by the aneurysm volume. The test device to
be used for each aneurysm was chosen before initial DSA and measurement of the
aneurysm. Two packing densities were calculated for SMP FCCs: 1) before and 2) after
SMP foam expansion. The crimped and expanded foam volume values used in the
calculations were measured in previous benchtop expansion experiments. Following coil
placement and embolization, a final control DSA was performed. Aneurysm occlusion
was evaluated using a 3-point scale as follows: Grade 1, complete occlusion; Grade 2, near
complete occlusion; and Grade 3, incomplete occlusion. The catheters and sheath were
removed, the femoral artery was ligated, and the incision was closed with 4-0 Vicryl

suture.

Sacrifice/Tissue Harvest
Angiographic follow-up was performed 30, 90, or 180 days after coil embolization
followed by sacrifice and tissue harvest. The same types of sheaths and catheters were
used for the follow-up angiograms as were used for the treatment procedures. At the

designated timepoint, animals were deeply anesthetized. DSA of the brachiocephalic
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artery was performed, and aneurysm occlusion was evaluated using the same 3-point
scale: Grade 1, complete occlusion; Grade 2, near complete occlusion; and Grade 3,
incomplete occlusion. After the follow up, a comparative scale was used to compare
occlusion scores at the time of sacrifice to occlusion scores immediately after treatment.
The potential comparative scores included stable aneurysm occlusion, which indicates that
the same grade was assigned at both timepoints; progressive aneurysm occlusion, which
indicates that a better grade was assigned at follow up; or aneurysm recanalization, which
indicates that a worse grade was assigned at follow up. The animals were then euthanized
with a lethal injection of pentobarbital, and the aneurysms and parent arteries were
harvested. Harvested tissue samples were immediately fixed in 10% neutral buffered

formalin.

Gross Evaluation
Gross images of each explanted tissue sample were acquired, and then each
aneurysm’s neck orifice was exposed to acquire gross images of the tissue coverage at the
neck. Tissue coverage was evaluated to assign the corresponding neck healing score for

the ordinal scoring system.

Histologic Evaluation
Formalin fixed tissues were processed as has been previously described!”. Briefly,
samples were placed in alcoholic formalin followed by ascending alcohol concentrations

from 70 to 100%. Next, specimens were placed in two changes of Xylene followed by
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three changes of liquid paraffin. Finally, specimens were embedded in paraffin blocks.
The aneurysm was sectioned with an Isomet Low Speed saw at 1000-micron intervals in
a coronal orientation, permitting long-axis sectioning of the aneurysm neck. Metal coil
fragments were carefully removed with forceps under a dissection microscope. Following
removal of all fragments, the slices were re-embedded in paraffin blocks. A microtome
with disposable blades was used to section the blocks at 4-micron intervals. Sections were
floated in a water-bath (42 °C) then mounted on Superfrost Plus slides and dried overnight
in an oven (37 °C).

Slides were de-paraffinized and hydrated in water, followed by Hematoxylin &
Eosin staining for histologic scoring or Masson’s Trichrome staining for collagen
deposition evaluation. An ordinal grading system was used to evaluate histological
healing’. Briefly, neck healing score was calculated based on tissue coverage, coil micro-
compaction at the neck was based on the shape of the coil mass across the neck, and the
healing characteristics in the dome were categorized based on the density of cellular
infiltration and area of organized tissue. The neck average, micro-compaction and healing
scores were added together to obtain a total score representative of the aneurysm’s healing.

The degree of inflammation was scored for areas near the wall of the aneurysm
and within the bulk of the dome of the aneurysm. These scores were defined as: 0 — no
inflammatory cell infiltration; 1 — mild, scant, scattered inflammatory cell infiltration; 2 —
moderate, patchy inflammatory cell infiltration; 3 — marked, attenuated, diffuse

inflammatory cell infiltration.
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Image Pro Plus 7.0 was used to view and measure neointima thickness with a
calibrated measurement tool. The measurement method was adapted from Schwartz, et
al”. The distance from the surface of the metal coils to the surface of the neointimal tissue
was measured for each coil loop located at the necks of the aneurysms. Coil loops in the
parent arteries were excluded because the tissue growth on coil loops extending into the
parent artery is typically greater than coil loops within the aneurysm, and therefore would
not be representative of the response to the devices at the neck interface. Tissue that
extended from multiple adjacent coil loops was also excluded because it would not be
representative of the response to individual devices.

The fibrosis ratio (collagen deposition) was calculated for each aneurysm as the
total area of fibrosis within the aneurysmal cavity and neck divided by the total area of the
aneurysmal cavity and neck. Photoshop was used to determine the number of pixels
stained blue by Masson’s Trichrome, and this measurement was used as the total area of

fibrosis. The aneurysmal cavity and neck were traced in Photoshop to obtain the total area.

In Vivo Degradation Measurement
One H&E stained slide was selected from each animal near the midpoint of the
aneurysm and scanned with an OLYMPUS Digital Microscope at a magnification of 100x.
The scanned images were then evaluated using the OlyVIA Virtual Microscope. Using the
virtual histology slides, the cross sectional area of the remaining polymer was measured

at each timepoint to calculate the surface area loss of the polymer over time.
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Statistical Analysis
Data analysis was conducted using t-tests to compare parametric data and Mann-
Whitney tests to compare nonparametric data. Two-tailed tests were used with a
significance level < 0.05. Occurrence of recanalization and progressive occlusion between

BPCs and FCCs were compared using Fisher’s exact test.

Results

A total of 60 aneurysms were created and embolized using BPCs (n =29) or SMP
FCCs (n = 31). There were four unexpected fatalities. Two cases treated with FCCs for
the 90 day group were sacrificed one day after treatment due to complications determined
to be related to introducer sheath sizing. Two cases treated with BPCs for the 180 day
group were sacrificed early: one at 11 days due to tracheal occlusion and one at 150 days
due to an unknown cause. The number of animals that survived to the planned follow-up
timepoint, mean aneurysm size, coil packing density, and the coil length used per
aneurysm volume for each group are shown in Table 2.1. The aneurysms in groups treated
with SMP FCCs for 30 and 180 days were significantly larger than the aneurysms in
groups treated with BPCs for the corresponding timepoints. Two values of packing density
are listed for SMP FCC-treated aneurysms to indicate the packing densities pre- and post-
polymer expansion. Packing densities after foam expansion for all three SMP FCC-treated
aneurysm groups were significantly higher than packing densities in BPC-treated

aneurysm groups. Packing densities before foam expansion in 30 and 180 day groups
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treated with SMP FCCs were significantly lower than corresponding BPC-treated

aneurysm groups.

Table II-1. Aneurysm Treatment Summary. Reprinted with permission from
(Herting, 2019)."!

Number Aneurysm Size Coil Length per Aneurysm
Device Type of Before Treatment Packing Density (%) et p 3ry
. 3 Volume (cm/mm”)
Animals (mm”)
Bare Platinum Coil
30 Day 10 51.2+26.1 237+ 7.8 0.438 = 0.16
90 Day 5 119.3+114.9 243+7.8 0.417+0.18
180 Day 12 39.8£20.1 29.4+9.7 0.515+ 0.17
Foam Coated Coil
30 Day 10 144.9 + 106.2 Pre: 17.14 4.2 0.173+ 0.04

Post: 43.7 £ 10.8

90 Day 5 85.9+63.1 Pre: 22.4:£10.5 0.229 £0.11

Post: 56.5 + 28.1

Pre: 17.2+3.6
180 Day 14 71.7+31.9 0.175+ 0.06
Post: 41.4 £8.7

Angiographic Evaluation
Angiographic follow-up was performed at explant for all groups. Representative
images are presented in Figures 2.2-2.4. Detailed outcomes for each timepoint and device
type are listed in Table 2.2. The observed differences were not statistically significant in

any of the three timepoint groups.
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Pre Treatment Post Treatment

‘ f

BPC

FCC

Figure II-2. Angiographic and histologic follow-up at 30 day time point. From left to
right, aneurysm before treatment, immediately after treatment, at sacrifice and
histologic features (top row was treated with bare platinum coils; bottom row was
treated with foam-coated coils). The black arrow identifies a SMP foam strut, which
is staining bright red with H&E. The yellow star indicates one location where a metal
coil was removed during processing for histology. BPC: bare platinum coil. FCC:
foam-coated coil. SMP: shape memory polymer. Reprinted with permission from
(Herting, 2019)."!
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Pre Treatment Post Treatment

BPC

FCC

Figure II-3. Angiographic and histologic follow-up at 90 day time point. From left to
right, aneurysm before treatment, immediately after treatment, at sacrifice and
histologic features (top row was treated with bare platinum coils; bottom row was
treated with foam-coated coils). BPC: bare platinum coil. FCC: foam-coated coil.
Reprinted with permission from (Herting, 2019).”!
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Pre Treatment Post Treatment

BPC

FCC

Figure I1-4. Angiographic and histologic follow-up at 180 day time point. From left
to right, aneurysm before treatment, immediately after treatment, at sacrifice and
histologic features (top row was treated with bare platinum coils; bottom row was
treated with foam-coated coils). BPC: bare platinum coil. FCC: foam coated coil.
Reprinted with permission from (Herting, 2019).”!

Table II-2. Angiographic Outcomes at Follow-up. Reprinted with permission from
(Herting, 2019)."!

Device Type Stable Occlusion Progressive Occlusion Recanalization

Bare Platinum Coil

30 Day 3 1
90 Day
180 Day 8
Foam Coated Coil
30 Day 1
90 Day 1
180 Day 3 3 8

Histological Evaluation
Evaluation by an experienced pathologist indicated that there was no evidence of
undesirable events related to thrombogenicity of the coils. In some cases, coil loops were

present in the parent artery as a result of implantation, but the parent vessels remained
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patent at explant in all cases. This occurred in 11 cases treated with SMP FCCs and 4 cases
treated with BPCs.

Histological evaluation of the aneurysm sacs showed a combination of loose
connective tissue, thrombus, and inflammatory cells. Quantitative scoring using the
method published by Dai, et al resulted in total histologic score means and standard
deviations for BPC-treated aneurysms at 30, 90, and 180 days of 5.9 £2.2, 4.5 £ 2.4, and
7.2 + 1.1, respectively.” Total histologic scores for FCC-treated aneurysms were 5.5 +
2.3,7.842.1,and 7.4 £ 1.2, respectively (Figure 2.5).

Chronic inflammatory foci were observed to be associated with devices in both
groups. These foci were primarily composed of macrophages and multinucleated giant
cells. Inflammation scores among the two groups at the three follow-up time points are
listed in Table 2.3. The scores at the aneurysm wall were significantly higher in FCC-
treated aneurysms at 30 days, but there were no statistically significant differences at later

timepoints.

12 90 Day 12 180 Day

8 I 8 I Il Bare Platinum Coils
Foam Coated Coils

Score
Score
Score

Figure II-5. Histologic healing score comparison between the two groups at each time
point. Error bars represent standard deviation. Reprinted with permission from
(Herting, 2019).”!
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Table II-3. Inflammation at Follow-up. Reprinted with permission from (Herting,
2019).”!

Device Type Dome Wall

Bare Platinum Coil

30 Day 0.90 +0.74 0.40 +0.84
90 Day 20£0.0 0
180 Day 2.0£0.58 0

Foam Coated Coil

30 Day 1.7+£0.95 2.5+0.97
90 Day 224045 0.80+ 1.1
180 Day 2.0+0.39 0

Neointima Thickness
As shown in Figure 2.6, mean neointimal tissue thickness at the necks of
aneurysms was significantly higher in FCC-treated aneurysms at all three follow up time
points (0.16 £ 0.06 vs 0.05 £ 0.04 mm at 30 days; 0.13 £ 0.02 vs 0.03 £ .01 mm at 90 days,
0.11 £0.05 vs 0.02 £ 0.01 mm at 180 days). The largest p value calculated was 0.000096
for the 30 day group. Representative en face images of the neointimal tissue coverage are

provided in Figure 2.7.
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Figure I1-6. Neointimal tissue thickness comparison between the two groups. Error
bars represent standard deviation. ***: p < 0.001. Largest p value = 0.000096 in the
30 day group. Reprinted with permission from (Herting, 2019).”!

180 Days

o5mm —tmm

Figure II-7. Gross images of BPC-treated aneurysms (top row) and FCC-treated
aneurysms (bottom row) at 30 (left), 90 (middle), and 180 day (right) time points.
BPC: bare platinum coil. FCC: foam-coated coil. Reprinted with permission from
(Herting, 2019)."!
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Collagen Deposition
Collagen deposition was measured as the percent area positive for Masson’s
Trichrome staining at 30, 90, and 180 days. Aneurysms treated with BPCs were observed
to be filled with 0.77 £ 0.67% collagen at 30 days, 2.33 + 3.04% collagen at 90 days, and
8.78 £ 2.98% collagen at 180 days. FCCs were observed to be filled with 1.68 + 2.52%
collagen at 30 days, 6.06 + 2.77% collagen at 90 days, and 10.43 £ 2.28% collagen at 180

days. Representative sections stained with Masson’s Trichrome are shown in Figure 2.8

and a chart with these values is presented in Figure 2.9.

ppc,. =

FCC|

Figure II-8. Collagen deposition comparison between BPC-treated aneurysms (top
row) and FCC-treated aneurysms (bottom row) at 30 (left), 90 (middle), and 180
day (right) time points. The black arrow identifies a SMP foam strut, which is
staining yellow with Masson’s Trichrome. BPC: bare platinum coil. FCC: foam-
coated coil. SMP: shape memory polymer. Reprinted with permission from
(Herting, 2019)."!
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Figure I1-9. Collagen deposition comparison between the two groups. Error bars
represent standard deviation. Reprinted with permission from (Herting, 2019)."!
In Vivo Degradation Measurement
In the 30 day group (n=10), polymer mass loss was estimated to be 13.57 +2.75%
based on surface area analysis. In the 90 day group (n=5), approximate mass loss was

98.61 £ 0.22%, and in the 180 day group approximate mass loss was 97.50 + 2.81%.

Discussion and Conclusions

Although BPCs have been widely used for intracranial aneurysm occlusion,
limited tissue healing and high rates of incomplete occlusion persist as drawbacks,
especially in large and giant aneurysms. Researchers have attempted to improve
interventional outcomes by using either biostable or biodegradable polymers, less invasive
procedures, higher volume filling of the aneurysm, and implant materials with mechanical
properties that more closely match the native vessel properties’®. Hydrocoils, for example,
are covered in a hydrogel designed to expand within the aneurysm to displace blood from
the aneurysm lumen, resulting in better packing attenuation. However, researchers have

reported that treatment success rates were not improved in a multicenter, clinical trial,
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which indicated less than 50% of aneurysms were completely occluded during follow-up®.
While PGA/PLA fiber coated Matrix coils are reported to promote tissue reaction after
deployment, they were reported to be susceptible to coil compaction and have not
decreased recanalization rates from those reported previously for BPCs®’. In this study,
we tested a new generation of coils coated with porous SMP that physically changes shape
to expand and more than double its volume after deployment. Similar to Hydrocoils, this
expanding coating improves volume packing within aneurysms, but differs from
hydrogels by providing a porous scaffold for full volume clot integration and guided tissue
healing. The goal of this study was to evaluate the long term tissue healing in the domes
of aneurysms treated using these new SMP FCC devices.

Greater packing densities were achieved in aneurysms treated with SMP FCCs for
all groups after foam expansion. The SMP foam coating passively expands upon
implantation and exposure to body fluid and temperature. This allows the foam coating to
fill the interstitial space between the implanted coils that cannot be filled with standard
bare platinum coil devices. Additionally, this higher volume filling can potentially allow
for treatment of aneurysms using less coils, as indicated by the use of significantly less
coil length per aneurysm volume treated.

Both increased packing density and porous materials are expected to lead to tissue
remodeling in the aneurysm dome and at the aneurysm neck!”#!-77-78_ Qur results indicated
thicker neointima covering the aneurysm neck was achieved using FCCs by comparison
with BPCs, and there was a trend toward earlier collagen deposition after treatment with

FCCs. The average neointimal tissue thickness was 2-3 times higher in groups treated with
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SMP FCCs than in groups treated with BPCs. This is likely related to the scaffold provided
by the highly porous SMP foam at the aneurysm necks. Both thicker neointima and
increased collagen deposition have been hypothesized to improve the stability of
aneurysm embolization'*. The increased thickness of the neointimal tissue may provide a
barrier to prevent residual blood flow into aneurysms, while additional collagen or denser
collagen within the aneurysm dome is believed to support the bulk tissue to resist
compaction.

Ordinal scoring by an experienced pathologist indicated that healing in aneurysms
treated with FCCs was not significantly different from healing in aneurysms treated with
BPCs for any timepoint. The scores for BPC-treated aneurysms were similar to those
previously reported in literature using this scoring system’®. There was a trend toward
accelerated healing with FCCs. The 90 day scores were higher than the BPC group at that
timepoint, but the difference was not statistically significant due to a small sample size.

In the 90 day group, it was noted that a large portion of the shape memory polymer
foam material from FCC devices had degraded. Previous work using this material system
has described the susceptibility of the foam to oxidative degradation*?. Analysis of foam
explanted from a porcine sidewall aneurysm model has indicated that this SMP foam
degrades slowly with exposure to reactive species produced by cells during the foreign
body response®**2, Using image processing techniques on images from a previous study,
SMP foam mass loss in the porcine venous pouch sidewall aneurysm model was estimated
to be 12.91 + 3.10 % at 90 days and 13.66 + 2.70% at 180 days. The rate of degradation

observed in this study using the rabbit elastase model was faster than expected based on
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the images analyzed from the porcine venous pouch sidewall aneurysm models*!. At 30
days (n=10), we determined an approximate mass loss of 13.57 £ 2.75% for the FCC
devices used in this study. However, at 90 days (n=5) we observed mass loss of 98.61 +
0.22%. 180 day explants showed a similar level of degradation, with approximate mass
loss values 0of 97.50 + 2.81%. Other embolic devices, such as Matrix coils, have utilized a
polymer coating that degrades by hydrolysis?>?%. The polymer used in the Matrix devices
was observed to degrade at similar rates in different animal models and humans because
the mechanism of degradation primarily depended on the presence of water in the
environment. The inflammatory responses that produce reactive species, which are the
primary cause for degradation of the proposed shape memory polymer foam, appear to
differ depending on the animal model used. Recent research has described a spectrum of
phenotypes for inflammatory cells that can range from pro-inflammatory to pro-healing,
with pro-inflammatory phenotypes producing more reactive species**. We hypothesize
that cells in the rabbit elastase model produce more reactive species than in the porcine
sidewall model due to differences in the transition between inflammatory phenotypes
during the healing process, and therefore lead to accelerated degradation of oxidatively
degradable polymers. Currently, it is not known which animal model most accurately
depicts the reactive species production in human aneurysms.

In this study, qualitative scoring of inflammation indicated that FCCs elicited more
inflammatory cell infiltration at the walls of aneurysms at 30 days than BPCs. This
inflammation could be related to the high surface area of the porous shape memory

polymer used in the implant. Anderson, et al. state that implantation of materials with a
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high surface area to volume ratio such as the shape memory polymer foams used in SMP
FCC implants is expected to result in higher numbers of macrophages and foreign body
giants cells at the implant site>®. It is also reported that the specific cell types present at
the implant site are important in determining the outcome of the foreign body response,
and inflammatory cell presence is desired in a normal healing process’. The inflammatory
response also may be higher at the wall at this earlier timepoint because cell infiltration of
coiled aneurysms typically initiates from the walls and progresses toward the center of the
dome!*. The similar inflammatory responses observed between the two groups at the 90
and 180 day timepoints suggest that the degradation products from the SMP foam do not
initiate a prolonged toxic local response.

In evaluating the treatment stability angiographically, we observed higher rates of
recanalization in FCC-treated aneurysms for the 90 and 180 day groups relative to the
BPC-treated aneurysms at the corresponding timepoints, but these differences were not
statistically significant. The exact reason for recanalization remains unknown. It was noted
that aneurysms treated with SMP FCCs were significantly larger for the 30 and 180 day
groups, and it is known that larger aneurysms are more difficult to treat and more likely
to recanalize®. Additionally, the FCC devices used were prototypes with limited device
sizes available. In some cases, this led to the use of device sizes that were not optimal for
the treatment of the rabbit elastase aneurysms. While the final packing densities were
higher in the FCC-treated groups after foam expansion, the device volume before foam
expansion was lower than desired. Additional device designs and sizes could lead to the

ability to consistently achieve packing densities greater than 24% before foam expansion,
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as is desired to reduce the likelihood of recanalization with other clinically-used coils'®.
Another potential factor is the accelerated degradation of the SMP foam material used in
FCC devices. The material degraded at a rate faster than expected based on previous
studies, which allows less time for tissue healing to provide a stable tissue matrix*42,
Finally, some inflammatory responses may also be related to tissue contraction and coil
compaction.

Limitations for this study include the small sample size in the 90 day treatment
group (5 per time point) which limits the statistical comparisons that can be made.
Additional limitations include non-ideal SMP FCC packing densities in some cases.
Packing was stopped after the experienced interventional radiologist performing the
implantations felt that the aneurysm was packed sufficiently for a clinical case or once
they felt that the implantation of more devices would risk leaving coil loops in the parent
artery. Limited device size availability of SMP FCCs also resulted in suboptimal packing.
Finally, the method chosen to randomize the cases in this study was imperfect, and
aneurysm sizes differed between groups. This is an inherent limitation to all studies using
this animal model, as there is limited control of the size of aneurysms created using
elastase.

The devices investigated in this study, SMP FCCs, were found to increase
neointima thickness at the aneurysm neck in the rabbit elastase aneurysm model.
Treatment with these devices was associated with higher packing densities after expansion
of the foam coating, and additional device sizes and shaping procedures are being

developed to further improve device packing. Additionally, oxidative degradation of
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polymeric materials likely differs between aneurysm animal models and should continue
to be investigated to understand potential clinical impact. Overall, this study demonstrates
that the SMP FCC device tested shows potential to enhance the healing response after

endovascular treatment of aneurysms.
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CHAPTER III
IN VITRO CYTOCOMPATIBILITY TESTING OF OXIDATIVE DEGRADATION

PRODUCTS

Introduction

Medical devices must meet several rigorous standards of biocompatibility to
demonstrate that they will be safe and effective for use in humans. ISO 10993-5 is an
important standard that outlines cytocompatibility testing of medical devices, which is a
screening method that allows for early detection of devices or materials that may cause
harm when implanted in the body®. There are various methods that have been deemed
acceptable by ISO 10993-5 for determining cytotoxicity, including direct and indirect
contact tests using various cell types®!. However, there is little guidance for assessing the

cytotoxicity of long-term degradation byproducts.

Multiple groups have assessed the toxicity of degradation products from
biomaterials®>**. However, these studies have all focused on materials that degrade by
hydrolysis. Hydrolytically-degradable materials can be broken down using aqueous
solutions, which yields a solution that can be added to cell culture media at the desired
concentrations. While hydrolysis is the most prevalent degradation mechanism of
commonly used biomaterials, oxidatively-degradable biomaterials allow for cell-mediated
degradation of implants, which can be favorable in a number of applications***2, Cell-
mediated degradation allows for spatial guidance of the biological response, and it can

potentially enable new tissue formation as the material is degrading to provide graded load
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transfer®87. One challenge with oxidatively-degradable systems is that the degradation
products are difficult to characterize and may not be naturally occurring metabolites, such
as those that are released from some frequently used hydrolytically degradable materials
(e.g., polylactic acid or polyglycolic acid)®®. For this reason, it is very important to
investigate the potential effects that degradation products will have on adjacent cells and
tissues as the materials degrade to enable clinical translation of these materials. In
comparison with aqueous degradation media used for hydrolytically-degradable materials,
oxidative degradation is assessed using hydrogen peroxide (H20-), which is toxic to cells
at concentrations used in degradation assays®. Therefore, cytotoxicity testing of oxidative
degradation products must isolate the effects of the byproducts from the toxic effects of

the H,0».

To address this issue, we used oxidatively-degradable shape memory polymer
(SMP) foams as a model system for characterization of degradation byproduct
cytocompatibility. SMPs are a class of smart materials that can be programmed into a
secondary shape, then actuated to return to their primary shape upon exposure to a
designated stimulus. The properties of these materials enable designs that can be beneficial
in a variety of biomedical applications®®. Polyurethane foams are one example of SMPs
that is being investigated for use in medical devices, including potential applications such
as embolic devices and tissue scaffolds’!*** SMP foams can be designed to be
compressed in a low-profile secondary shape that enables minimally invasive delivery and

actuation at body temperature. After serving their purpose in the specific application and
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allowing for the desired new tissue growth, these foams can be designed to degrade in the

body®+-%.

Here, we employ a new approach to assess compatibility of degradation products
from oxidatively-degradable SMPs designed for use in medical devices and tissue
scaffolds. We use H>O: solutions to degrade the foam materials and then add liver catalase,
an enzyme that converts H>O, to water and oxygen, to yield an aqueous solution of
degradation products that is suitable for standard cytocompatibility testing”’. To our
knowledge, no one else has approached degradation toxicity characterization of
oxidatively-degradable materials in this manner. This approach provides information on
overall cytocompatibility of byproducts; however, if the fully degraded materials are not
cytocompatible, it does not allow for rational redesign of the polymer system to improve
degradation toxicity. In a complimentary approach, we synthesize previously identified
possible SMP foam oxidative degradation products to validate the results from our new
method and understand the potential effects of each byproduct that could contribute to the
host response during degradation*’. Combined, these two methods, which could be applied
to a number of oxidatively-degradable polymers, provide a more complete picture of the

potential effects of degradation byproducts on surrounding cells.
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Materials and Methods
Shape Memory Polymer Foam Synthesis

The SMP foam synthetic protocol was originally developed by Singhal et al. and
modified for specific applications®®. Briefly, the reaction scheme used in SMP foam
synthesis was a classic 2-sided polyurethane reaction where Side A contains all isocyanate
components, surfactants, and a cell opener while Side B contains all hydroxyl components
and catalysts.

The isocyanate monomer used was trimethyl hexamethylene diisocyanate
(TMHDI, TCI America). The hydroxyl monomers used were N,N,N’,N’-tetrakis(2-
hydroxypropyl) ethylenediamine (HPED, 99%) and triethanolamine (TEA), and these
were used as received from MilliporeSigma. The SMP foam composition used in these
studies contained 60 mol% HPED and 40 mol% TEA of the hydroxyl components. The
catalysts BL-22 and T-131 (Air Products) were added at 1.3 wt%, and the surfactants
DC1990 and DC5943 (Air Products) were added at 7.7 wt%. The cell opener Ortegol
(Evonik) was added at 0.5 wt%. The physical blowing agent Enovate 245fa (Honeywell)
was added by volume to the mixture.

An isocyanate pre-polymer containing TMHDI and a portion of the hydroxyl
monomers, HPED and TEA, was prepared in a glovebox and mixed by hand before
placing in the oven to cure. The curing cycle was programmed into the oven (CascadeTek)
to ramp up to 50°C and then return to room temperature over 48 hours. Once the pre-
polymer cure cycle was complete, the isocyanate pre-polymer, surfactants, and cell opener

were added by weight to a FlackTek mixing cup (FlackTek Inc.) and mixed for 60 seconds
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at 2540 rpm. The remaining hydroxyl monomers and DI water were added to another
FlackTek cup and mixed at 2540 rpm for two 30 second intervals, manually mixing with
a spatula in between before adding the catalysts and mixing for another 30 seconds. The
FlackTek cup containing the hydroxyl mixture was added to the isocyanate mixture and
mixed for 15 seconds, 2 mL of Enovate was added, and the cup was mixed for another 15
seconds. The mixture was immediately poured onto a pan and placed in the oven at 90°C

for 30 minutes.

Degraded Foam Solution Sample Preparation
SMP foams were cut into small pieces and then pulverized into a powder using a
blender. SMP foam powder was then cleaned to remove any unreacted monomers,
surfactants, and catalysts using alternating washes of isopropyl alcohol (IPA) and 0.22 um
filtered DI water under sonication. The foam powder was then dried under vacuum at 50°C

overnight.

All handling of the foam after cleaning was conducted using aseptic technique.
Samples of approximately 250 mg of foam powder were immersed in 10 mL of a 20%
H>0O, solution at 70°C. The exact weights for each sample varied slightly but were
recorded. Lines were drawn on the vials at the starting liquid level, and 20% H>O> was
added to the vials periodically to replace evaporating solution. After the foams had
degraded, the H>O» concentration of the degradation solutions was checked using test

strips (Indigo Instruments).
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Subsets of foam samples were used to test the cytocompatibility of degradation
products at different endpoints throughout the process of degradation. Endpoint targets
included 20%, 50%, and 90% mass loss in addition to one month after 90% mass loss, and
the day on which to stop sample degradation was determined using sacrificial samples.
Before weighing, each material sample was rinsed with 0.22 um filtered DI water which
was collected and used for the dilution of the H>O» in later steps, and then the material was

rinsed with ethanol. Samples were dried overnight at 50°C under vacuum and weighed.

Catalase Neutralization of H>0>
1%, 2%, and 5% H20: solutions were made from 50% H>0O- (MilliporeSigma) and
DI water then treated with 75, 150, 300, 600, or 1500 U/mL catalase for 7 days. The
concentration of H>O> remaining in the solutions was measured using a ferric thiocyanate
kit (Chemetrics), the concentration of catalase remaining in the solutions was measured
using a Pierce Coomassie Plus Protein Assay (ThermoFisher Scientific), and the
cytocompatibility of the solutions was tested using methods described below. The results

were used to inform the methods for testing solutions with degraded SMP foam material.

Degraded Foam Solution Cytocompatibility Sample Preparation
Degraded foam solutions were diluted to ~2% H>0O> with 0.22 pm filtered DI
water, then incubated with 1500 U/mL catalase at 37°C for 7 days with agitation. At this

point a sample was taken to test the remaining concentration of H>O; using the ferric
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thiocyanate kit. If the H>O» concentration was greater than 0.1 ppm, precipitated catalase
was filtered out of the solution, and then 1500 U/mL were reintroduced for an additional
7 days. This process was repeated until all samples were confirmed to contain <0.1 ppm
H>O: after neutralization using the ferric thiocyanate test kit before cytotoxicity testing. A
fresh sample of 2% H»0, and a sample of sterile DI water were also treated with catalase

to serve as controls for the cytotoxicity assay.

Media samples for cell exposure were made using 10X Dulbecco’s Modified Eagle
Medium (DMEM, MilliporeSigma) diluted to 1X with each sample solution, including
controls. These media samples were also supplemented with 10% newborn calf serum
(NCS, MilliporeSigma), 1% penicillin/streptomycin (P/S, VWR), 0.1% fungizone
(VWR), 3.5 mg/mL glucose, 3.7 mg/mL sodium bicarbonate, 4 pg/mL folic acid, and
0.584 mg/mL L-glutamine. The maximum concentration tested was the concentration
achieved after addition to cell culture media, and serial dilutions were performed from this

concentration to test a range that produced a dose-response curve.

Degradation Byproduct Analog Synthesis
TM-Gly and TM-Lac: TMHDI (TM) was dissolved in dimethylsulfoxide
(DMSO) at ~1 g/ml under anhydrous conditions. The TMHDI solution was added
dropwise to glycolic acid (Gly) or lactic acid (Lac) at a 1:2.1 molar ratio while stirring on
a magnetic stir plate under nitrogen. The reaction was carried out for 24 hours at room

temperature and then an additional 24 hours at 50°C. The final product was dried under
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vacuum for ~72 hours to remove DMSO. Fourier transform infrared (FTIR) and nuclear
magnetic resonance (NMR) spectroscopy were utilized to confirm synthesis. Samples
were solution cast directly onto KBr pellets for acquisition of transmission FTIR spectra
using a Bruker TENSOR 27 spectrometer. Proton NMR spectra of control and
functionalized polymers were recorded on Mercury 300 MHz spectrometer using a
TMS/solvent signal as an internal reference.

TM-Gly: 'H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH,CH(CH3)CH>C(CH3)2-, 14H), 2.71-3.19 ppm (m, -NHCH:>-, 4H), 3.76-3.92 ppm (m,
-OCH:C=0, 4H), 4.94-7.85 ppm (m, -NH-, 2H).

TM-Lac: 'H NMR ((CD3)SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH>CH(CH3)CH>C(CH3)2-, 14H), 1.06-1.38 ppm (m, -OCH(CH3)C=0, 6H), 2.63-3.15
ppm (m, -NHCH:>-, 4H), 3.97-4.17 ppm (m, -OCH(CH3)C=0, 2H), 4.72-7.78 ppm (m, -
NH-, 2H).

Boc Protection of Amine Groups: Di-tert-butyl carbonate was dissolved in
tetrahydrofuran (THF) at ~2-4 g/ml and added dropwise to the amine component
(ethanolamine (EA), l-amino-2-propanol (Amino), diethanolamine (DEA), or bis(2-
hydroxypropyl) amine (Bis)) at a 1.1:1 molar ratio. The reaction was vented to allow for
CO; escape and allowed to proceed at room temperature for 1 hour. The reaction was dried
under vacuum at 65°C for ~24 hours to remove THF and tert-butanol. The final product
was analyzed using FTIR and NMR spectroscopy as described in the previous section.
FTIR confirmed introduction of the carbonyl of the urethane at ~1650-1700 ¢cm™! and

methyl groups at ~2800-3000 cm’!, Figure S1 (Supplemental).
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Boc-EA: '"H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 1.35 ppm (m, -CHj3, 9H),
2.98 and 3.45 ppm (m, -NHCH>-, 2H), 4.55 ppm (m, -CH>OH, 2H), 6.60 ppm (s, OH-,
1H).

Boc-Amino: '"H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.97 and 1.35 ppm
(m, -CH3, 12H), 2.85 and 3.58 ppm (m, -NHCH:>-, 2H), 4.55 ppm (m, >CHOH, 1H), 6.55
ppm (s, OH-, 1H).

Boc-DEA: 'H NMR ((CD3):SO with 0.05% v/v TMS, 300 MHz): 1.35 ppm (m, -CH3,
9H), 3.22 ppm (m, >NCH:>-, 4H), 3.50 ppm (m, -CH>0OH, 4H), 4.71 ppm (s, OH-, 2H).
Boc-Bis: 'TH NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.97 and 1.35 ppm (m, -
CH3, 15H), 3.00 and 3.24 ppm (m, >NCH>-, 4H), 3.80 ppm (m, >CHOH, 2H), 4.73 and
4.91 ppm (s, OH-, 2H).

All amine-containing molecules were functionalized with Boc groups at ~90-95%,
according to the NMR spectra, Figure S1.

TM-EA and TM-Amino: TM-EA and TM-Amino were synthesized using the
same method as TM-Gly and TM-Lac, using the Boc-protected EA and Amino products.
At the completion of the reaction, 4M HCI in dioxane was added to the reaction vessel at
a 1:1 ratio (HCl:Boc). The resulting solution was stirred under nitrogen at 60°C overnight.
Then, 4M NaOH in water was added at a 1:1 ratio (NaOH:HCI) to neutralize the reaction.
The solution was stirred and vented, and the solvent was filtered off. The product was
washed with reverse osmosis (RO) water 5 times to remove residual solvent and
byproducts and then dried under vacuum at 65°C for 48 hours. FTIR and NMR

spectroscopy confirmed synthesis of TM-EA and TM-Amino.
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TM-EA: 'H NMR ((CD3):SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH,CH(CH3)CH>C(CH3)2-, 14H), 2.62-3.12 ppm (m, -NHCH>- and —OCH>CH>NH,
8H), 4.13 ppm (s, -OCH>CHoNH», 4H), 5.16-7.79 ppm (m, -NH-, 2H).

TM-Amino: 'H NMR ((CD3)SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH,CH(CH3)CH>C(CHj3)2-, 14H), 1.05-1.71 ppm (m, -OCH(CH3)CH2NH,, 6H), 2.67-
3.15 ppm (m, -NHCH:>- and OCH(CH3)CH:NH_, 8H), 3.85 ppm (s, -OCH(CH3)CH2NH2,
2H), 4.64-7.75 ppm (m, -NH-, 2H).

TM-DEA-Gly, TM-DEA-Lac, TM-Bis-Gly, TM-Bis-Lac, TM-DEA-EA, TM-
DEA-Amino, TM-Bis-EA, and TM-Bis-Amino: Under anhydrous conditions, TMHDI
was dissolved in DMSO (~1 g/ml) and added to Boc-protected DEA or Bis dropwise at a
2.1:1 ratio while stirring under nitrogen. Gly, Lac, Boc-EA, or Boc-Amino was dissolved
in DMSO (~1 g/ml) and added dropwise to the other components while stirring under
nitrogen. The reaction was carried out at room temperature for 24 hours and then at 50°C
for an additional 24 hours. Then, 4M HCI in dioxane was added to the reaction vessel at a
1:1 ratio (HCl:Boc), and the reaction was carried out overnight under nitrogen at 60°C.
After cooling to room temperature, 4M NaOH was added (1 NaOH:1 HCI), and the
solution was stirred and vented before filtering off the solvent. The final product was
washed 5 times with RO water and dried under vacuum at 65°C for 48 hours. Synthesis
was confirmed using FTIR and NMR spectroscopy. Synthetic schemes and product

structures are available in the electronic supplementary information.
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TM-DEA-Gly: '"H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH,CH(CH;5)CH,C(CHj3)2-, 28H), 2.65-3.15 ppm (m, -NHCH>-, 12H), 3.71 and 3.86 ppm
(d, -OCH>-, 8H), 4.75-7.90 ppm (m, -NH-, SH).

TM-DEA-Lac: 'H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH>CH(CH;3)CH,C(CH3)2-, 28H), 1.07-1.45 ppm (m, -OCH(CH;3)C=0, 6H), 2.65-3.15
ppm (m, -NHCH>-, 12H), 3.61 and 3.92 ppm (m, -OCH(CH3)C=0 and -OCH>-, 6H), 4.75-
7.90 ppm (m, -NH-, SH).

TM-Bis-Gly: 'H NMR ((CD3):SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH:CH(CH;3)CH:C(CHj3)2-, 28H), 1.41 ppm (m, -OCH(CH3)-, 6H), 2.65-3.15 ppm (m, -
NHCH:>-, 12H), 3.59 and 3.78 ppm (d, -OCH>- and -OCH(CH3)-, 6H), 4.75-7.90 ppm (m,
-NH-, 5H).

TM-Bis-Lac: 'H NMR ((CD3)SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH>CH(CH;3)CH,C(CHj3)2-, 28H), 1.07-1.45 ppm (m, -OCH(CH3)C=0 and -OCH(CHj3)-
, 12H), 2.65-3.15 ppm (m, -NHCH>-, 12H), 3.85 and 3.92 ppm (d, -OCH(CHs3)-, 4H),
4.75-7.90 ppm (m, -NH-, SH).

TM-DEA-EA: 'H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH;CH(CH3)CH>C(CHj3)2-, 28H), 2.65-3.15 ppm (m, -NHCH>- and —-OCH>CH:NH,
16H), 4.12 and 4.22 ppm (d, -OCH:>, 8H), 4.75-7.90 ppm (m, -NH-, SH).
TM-DEA-Amino: 'H NMR ((CD3).SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH,CH(CH;)CH,C(CH3)2-, 28H), 1.07-1.45 ppm (m, -OCH(CH3)CH>NH,, 6H), 2.65-
3.15 ppm (m, -NHCH>- and -OCH(CH3)CH-NH,, 16H), 4.23 ppm (s, -

OCH(CH3)CH2NH; and -OCH->-, 6H), 4.75-7.90 ppm (m, -NH-, 5H).
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TM-Bis-EA: '"H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH>CH(CH3)CH:C(CHs)2-, 28H), 1.07-1.45 ppm (m, -OCH(CH3)-, 6H), 2.65-3.15 ppm
(m, -NHCH:>- and —-OCH>CH:NH,, 16H), 4.01 ppm (s, -OCH: and -OCH(CH3)-, 6H),
4.75-7.90 ppm (m, -NH-, SH).

TM-Bis-Amino: '"H NMR ((CD3)2SO with 0.05% v/v TMS, 300 MHz): 0.85 ppm (m, -
CH>CH(CH3)CH>C(CH3)2-, 28H), 1.07-1.45 ppm (m, -OCH(CH3)CH>NH; and -
OCH(CHj3)-, 12H), 2.65-3.15 ppm (m, -NHCH:>- and -OCH(CH3)CH>NH>, 16H), 3.84

and 4.05 ppm (d, -OCH(CH3)CHa, 4H), 4.75-7.90 ppm (m, -NH-, SH).

Byproduct Analog Cytocompatibility Sample Preparation
Synthesized degradation byproduct analogs were dissolved in DMSO at 200
mg/mL. These product/DMSO solutions were added to cell culture media composed of
IX DMEM, 10% NCS, 1% P/S, and 0.1% fungizone to afford final concentrations of 0.5%
DMSO and 1 mg/mL of the specified degradation product. DMSO was used to enhance
the solubility of the degradation products in media. Glyoxal and oxalic acid are expected
degradation products that are commercially available. These chemicals were purchased

from MilliporeSigma and dissolved using the same methods.

Four of the six byproduct analogs with lactic acid and glycolic acid end groups
(TM-DEA Lac, TM-Bis Lac, TM-DEA Gly, and TM-Bis Gly) still precipitated when
added to cell culture media in DMSO. To obtain testable solutions, these products were
extracted in sterile DI water with 5% DMSO at a concentration of 10 mg/mL for 72 hours

at 37°C under agitation. The extract was then filtered through a 0.45 um centrifuge tube
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filter top to remove particulates. The tube used for extraction and the filter used were dried
and weighed before initiating the extraction so that the degradation product mass
remaining after extraction could be measured and used to determine the concentration of
the degradation product in the extraction solution. The extraction solution was added to
cell culture media to afford a 10% solution, resulting in a DI water concentration of 10%,
a DMSO concentration of 0.5%, and a degradation product concentration of 10% of the

calculated extract concentration.

Cytocompatibility Assays

For each assay, BALB/3T3 Fibroblasts, Clone A31 (3T3s, ATCC) were seeded in
96-well tissue culture plates at a concentration of 7,500 cells/well and incubated in a
humidified incubator at 37°C with 5% CO; for 24 hours. Cell morphology was observed
in all wells using an inverted microscope and even cell distribution was confirmed before
treatment. Cell culture media was aspirated, and cells were incubated with degraded foam
solutions or byproduct analog samples in cell media to determine cytocompatibility. An
untreated control was included in each assay to provide a reference for 100% cell viability.
These untreated controls were made from the media used to dissolve the degradation
products tested in the same assay. For degraded foam samples, untreated controls were
made from 10X DMEM, using sterile DI water as the diluent instead of a degraded foam
solution. For synthesized samples, untreated controls were made from cell culture media

with 0.5% DMSO, and for samples that required extraction, untreated controls included
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0.5% DMSO and 10% DI water. Cells were incubated with treatments for 48 hours at

37°C with 5% COx.

Following incubation, cell morphology was observed using an inverted
microscope to evaluate changes induced by addition of the treatments. The cells were
washed with DPBS, then 200 pL of a solution of 5% resazurin (MilliporeSigma) in cell
culture media were added to each well for 3 hours. Resazurin is a blue dye that is
converted to a fluorescent pink form, resorufin, by metabolically active cells. After 3
hours, the fluorescence intensity of the solution in each well relative to blanks with no
cells was quantified with a Tecan Infinite M200 Pro plate reader using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. Cell viability was

calculated using the following equation:

RFUsg0/590 X)) - RFU560/590(blanks)

Cell Viability (X) =
ell Viability (X) RFUsgg 590 (Untreated Control) — RFUgg /590 (blanks)

where X is any treatment group and RFU is relative fluorescent units (i.e. fluorescence

intensity).

The cytocompatibility of H,O» and catalase were tested first by adding them to cell
culture media alone. Testing for each byproduct analog was done in two steps. The first
step tested a broad range of concentrations to determine an appropriate subset of
concentrations to evaluate. The second step was used to calculate the concentrations at
which a 30% reduction in cell viability would be observed (IC3o) for each sample. In ISO
10993-5, it is recommended that a treatment be considered cytotoxic if it reduces cell

viability by 30% or more as measured by a metabolic assay. The IC;3p values were
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considered the cytotoxic thresholds for this study based on the guidelines in ISO 10993-
5. IC30 values were calculated for all products by fitting to the Graphpad Prism [Inhibitor]
vs Response — Variable Slope model then interpolating the x value (concentration) for a'y

value (cell viability) of 70%.

Statistical Analysis
All IC30 determination assays were repeated at least 3 times. One-way ANOVA
was used to test for differences between the mean 1C;¢ values from the degraded foam
solutions at different endpoints (i.e. 20% degraded vs 50% degraded vs 90% degraded vs

1 month after 90% degraded).

Results
Neutralization of H>O> with Catalase
The cytocompatibility of H2O» and catalase were tested as shown in Figure 3.1. To
isolate the potentially toxic effects of the degradation product samples from the effects of
the vehicle solution, the H2O2 must be sufficiently neutralized without introducing toxic
levels of the catalase enzyme. However, it was observed that the catalase enzyme
precipitates out of solution over time so filtration of the catalase enzyme with a sterile 0.22

um syringe filter was implemented after these assays.
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Figure III-1. Cytocompatibility of (A) H20: and (B) catalase enzyme when added to
cell culture media. The average I1C3o for H:O2 was 1.60 = 0.11 ppm and the average
IC30 for catalase was 227 + 45 pg/mL. The numbers 1, 2, and 3 in the legends indicate
replicate runs of the assays. Error bars represent standard deviation (n=6 wells per
concentration).

Neutralization of H>O; solutions without polymer degradation products required
~7 days incubation at 37°C with agitation. Cytocompatibility was observed for 1%
solutions neutralized with 300 U/mL of catalase or greater, for all 2% solutions, and for
5% solutions neutralized with 1500 U/mL as seen in Figure 3.2. In all cases, the catalase
remaining in solution after filtration was below its 1C30, which was measured to be 227
pg/mL (785 U/mL). The H>O» remaining in solution was below the measured IC3o of 1.60
ppm for 1% and 2% H2O; samples treated with 600 or 1500 U/mL.

In some cases, the H2Oz remaining exceeded the IC39 of H2O2 by as much as 1 ppm,
but the solutions were still observed to be cytocompatible in testing. The residual catalase
may have a small protective effect on the cells, but this needs to be tested further. In

subsequent experiments, the catalase was denatured after neutralization by submersion in

a water bath at 65°C for >15 minutes.
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When degraded foam solutions were tested, <0.1 ppm H>O> was not always
achieved within 7 days. In these cases, the solutions were filtered with a 0.22 um syringe
filter and re-treated with catalase until sufficient neutralization was achieved. The

degradation products in solution may have some inhibitory effect on H>O> neutralization.
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Figure I11-2. Concentrations of A) H202 and B) catalase remaining in 0.22 pm
filtered solutions, and C) cytocompatibility of resulting solutions after
neutralization of varied H202 concentrations with varied catalase concentrations.
The experimentally obtained IC30 of H202 is shown on chart A for reference. The
maximum concentration reading possible for the kit used is 10 ppm H202. The
experimentally obtained IC30 of catalase is above the range shown by chart B.
Error bars represent standard deviation (n=3).
Cytocompatibility of Degraded Foam Solutions

The H20: concentration remaining after degradation was ~20% for all samples.
Average measured mass losses were 15.5 + 4.4% for the 20% target samples, 46.0 = 4.2%
for the 50% target samples, and 91.1 + 2.1% for the 90% target samples. Samples
degrading for 1 month more than the 90% target samples did not have any measurable
mass remaining. Dose-response curves were obtained for the samples from each endpoint

and are presented in Figure 3.3. Average 1Cso values were determined to be 0.381 £ 0.176

mg/mL for 20% degraded samples, 1.295 + 0.946 mg/mL for 50% degraded samples,
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1.103 £ 0.354 mg/mL for 90% degraded samples, and 0.567 &+ 0.198 mg/mL for samples
degraded for 1 month more than the 90% degraded samples. One-way ANOVA indicated
that there were no statistically significant differences between these mean 1Cso values
(p=0.12). The 50% group had the greatest range of IC3o values from 0.366 mg/mL at the
lowest to 2.257 mg/mL at the highest. Two of the samples from the 50% group did not
result in 30% cell death at the highest concentrations tested, and therefore the IC3o values

had to be extrapolated from the curves obtained.
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Figure III-3. Cytocompatibility of degraded foam solutions after neutralizing the
H20:. A) Dose-response curves for the replicates at each target endpoint tested. The
numbers 20%, 50%, 90%, and +1 month indicate the target degradation endpoint
for that group of samples. The numbers 1, 2, 3, and 4 in the legend indicate replicate
runs of the assays, and 6 wells were tested for each concentration. B) The average
IC30 values for each endpoint determined using the curves in A. C) Cell viability
results for cytocompatible control solutions, which included DI water and 2% H:O:
that underwent the same neutralization process as the degraded foam solutions in
parallel. Error bars represent standard deviation.
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Synthesis of Degradation Byproduct Analogs

Byproduct synthesis was confirmed using FTIR and NMR spectroscopy. All final
products showed an increased methylation at ~2900 cm™ with the addition of TMHDI and
a lack of isocyanate at ~2250 cm!, indicating that all TMHDI was reacted. The
introduction of a secondary amine peak at ~3300 cm™! and the introduction/shifting of the
carbonyl peak to ~1640 and 1540 cm™! can be viewed in the spectra of byproducts with
carboxylic acid end groups, Figure 3.4A. Loss of the primary amine peak at ~3350 cm’!
and introduction of a carbonyl peak at ~1700 cm™ is observed in the amine-terminated
byproduct spectra, Figure 3.4B. NMR spectroscopy was utilized to quantify
functionalization of byproducts with desired end and middle groups. Carboxylic acid-
terminated byproducts were all 83-90% functionalized with the desired end and/or middle
groups in comparison to TMHDI, Figure 5.2 (Appendix), and amine-terminated
byproducts were functionalized with desired end/middle groups at 77-91%, Figure 5.3

(Appendix).
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Figure I11-4. Fourier transform infrared spectra of (A) carboxylic acid-terminated
and (B) amine-terminated degradation byproducts with peaks of interest labeled
above. The abbreviations for the components used to synthesize each degradation
product are as follows: TM — trimethyl hexamethylene diisocyanate, Bis — bis(2-
hydroxypropyl) amine, DEA — diethanolamine, Lac — lactic acid, Gly — glycolic
acid, Amino — 1-amino-2-propanol, EA — ethanolamine.
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Cytocompatibility of Degradation Byproduct Analogs
Dose-response curves were obtained for degradation byproduct analogs within a
concentration range of 0.001 to 3.160 mg/mL. The IC3 values obtained range from 0.009
mg/mL to 1.384 mg/mL. In general, analogs with amine end groups tended to have lower
IC30 values than analogs with carboxylic acid end groups. Representative dose-response

curves are presented in Figure 3.5 and average 1Cso values for each product are listed in

Table 3.1.
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Figure III-5. Cytocompatibility of degradation byproduct analogs with (A)
carboxylic acid and aldehyde end groups or (B) amine end groups. Each degradation
byproduct analog was tested in 3 separate assays with 6 wells used per concentration
tested, and 1 representative curve was selected for each to reduce clutter in this
figure. Error bars represent standard deviation. The abbreviations for the
components used to synthesize each degradation product are as follows: TM —
trimethyl hexamethylene diisocyanate, DEA — diethanolamine, Bis — bis(2-
hydroxypropyl) amine, Lac — lactic acid, Gly — glycolic acid, EA — ethanolamine,
Amino — 1-amino-2-propanol.
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Table III-1. Average I1C3 values for synthesized degradation byproduct analogs
with standard deviations.

End Groups IC30 (mg/mL)
Glyoxal 0.044 + 0.015
Oxalic Acid 0.092 + 0.052
TM-DEA-Lac 0.297 £ 0.120
TM-Bis-Lac 0.320 + 0.059
TM-Gly 0.390+0.119
TM-Bis-Gly 0.544 £ 0.221
TM-DEA-Gly 0.800 + 0.241
TM-Lac 1.384 +0.056
TM-Bis-EA 0.009 + 0.004
TM-Bis-Amino 0.021 £ 0.006
TM-DEA-Amino 0.024 + 0.009
TM-DEA-EA 0.041 +£0.015
TM-Amino 0.167 £ 0.061
TM-EA 0.169 + 0.129

Discussion and Conclusions

Biodegradable polymers are an essential tool for many strategies aimed at
improving drug delivery, medical devices, and tissue regeneration. Biodegradation can be
used as a method of delivering a payload at a desired rate or allowing a material to evolve
with the biological environment in which it is implanted. In some applications, it can be
beneficial to develop a material that degrades in response to specific cell activity such as
enzyme or reactive oxygen species release®>*’. Polymers have been designed to degrade
upon exposure to reactive oxygen species for use in drug delivery, biosensing, and tissue

85,98-102

engineering applications . The methods described here could be used to evaluate

degradation products from these systems for toxicity or for their impact on the desired
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outcomes after implantation. These methods may also be useful in evaluating other
polymers that may degrade by oxidation as one of multiple mechanisms as is proposed of
some other polyurethane scaffolds and poly (ethylene glycol) hydrogels!®-19%,

While the definition of biocompatibility varies depending on the intended
application of the material and the final form of the device, determining if the material
will be toxic to adjacent cells and tissues is one of the early testing priorities. In this work,
we describe methods of assessing the cytocompatibility of polymers designed to degrade
oxidatively. This type of testing traditionally presents a challenge, because the common
method of simulating oxidative degradation in vitro utilizes exposure to H2O> solutions.
H>0O, solutions are toxic to cells and tissues at concentrations that are substantially lower
than the ISO 10993 recommended concentration for degradation studies (1.6 ppm vs 3%).
Therefore, it is necessary to isolate the toxic effects of the degradation products from the
toxic effects of the H>O: solution used to obtain them.

The method established here utilize a catalase enzyme to convert H>O> in solution
to water and oxygen, and polymer synthesis techniques were used to create analogs of the
expected degradation products to validate the results. In our experiments, these degraded
material solutions and synthesized byproduct analogs were used in standard
cytocompatibility assays to assess cell viability after exposure to the test articles. The
degraded foam solution experiments provide a better representation of the likely
distributions of byproducts, but testing each individual product analog can identify those
with stronger contributions to toxicity. If one product is found to be excessively toxic or

mutagenic, new monomers can potentially be selected to redesign a material without these
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negative effects. Conversely, if one product is found to enhance cell proliferation or
modulate the inflammatory response, a material can be redesigned to boost these positive
effects. These methods could be utilized to test cell proliferation, gene or protein
expression changes, and/or genotoxicity in response to in vitro exposure to degradation
products from oxidatively-degradable polymers. Additionally, an injectable degradation
product solution could be used to test systemic toxicity, reproductive toxicity, and/or
carcinogenicity in vivo.

Based on these studies, we expect that the degradation of the SMP foam tested is
unlikely to cause a cytotoxic response in vivo. Interestingly, the toxicity thresholds
appeared to vary depending on the extent to which the materials had degraded, but these
differences were not found to be statistically significant. The toxicity threshold was lowest
at the earliest timepoint tested then increased at the next timepoint and appeared to
decrease until the last timepoint tested. This may suggest a changing distribution of the
degradation products in solution over time.

Weems et al. evaluated the degradation mechanism for these materials in both
model compounds and bulk material studies; tertiary amine oxidation was quantified with
regards to the formation of amine oxides, secondary amines, primary amines, and
carboxylic acids*. In this study, we observed that the degradation products with amine
end groups tended to have lower I1Cszo values than the products with carboxylic acid end
groups. In the degraded foam solutions generated in vitro, the amine end group products
are likely more abundant at early timepoints until the amines are further oxidized. At the

latest timepoints, the smallest degradation products, glyoxal and oxalic acid, are likely
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increasing in abundance, and these were products that also had some of the lower 1C3o
values. Synergistic effects of products may also play a role in determining toxicity.
Based on previous studies using 3% H>O», which is the ISO 10993 standard for
real-time in vitro degradation media, this foam composition degrades at ~0.78% mass loss
per day [unpublished data]. As the IC3o values from our studies are concentration values,
a comparison to degradation rates requires consideration of the tissue volume where the
degradation products will be produced. One proposed application for this material is as a

46,7192 Tn order

coating for an embolic coil that can be used in the occlusion of aneurysms
to make a rough comparison of degradation product mass to tissue volume, we assumed
an aneurysm diameter of 11 mm to represent an aneurysm larger than 92% of aneurysms
in a clinical study!®. To determine the amount of foam that would be present in this
aneurysm, we assumed a packing density of 23% with foam-coated coil devices before the
devices had expanded, which correlates with a packing density of ~58% after foam
expansion, based on our previous work®!?. Using the 0.78% mass loss per day observed
in previous studies, a daily degradation product exposure of 0.224 mg/mL would be
observed in the aneurysm. This concentration is lower than all of the IC3¢ values obtained
for degraded foam solutions in this study, which suggests that the rate of product release
would not be expected to cause a cytotoxic response in the aneurysm based on the
recommendations presented in ISO 10993-58!. This calculation assumes no product
accumulation at the implant site based on our previous study in the rabbit elastase

aneurysm model. In that study, we observed 13.6% mass loss after 30 days and 98.6%

mass loss after 90 days, but we did not observe necrosis or toxic effects at any timepoint’!.
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While cytotoxicity testing gives an initial idea of material or degradation product
toxicity, toxicologists typically rely on systemic toxicity and other in vivo experiments to
further evaluate potential risks found in cytotoxicity experiments. In vitro cytotoxicity has
been studied relative to in vivo methods for identifying toxicity, and the predictive ability
of cytotoxicity alone is generally not sufficient!!!:!!2, A combination of these methods is
necessary to provide a more complete profile of the safety and efficacy of devices that
utilize oxidatively-degradable polymers. However, cytotoxicity may play an important
role in elucidating mechanisms of toxicity, relative impact of isolated degradation
products, or effects on different cell types, and initial cytotoxicity screening is important
for minimizing animal numbers.

In previously published in vivo studies, no toxic effects have been observed from
similar SMP foam formulations, which were observed to degrade to various extents during
the life of the implants®8-41-719293 By contrast, all of these studies found that SMP foam
implants resulted in similar or enhanced healing compared to control devices. These
studies have included implants in both pig and rabbit models, and implants in aneurysm
models and peripheral vasculature. Time points have been as long as 180 days in both pigs
and rabbits. These data, taken with the measurements in the current study, indicate that
the rate of release of SMP foam degradation byproducts is unlikely to cause cytotoxic
effects after implantation.

It is important to note that the progression of the degradation mechanism is
complex, and the relative abundance observed for these byproduct species could differ in

vivo compared to in vitro. In the in vitro case, there is no removal or metabolism of the
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byproducts as they are solubilized which may allow them to be further oxidized. Another
limitation of this in vitro approach is the possibility of differences between submersion in
H>0, as a homogeneous degradation catalyst versus the heterogeneous, cell-mediated,
oxidative degradation that occurs in vivo. Similar degradation was confirmed in previous
studies with ex vivo samples, but the molecular weight of solubilized degradation products
and the distribution of chemical species may be slightly variable*?. The catalyst for
degradation may further complicate these factors over time. Additionally, the clearance
rate of these varying degradation products should be further evaluated with consideration
of the implant site and systemic circulation.

Other limitations of this study include the use of accelerated degradation.
Preferably, toxicity testing would use a solution that yields the best approximation of real
time in vivo degradation that is available at 37°C. Accelerated degradation was used in
this study because of long degradation timeframes expected for real time use.
Additionally, the method of neutralizing H>O» with catalase can vary based on the activity
of the enzyme, potential inhibition of the enzyme by degradation products in solution, and
pH of the degradation product solution.

Future studies will attempt to utilize these methods to evaluate other cell types and
cell responses, such as cell proliferation and gene and protein expression. The specific cell
types used for an assay would ideally match the most relevant cells in the response to the
device for the desired application. Additional toxicity studies should also be undertaken

to acquire a complete toxicological profile of these biomaterials in vitro and in vivo. These
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studies may include systemic toxicity, genotoxicity, carcinogenicity, and reproductive
toxicity tests depending on the intended application of the medical device.

In conclusion, new methods were established to enable cytotoxicity testing of
degradation byproducts from oxidatively-degradable polymers. These methods were used
to test degradation products from a SMP foam that has been investigated for use in
occlusion devices, and it was found that the degradation of this material is unlikely to
cause a cytotoxic response in vivo. The methods described here may also be useful for
other types of toxicological testing and may be used with other oxidatively-degradable

polymeric materials.
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CHAPTER IV
MACROPHAGE PHENOTYPES ASSOCIATED WITH SMP FOAM-COATED OR

BARE PLATINUM COILS FOR ANEURYSM OCCLUSION

Introduction

Embolic coils enabled minimally invasive treatment of brain aneurysms, but high
rates of recanalization and retreatment persist as weaknesses of this approach’ '3 One
hypothesis for addressing this recanalization is that the biological response can be
enhanced to resist coil compaction and reduce recanalization risk!*!!*!15 The suggested
response includes robust collagen deposition between the coils in the aneurysm dome and
a complete reendothelialization at the aneurysm neck!“. The robust collagen deposition is
expected to provide mechanical support that resists coil compaction, and the complete
reendothelialization is expected to provide a barrier to decrease hemodynamic pressure on
the coil mass.

A variety of modifications have been tested to enhance the biological response to
platinum coils deployed in aneurysms. These modifications have included the addition of
cells, proteins, and polymers?!-28114-118 ‘Some coils, such as those coated with poly(lactic-
co-glycolic acid) (PLGA) and/or monocyte chemoattractant protein-1 (MCP-1), were
observed to induce inflammation that stimulated a fibrotic response and led to more tissue
deposition than control coils?®!14,

The macrophage is one of the primary cell types that respond after endovascular

coil implantation, and the macrophage reaction has been hypothesized to determine the
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outcome of many different types of implants!+3%60:63 Recent research also shows that
there is a spectrum of macrophage activation states, ranging from a pro-inflammatory
phenotype (“M1-like”) to a pro-regenerative phenotype (“M2-like”), and the regulation of
these phenotypes can have important implications in various pathological conditions,

44.45.55.56.119 1t has also been demonstrated that different

including wound healing
biomaterial properties, such as material modulus, surface roughness, degradability and
porosity can drive macrophages toward different phenotypes®®%3. These phenotypes then
can have different effects on the bioresponse surrounding the implant. Early M1 responses
have been demonstrated to play a role in angiogenesis, and M2 responses have been

39120 Stimulating the

associated with increased tissue deposition and remodeling
appropriate balance of macrophage activity may lead to the enhanced collagen deposition
and reendothelialization desired in the response to embolic coils for aneurysms, and it’s
possible that this could be accomplished using modifications of existing devices. The
information about macrophage phenotypes present in healing aneurysms is very limited,
but Khashim et al. suggest that M2-like polarization correlates positively with histologic
healing scores 180 days after treatment with BPCs!2!.

Our lab has developed a shape memory polymer (SMP) foam that enhanced both
the connective tissue deposition in aneurysm domes and the endothelialization of the necks
after implantation in two different animal models’-%41.71.92 We hypothesize that this

highly porous, polyurethane foam may stimulate healing through activation of a

macrophage phenotype that favors M2-like activity over time.
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Here we investigate the polarization of macrophages associated with SMP foam-
coated coils (FCCs) compared to bare platinum coil (BPC) controls. We first assess
macrophage phenotypes at 30, 90, and 180 days in tissues saved from a previous study in
the rabbit elastase aneurysm model’!. Additionally, we use the THP-1 cell line to

investigate in vitro polarization of macrophages after exposure to these devices.

Materials and Methods
Devices Tested
The devices tested in this study include SMP FCCs consisting of platinum-
tungsten coils with SMP foam cylinders adhered to the outside of the coils. The
manufacturing process and device sizes used in the animal study are described in more
detail by Boyle, et al. and Herting, et al.**’!. Control devices used were BPCs from the

Barricade Coil System (Blockade Medical).

Animal Model and Implantation

All tissues used for analysis were obtained from a previous study that utilized the
rabbit elastase aneurysm model’!. Briefly, a segment of the right common carotid artery
is isolated, ligated distally, and exposed to elastase enzyme to break down part of the blood
vessel wall. After elastase exposure, the access site is closed, and the aneurysm is allowed
to grow for at least 3 weeks with exposure to hemodynamic pressure. At this point, the
aneurysms were accessed via catheter and treated with either SMP FCCs or BPC controls
using angiography.
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The animals were sacrificed after 30, 90, or 180 days, and the aneurysms were
explanted then fixed in 10% formalin. Aneurysms were embedded in paraffin, then 1 mm
thick sections were made using an Isomet Low Speed saw. The metal coil pieces were
removed from the 1 mm blocks under a dissection microscope, then these blocks were
reembedded in paraffin and sectioned to 4-5 um. A more detailed description of these

procedures can be found in Herting, et al.”".

Immunofluorescent Staining

Tissue sections were dried overnight at 37°C, then heated to 56°C for 45 minutes
immediately before deparaffinization. Paraffin was removed using two changes of Xylene,
then sections were washed and rehydrated through descending ethanol concentrations
from 100% ethanol to 80% ethanol. Rehydration was completed by immersing the sections
in running tap water, then rinsing in 2 changes of deionized (DI) water. Antigen retrieval
was performed using a 0.1 M citrate buffer at pH 6.0. Sections were immersed in this
buffer and placed in a steamer for 45 minutes at 95°C. After cooling, the sections were
washed in tris buffered saline (TBS) then blocked using 4% donkey serum with 0.3%
Triton X in TBS for 30 minutes. An additional blocking step was added using 20 pg/mL
donkey anti-rabbit IgG Fap fragment (Jackson Immunoresearch) in 0.3% Triton X in TBS
for 30 minutes.

Primary antibodies were added to sections in TBS with 0.3% Triton X and 2%
donkey serum overnight at 4°C. Primary antibodies used included rabbit anti Iba-1 (Wako,

2 ng/mL), goat anti CD206 (R&D Systems, 8 pg/mL), and mouse anti iNOS (Novus
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Biologicals, 10 pg/mL). After primary antibody incubation, sections were washed three
times in TBS on a shaker. Secondary antibodies were added to sections in TBS for two
hours at room temperature. Secondary antibodies used included donkey anti rabbit Alexa
Fluor 488, donkey anti goat Cy3, and donkey anti mouse Cy5 (all Jackson
Immunoresearch). Sections were washed again three times in TBS on a shaker after
secondary incubation, then DAPI was added in TBS. Slides were washed twice in TBS on
a shaker, and finally the slides were mounted with coverslips using Fluoromount-G

(Southern Biotech).

Imaging

Fluorescent staining was observed using a Leica DM6B upright microscope. Each
slide was scanned to obtain an overview of the whole tissue at a 4X magnification. Then
at least 8 regions were captured at a 20X magnification for cell counting. Cells were
counted using a macro written in Image] that identified overlapping regions of the
different stains.

A subset of samples was observed a second time using an IXM Confocal
microscope. Images were acquired of 5, randomly selected samples from each group at
each timepoint at 40X magnification, including 4 fields of view at the periphery of the
aneurysm dome (closer to the aneurysm wall) and 4 fields of view from the innermost area
of the aneurysm dome. Cells were counted manually using ImagelJ software. These images

were used to compare the phenotypes present in the different regions of the aneurysms.
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In Vitro Cell Culture

THP-1 monocytes were differentiated to macrophages using 5 ng/mL phorbol 12-
myristate 13-acetate (PMA) in complete media at 1 x 10° cells per well in low attachment
6-well plates. Complete media was made using RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin solution (P/S). THP-1 cells were left
in differentiation media for 3 days then washed with PBS, and then fresh complete media
was added to each well.

Devices were cut to short pieces with 0.25 cm? surface area and incubated in FBS
for 30 minutes prior to cell seeding. Differentiated macrophages were gently scraped with
a cell scraper to lift and collect them from the low attachment well plates. 1 million cells
were seeded on each device in 10 pL of complete media in a 6-well plate. Cells were
incubated in this small volume for 30 minutes to maximize cell attachment on the devices,
and then each well was filled with 3 mL complete media. Controls consisted of cells that

remained in the wells where they were differentiated (MO).

RNA Extraction and cDNA Synthesis
Cell lysis was performed either 6 or 24 hours after cell seeding on devices. RNA
extraction and purification were performed using an RNeasy Mini Kit (Qiagen). RNA
concentration and purity were evaluated on a Nanodrop OneC (ThermoFisher Scientific)
and stored at -80°C until ready to use. Reverse transcription was completed using a High

Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific).
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qPCR
qPCR was performed on a Quant-iT Studio Series System (Thermofisher
Scientific) using the Applied Biosystems PowerSYBR Green PCR Mastermix
(Thermofisher Scientific) for detection. Genes investigated included IFNy, NOS2,
HLADR, CD163, CD206, IL1p, IL6, and IL10. The primers used were obtained from
Integrated DNA Technologies, and the sequences used for each gene are shown in Table
4.1. The expression of target genes was normalized to the housekeeping gene, GAPDH,

and then to the 6 hour MO control group using the 2"24t method.

Table IV-1. Forward and reverse primer sequences to be used for gene expression

analysis.

Gene Forward Sequence Reverse Sequence
GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
IFNy TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC

NOS2 TTCAGTATCACAACCTCAGCAAG TGGACCTGCAAGTTAAAATCCC
HLADR AGTCCCTGTGCTAGGATTTTTCA ACATAAACTCGCCTGATTGGTC
CD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

CD206 CGAGGAAGAGGTTCGGTTCACC GCAATCCCGGTTCTCATGGC
IL1B TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG
IL6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA
IL10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG

Statistical Analysis
Data are presented as mean + SEM. Differences in marker expression from
immunostaining and gene expression from qPCR between treatment groups were

compared using independent t-tests.
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Results
Immunofluorescent Staining of Explanted Tissue Samples

Immunostaining was completed for all animals from the previous study. Slides
were stained with DAPI to identify all nuclei, Ibal to identify all macrophages, CD206 to
identify M2 macrophages, and iNOS to identify M1 macrophages.

In the lower magnification images that were analyzed with the ImageJ macro at 30
and 90 days, aneurysms treated with SMP FCCs exhibited significantly higher numbers
of Ibal™ macrophages and macrophages that were positive for both iNOS and CD206 as
shown in Figure 4.2. There were also significantly more cells expressing iNOS and cells
expressing CD206 when including cells that stained positively for both markers, but not
when considering cells that stained for only the M1 or M2 marker. At 180 days, aneurysms
treated with SMP FCCs exhibited significantly higher numbers of cells expressing CD206
(Figure 4.2). When normalized to the number of macrophages counted, there were no
significant differences observed between device groups for any phenotype at any
timepoint as shown in Figure 4.3. Similarly, there were no differences in M2/M1 ratio

observed between device groups at any timepoint as shown in Figure 4.4.
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Figure IV-1. Representative 20X images of aneurysms treated with A) bare platinum
coils or F,K) foam coated coils. F shows cells present farther from SMP FCC devices
and K shows cells present near foam struts, which have some autofluorescence and
appear gold in K. All images are from the 30 day treatment group. A, F, and K
present the composite of the 4 images below each of them. B, G, and L show DAPI
staining; C, H, and M show Ibal* cells in green; D, I, and N show CD206" cells in
red; and E, J, and O show iNOS* cells in cyan.
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Figure IV-2. Macrophage phenotypes by number of cells per mm? at A) 30 days, B)
90 days, and C) 180 days. Error bars shown are standard error of the mean.
*indicates p<0.05 between device groups.
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Figure IV-3. Macrophage phenotypes by percentage of macrophages counted at A)
30 days, B) 90 days, and C) 180 days. Error bars shown are standard error of the

mean.
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Figure IV-4. Ratio of all M2 marker (CD206) expressing cells to all M1 marker
(INOS) expressing cells at 30 days, 90 days, and 180 days. Error bars shown are
standard error of the mean.

When a subset of samples was analyzed with higher magnifications and counted
manually, minimal differences were observed in different regions of the aneurysms as
demonstrated by Figure 4.5. The only significant difference between regions of any group
of aneurysms was found to be in 180 day group of BPC-treated aneurysms. The percentage
of all cells that were Iba" was significantly greater in the inner region of those aneurysms
as shown in Figure 4.6.
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Figure IV-5. Ratio of all M2 marker (CD206) expressing cells to all M1 marker
(INOS) expressing cells at 30 days, 90 days, and 180 days counted manually in the
higher magnification images and separated by region of the aneurysm. Error bars
shown are standard error of the mean.
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Figure IV-6. Percentage of all DAPI-labeled cells expressing Ibal at 30 days, 90 days,
and 180 days from manual counts in the higher magnification images separated by
region of the aneurysm. Error bars shown are standard error of the mean. *indicates
p<0.05 between inner and outer regions.

The manual counting method used for this subset of samples also made it possible
to discriminate multinucleated giant cells (MNGCs) from other Ibal™ macrophages. Using
this method and only considering macrophages with a single nucleus, a significantly
higher M2/M1 ratio was observed in the BPC-treated group at 90 days as shown in Figure
4.7. At 90 days, significantly higher numbers of Ibal* macrophages, iNOS* macrophages,
and iINOS*CD206" macrophages were identified in the FCC-treated group as shown in
Figure 4.8. The percentage of Ibal™ cells that were positive for CD206 (with or without

iNOS) was greater in the BPC-treated group at 30 days as shown in Figure 4.9. At 90 days,

the percentage of Ibal™ cells that were positive for only iNOS was greater in the FCC-
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treated group, and the percentage of Ibal™ cells that were positive for only CD206 was
greater in the BPC-treated group (Figure 4.9).

When MNGCs were included with single nucleated macrophages, the only
significant difference observed in this subset was a greater percentage of Ibal™ cells that
were positive for CD206 (with or without iNOS) in the BPC-treated group at 30 days

(Figures 4.10 and 4.11).
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Figure IV-7. Ratio of M2 marker (CD206) expressing, single nucleated cells to M1
marker (iNOS) expressing, single nucleated cells at 30 days, 90 days, and 180 days
from manual counts in the higher magnification images. Error bars shown are
standard error of the mean. *indicates p<0.05 between inner and outer regions.
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Figure IV-8. Macrophage phenotypes by number of cells per mm? at 30 days, 90 days,
and 180 days from manual counts in the higher magnification images. Does not
include multinucleated giant cells (MNGCs). Error bars shown are standard error
of the mean. *indicates p<0.05 between device groups.
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Figure IV-9. Macrophage phenotypes by percentage of macrophages counted at 30
days, 90 days, and 180 days from manual counts in the higher magnification images.
Does not include multinucleated giant cells (MNGCs). Error bars shown are
standard error of the mean. *indicates p<0.05 between device groups.
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Figure IV-10. Macrophage phenotypes by number of cells per mm? at 30 days, 90
days, and 180 days from manual counts in the higher magnification images including
multinucleated giant cells (MNGCs). Error bars shown are standard error of the
mean.
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Figure IV-11. Macrophage phenotypes as a ratio of macrophages counted and ratio
of all M2 marker (CD206) expressing cells to all M1 marker (iNOS) expressing cells
at 30 days, 90 days, and 180 days from manual counts in the higher magnification
images including multinucleated giant cells (MNGCs). Error bars shown are
standard error of the mean. *indicates p<0.05 between device groups.
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qPCR

Macrophages were seeded on both types of devices, but in all cases, some of the
cells seeded adhered to the plate surrounding the device (i.e. cell adhesion to the devices
was not 100%). The extracted RNA concentrations, A260/280, and A260/230 ratios for
the samples collected are shown in Table 5.1 (Appendix).

Gene expression data are presented in Figure 4.12. After 6 hours, [FNy, IL1f, IL6,
and IL10 were all upregulated relative to the MO control in both device groups. HLADR,
CD163, and CD206 were downregulated relative to the MO control in both device groups.
NOS2 was slightly downregulated in the BPC group. After 24 hours, IFNy, NOS2,
HLADR, IL1B, IL6, and IL10 were all upregulated relative to the MO control in both
device groups. CD163 and CD206 were downregulated relative to the MO control in both
device groups.

After 6 hours, expression of IFNy was significantly greater in the FCC group
compared to the BPC group. After 24 hours, expression of HLADR and CD206 were

significantly greater relative to the 6 hour timepoint in the FCC group.
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Figure IV-12. Expression of M1- and M2-associated genes by THP-1 derived
macrophages seeded on devices for 6 or 24 hours and analyzed by qPCR. Error bars
shown are standard error of the mean. *indicates p<0.05 between device groups.
*indicates p<0.05 between timepoints for the FCC group.

Discussion and Conclusions

SMP foam has demonstrated positive healing results in multiple preclinical studies
of occlusion applications in different animal models*3#!-71-9293 The porous structure is
hypothesized to serve as a scaffold that promotes stable clot formation and provides
support for the remodeling of this clot to a connective tissue matrix. There is a growing
body of evidence that biomaterials and variations of their structure and chemical properties
may influence the phenotype of macrophages responding to the implant*443-53-56.60.63.119,
Some studies have suggested that the macrophage phenotypes present in the foreign body
response may determine the outcome of the implant>®-°.

In this study, we have investigated the macrophage phenotypes present during

healing after occlusion of rabbit elastase aneurysms. We utilized tissues from another

study that found improved neoendothelialization and enhanced healing in aneurysms
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treated with SMP FCCs’!%2, Results suggest that there are some differences in expression
at timepoints evaluated, but there are fewer if MNGCs are included in this analysis. The
number of macrophages observed was similar between this evaluation and a previous,
published evaluation of the inflammatory cell types present in these aneurysms®?. These
studies identified higher numbers of macrophages at 90 days in aneurysms treated with
FCC devices. The presence of more macrophages may be a factor in determining the
healing outcomes in these aneurysms. It’s possible that more macrophages may be
beneficial in some applications as long as the phenotype is not skewed too much toward a
pro-inflammatory phenotype.

In the automated analysis, the number of macrophages appears higher at 30 days
because of the consideration of MNGCs. In this method, each nucleus identified with
DAPI was counted as one cell because of difficulty automating identification of MNGCs
with the stains used. This would result in some MNGCs being counted as multiple
macrophages and would likely lead to the increased number of macrophages at 30 days.
This was corroborated using the manual counting of higher magnification images. The
majority of MNGCs evaluated in all groups were positive for both iNOS and CD206.
Additionally, the majority of all macrophages evaluated in this study were positive for
both iNOS and CD206. Previous studies of other biomaterials have identified
macrophages that were positive for both M1 and M2 markers associated with the
biomaterial scaffolds®!'?2, These cells may represent an intermediate phenotype between

the M1 and M2 extremes.
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Manual counts of higher magnification images were also used to investigate the
phenotypes of macrophages in different regions of the aneurysms. In the previous
pathology evaluations of these tissues, the peripheral regions (closer to the aneurysm
walls) of the aneurysms were found to be more completely healed than the innermost
regions’?. However, in this study, there were no differences in the macrophage phenotypes
in different aneurysm regions observed. There was a trend toward the presence of more
macrophages in the outer regions of aneurysms, but this was not statistically significant.

The M2:M1 ratios for each group were similar and close to 1 when including
MNGCs. When MNGCs were excluded, BPC-treated aneurysms had a higher percentage
of CD206-expressing cells at 30 and 90 days, with a higher M2:M1 ratio at 90 days. Given
the positive healing data in FCC-treated aneurysms, it is possible that early expression of
MIl-associated markers is important for the progression of the healing response in
aneurysms. Other groups have also suggested the importance of both pro-inflammatory
and anti-inflammatory phenotypes in the healing process®-'?°, In the automated analysis,
which included all samples, FCC-treated aneurysms resulted in higher numbers of
macrophages expressing the M2-associated marker at the 180 day timepoint. The early
expression of M1-associated markers, followed by a transition to increased presence of
M2 marker expressing cells may have factored into the improved healing observed in
FCC-treated aneurysms. Additional studies are necessary to investigate this further, and
supplemental markers may be helpful in testing these hypotheses. Other commonly-used
markers that could be investigated include CD80, CD86, and CCR7 for Ml-like

macrophages and CD163 for M2-like macrophages®.
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One limitation of this method is the evaluation of only three timepoints that were
all one month after implantation or beyond. While we expected differences at these late
timepoints because of the healing timecourse for aneurysms, differences in macrophage
polarization can be observed at earlier timepoints that contribute to differences in healing

at later timepoints'??

. Another limitation is that the tissues were only evaluated by
immunostaining because of the methods of fixation and embedding used for the original
histologic study. Gene and protein expression studies are important for confirming
macrophage phenotypes observed.

In vitro methods are also commonly used to perform more controlled evaluations
of macrophage polarization on devices and materials. We utilized a THP-1 monocyte cell
line to obtain macrophages that were seeded on devices in vitro for gene expression
assessment. At 6 hours, we observed significantly greater expression of IFNy by cells
seeded on foam-coated coils compared to those seeded on bare platinum coils. IFNy is a
cytokine associated with M1-like pro-inflammatory macrophage phenotypes. One of the
primary functions of IFNy is in activating macrophages in an immune response, and it is
commonly administered with lipopolysaccharide in in vitro studies to activate cells toward
an M1-like phenotype>”-!24. This agrees with our immunostaining experiments that suggest
SMP FCCs result in slightly increased expression of Ml-associated markers at early
timepoints in the healing process. At 24 hours, we observed significant increases in
expression of CD206 and HLADR by cells seeded on foam-coated coils compared to the

6 hour timepoint. CD206 is a cell surface receptor commonly associated with the M2-like,

anti-inflammatory macrophage phenotype!?’. Together these differences suggest that
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FCCs may lead to a relatively stronger early M1-like response that is followed by a
transition toward an M2-like, or more balanced phenotype.

Early Ml-like responses have been shown to be associated with angiogenic
activity, and are likely essential to a beneficial healing response to implanted devices as
mentioned above®!2°. However, prolonged M1-like responses may lead to necrosis or
fibrosis®?. In most cases, a transition to M2-like responses is expected and desired for
effective healing and resolution of the inflammatory response®’.

It is important to note that the genes tested all have complex functions and the gene
expression of different macrophage phenotypes is still being clarified. Additionally, gene
expression differences may not always correlate perfectly to protein expression and cell
function. The use of the THP-1 cell line may also affect the outcome of these studies.
While these cells are from a human source, they are a cell line. THP-1 cells have been
compared to primary human monocytes for studying macrophage responses to
biomaterials, and some differences in the intensity of responses were observed!?’.

Other labs have conducted limited evaluations of macrophage phenotypes related
to aneurysm occlusion devices. Hoh and collaborators have utilized cytokine-releasing
coils and evaluated the bioresponse in a mouse model'!'*!!>126. They observed
inflammation that stimulated enhanced healing and demonstrated peak M1 and M2
expression at 1 week that decreased with time thereafter'?°, Khashim, et al. suggest that
M2 marker expression correlates well with increased histologic healing scores at 180 days
in a rabbit elastase model, but only moderately with collagen deposition'?!. In this study,

they also reported a higher expression of their M1-associated marker at their earliest
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timepoint (30 days) that decreased with time as M2 expression increased and healing
progressed. More evaluations of the role of macrophage phenotypes in aneurysm
occlusion and healing are needed, particularly in larger animal models at earlier
timepoints. These future studies should utilize multiple markers and multiple methods of
analysis including immunostaining, qPCR, and ELISA, if possible.

In conclusion, preliminary studies suggest that presence of M1-like macrophage
markers early in the healing process, and a transition to a balanced phenotype may be
associated with FCC devices. The FCC device, which was observed in previous studies
to improve healing in aneurysms, was also associated with higher numbers of
macrophages present at 90 days and higher numbers of M2 marker expressing cells at
180 days. The most prominent macrophage phenotype observed at 30, 90, and 180 days

associated with both devices expressed both iNOS (M1) and CD206 (M2).
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CHAPTER V

SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

Summary

The work in this dissertation evaluated the long term biocompatibility of a SMP
FCC device for treating brain aneurysms, developed new methods for evaluating toxicity
of degradation products from oxidatively-degradable polymers, tested the
cytocompatibility of degradation products from a SMP foam, and finally assessed
macrophage phenotypes associated with the use of the SMP FCC device.

Long term implantation studies suggest that the SMP FCC device may enhance the
healing response after endovascular occlusion of aneurysms. In particular, the response at
the neck of aneurysms yielded robust neoendothelial tissue that is desired to reduce the
risk for aneurysm recurrence. Additional evaluation by Jessen, et al. corroborates the
suggestion that the intrasaccular healing is enhanced by the treatment with SMP FCC
devices™. Jessen, et al. also quantified the inflammatory cell types in the surrounding
tissue and concluded that the inflammatory response was characteristic of healing after
device implantation as opposed to a chronic inflammatory response. Together, these data
provide support for the continued evaluation of the SMP FCC devices as a valuable
treatment option that may improve outcomes in endovascular occlusion procedures.

Novel methods were described to assess toxicity of degradation products from
oxidatively-degradable materials, and these methods were utilized to evaluate the

cytocompatibility of degradation products from the SMP foam used in FCC devices
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described above. These studies provide researchers with new approaches to complement
traditional biocompatibility tests. These new approaches allow for more targeted
evaluation of the degradation products from materials with complex, oxidative
degradation mechanisms. Additionally, the assessment of degradation products from SMP
foam suggested that the degradation of these materials is not likely to cause a cytotoxic
reaction in vivo, which is consistent with observations from previous studies in multiple
animal models. The degradation products from these materials should continue to be
evaluated with additional methods and models, but the cytocompatibility results observed
here provide important insight to guide future studies.

Preliminary macrophage phenotype assessments in vitro and in vivo suggest that
relative to BPCs, SMP FCCs are associated with higher numbers of macrophages at some
timepoints. SMP FCCs may also promote the expression of slightly more MI-like
macrophage markers early in the healing process, a transition to a balanced phenotype,
and the presence of more M2 marker expressing cells at later timepoints. This process may
play arole in the healing outcomes observed for the FCC-treated aneurysms, but additional

studies are required to confirm.

Future Directions
Several interesting future directions have been identified related to the studies
presented in this dissertation. The degradation rate for the SMP foam used in the FCC
devices was faster than expected based on previous in vitro and in vivo evaluations. This

may be related to the rabbit animal model used, the pore size of the material used, or the
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stiffness of the devices used. Different animal models have been observed to mount
different bioresponses to implanted devices and therapies depending on the species and
location of implant'>!27-128  Biomaterials with different structural properties or surface
chemistries have also elicited different responses. Animal studies could be designed to
assess each of these factors and their relationship with healing outcomes, oxidative load,
degradation rate, and macrophage polarization. Pore size, hydrophilicity, and stiffness can
all affect immune responses to biomaterials, and they can be modified for the SMP system
used in our 1ab?6-:60:63.70:129 Peyices could also be tested with or without a metal backbone,
which could be platinum-tungsten, nitinol, or another material.

The degradation product toxicity approaches established here should be tested for
use with additional methods such as mutagenicity, carcinogenicity, systemic toxicity, and
reproductive toxicity. The degradation products from materials evaluated here should also
be evaluated by these additional test methods. Other cell types should also be tested with
the degradation products from these materials, such as macrophages, lymphocytes,
fibroblasts, fibrocytes, and endothelial cells. Additional responses that could be evaluated
include changes in gene and protein expression, particularly those related to macrophage
polarization. It would also be interesting to evaluate changes in macrophage phenotype as
these cells are actively degrading materials.

In the future, it may be beneficial for devices to be loaded with cytokines, growth
factors, or pharmaceuticals to modulate the bioresponse. Some interesting agents include
Interleukin 4 (IL-4) and Interleukin 10 (IL-10), which are cytokines that promote an M2-

like response, or dexamethasone, which is an anti-inflammatory drug*>-%*. Extracellular
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matrix (ECM) based materials, such as small intestine submucosa (SIS) ECM, are
naturally-derived biomaterials that have been observed to induce regenerative
macrophage polarization and beneficial healing responses in multiple
applications*»12%13% These materials may be interesting to incorporate in different forms
of SMP devices, such as hydrogel composites which have been previously explored in

our lab!3!,
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APPENDIX A

SUPPLEMENTAL FIGURES
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Scheme 1. Boc-protection of primary (upper route) and secondary (lower route)
amines in preparation for urethane synthesis.
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Scheme 2. Synthesis route for TMHDI-Gly (upper R group) and TMHDI-Lac (lower
R group).
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Scheme 3. Synthesis route for TMHDI-Amino (upper R groups) and TMHDI-EA
(lower R groups).

109



R R o H,C H,C CH
2 Ne O HOTTSNT oM N I s j ¢ 1 N
_cZ T~ ~ NF + - _cF ~TN \ﬁ.' SSNH 07T SN \0’ ‘NH/\/' ~ N =C

o {4 a z =0
CHy HyCCH o o o CHy HyC CHy A
HiC ’ CHy 0~ o
CHsy H;,C+CH3
e 0
1 CHJ
R= 1 R'=
) oA
or S + 2 R-OH
YA L
HO” g
CHy v
? ﬁ HiC HiG CHy t‘:H]
~ - e A
R'-—OYNH/ e 0 R R o g S SO+ O f—CHy
) CHy HiC CHy o CH,

Scheme 4. Synthesis route for carboxylic acid-terminated byproducts: TMHDI-Bis-
Gly (upper R group and upper R! group), TMHDI-Bis-Lac (upper R group and
lower R! group), TMHDI-DEA-Gly (lower R group and upper R! group), and
TMHDI-DEA-Lac (lower R group and lower R! group).
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Scheme 5. Synthesis route for amine-terminated byproducts: TMHDI-Bis-Amino
(upper R group and upper R! group), TMHDI-Bis-EA (upper R group and lower R!
group), TMHDI-DEA-Amino (lower R group and upper R! group), and TMHDI-
DEA-EA (lower R group and lower R! group).
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Figure V-1. Spectroscopic confirmation of boc-protection of amine groups in starting
materials for byproduct synthesis. (A) Fourier transform infrared and (B) nuclear
magnetic resonance spectra of boc-protected ethanolamine (Boc-EA), 1-amino-2-
propanol (Boc-Amino), diethanolamine (Boc-DEA), and bis(2-hydroxypropyl) amine
(Boc-Bis).
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Figure V-2. Nuclear magnetic resonance spectra of carboxylic acid-terminated
degradation byproducts. Percent functionalizations were calculated based on the
areas under the integral curves of groups B and C for each product.
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Figure V-3. Nuclear magnetic resonance spectra of amine-terminated degradation
byproducts. Percent functionalizations were calculated based on the areas under the
integral curves of groups B and C for each product.
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Table V-1. Concentration and purity of RNA extracted from THP-1 derived
macrophages in vitro.

Timepoint Group Concentration (ng/pL) A260/280 A260/230

216.625 2.063 2.093
MO 436.764 2.113 2.198
225.219 2.051 1.862

146.505 2.042 2.003
6 hours BPC 204.372 2.052 2.082
316.656 2.081 2.164

100.1 2.01 1.85

SMP FCC 171.404 2.049 2.001
253.916 2.057 1.524
234.862 2.055 1.639
MO 506.667 2.115 2.069
512.377 2.096 2218

131.74 1.996 1.96

24 hours BPC 133.863 2.027 2.047
248.84 2.065 1.952

185.023 2.058 1.711

SMP FCC 159.947 2.047 2.11

145.686 2.024 1.891
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