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Abstract
Clinical studies suggest radiation dose and dose rate cause increased failure of medical

implants however, little evidence supports this claim and due to the complexity of an in vivo
environment, separating variable implants is difficult. Before beginning to understand material
changes in vivo, a systematic study of silicone and polyurethane exposed to radiation is needed to
verify whether radiation is a major variable contributing to material changes. This research fills a
gap within the current literature by investigating low dose therapeutic radiation and varying dose
rates at sterilization dose and answers questions on whether radiation in an aqueous environment
alone is enough to significantly alter material properties. This is the first research to apply a water
environment to therapeutic doses and the first to investigate a range of dose rates for clinical
applications.

Biomedical grade silicone and polyurethane films will be exposed to both types of radiation in
an aqueous environment separately and analyzed for changes. The limited current literature
combined with standards for biomedical devices will be used to characterize changes seen in
materials.

The first strategy used to explore the compliance of biomedical grade polymers employs low
doses of therapeutic radiation ranging between 0 Gy and 80 Gy. Analysis of these low doses results
in confirming cellular, mechanical and chemical stability of silicone and polyurethane. The second
strategy used to investigate silicone and polyurethane exposed materials to 25 kGy (sterilization

dose) of gamma irradiation at varying dose rates (3.2 — 833 Gy/min). Results from these studies



conclude that varying the dose rate causes slight changes in both materials but not significant
enough to alter bulk material properties.

In conclusion, the results from this research reveal that both silicone and polyurethane
maintain their stability at low doses and varying dose rates of irradiation while in an aqueous
environment. This indicates that increased failure rates seen in silicone and polyurethane materials
in vivo when exposed to radiation cannot be contributed to radiation alone. With the highly
complex environment medical devices are exposed to in vivo, each variable that may contribute to
failure should be investigated individually before combining to fully understand the mechanisms
of material failure. This study indicates that the environment may play a larger role in material

change and there is a need for updates to medical device standards.
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General Audience Abstract
Clinical studies suggest radiation dose and dose rate cause increased failure of medical

implants however, little evidence supports this claim and due to the complexity of a human
environment, separating factors contributing to failure is difficult. Before beginning to understand
material changes, a study of silicone and polyurethane exposed to radiation is needed to verify
whether radiation is a major variable contributing to material changes.

The results from this research reveal that both silicone and polyurethane maintain their
stability at low doses and varying dose rates of irradiation while in water environment. This
indicates that increased failure rates seen in silicone and polyurethane materials in clinical settings
when exposed to radiation cannot be contributed to radiation alone. With the highly complex
environment medical devices are exposed, each factor that may contribute to failure should be
investigated individually before combining to fully understand the mechanisms of material failure.
This study indicates that the environment may play a larger role in material change and there is a

need for updates to medical device standards.
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Chapter 1: Introduction

The initial goal to investigate and design a new regenerative tissue material for breast cancer
revealed a gap in the number of studies characterizing ionizing radiation of implanted materials
used in vivo. Further investigation showed that young children with cancer and women with breast
cancer who undergo reconstruction, have a much higher percentage of implant failure (peripherally
inserted central catheters/central venous catheters and breast implants) [1-5]. These materials fail
in vivo due to mechanisms that could be associated with mechanical and surface changes as well
as altered cellular responses to the materials: silicone (leakage, extrusion, and infection),
polyurethane (occlusion and thrombosis) [1, 2, 5-7]. Controversy surrounds radiation, with
clinicians and research arguing whether or not radiation is the cause of failure and what role dose
rates play in radiotherapy regimes.

A pilot study exposing polyurethane to therapeutic radiation in saline suggests that therapeutic
radiation does alter biomedical materials [8] and may play a role in the failure of implanted devices
for cancer patients. Although this study showed significant change with radiation, resulting in an
85% decrease in crystallinity with radiation and changes in microstructure displaying increased
and irregular pore sizes, the effects of saline on the material could not be teased apart. Resulting
in the need to study radiation in water alone. It has also been shown by other researchers that salt
content can play a large role in altering in vivo responses and that the environment used for testing
can make a significant difference [9-11]. For instance, our initial investigation into explanted
breast implants displayed a high amount of variation (expected of ex vivo material) making it
difficult to determine radiation effects from explanted devices. Even with high variation, results
show a clear trend suggesting radiation does induce changes compared to non-irradiated explanted

implants (Preliminary Data Section xiv.1). Due to the complexity of an in vivo system this research



aims to study radiation in an aqueous water environment independently of other variables to
determine whether radiation alone is causing significant changes to implant material. Guidelines
and standards from the Food and Drug Administration (FDA) and International Organization for
Standardization (ISO) covering biomedical devices were used to determine significance.

Information gathered from this research will fill a gap in the literature and provide a more
thorough understanding of radiation exposure on polymeric materials. Therapeutic radiation is
currently employed in the patient environment without investigation of the stability of synthetic
biomaterials. Research has shown that radiation can cause material failure when in vivo [1-5].
However, the mechanisms of failure and changes occurring within materials have not been well
documented at the low doses and range of dose rates clinically used. In the case of therapeutic
radiation, few studies include irradiated materials at low doses and none include detailed study of
an associated physiological system. Rather, studies are dry and do not represent the human body
experience or investigate material impacts at elevated radiation sterilization levels only.

When looking at dose rate, most studies focus on extremely high dose rates and dose levels
used for studying nuclear environments. This research in this study fills a critical gap in therapeutic
radiation and diagnostic radiation knowledge. In particular it is the first study to investigate low
therapeutic doses in a water environment and the first study to investigate radiation dose rates in
relation to biomedical materials for clinical settings. It will increase the understanding of how
silicone and polyurethane react to radiation inan in vivo environment and shed light on the question
of whether radiation is the major variable contributing to material failure. This study provides
fundamental knowledge for future studies and groundwork needed to further understand material

response to radiation in vivo.



1.1Preliminary ex vivo Results from Explanted Silicone Breast Implants

1.1.1 Implant Collect

In collaboration with Dr. Kurtis Moyer, Virginia Tech Carilion School of Medicine, an IRB
protocol was created to collect ex-planted irradiated and non-irradiated implants. Due to time
constraints (5 months to collect one set of samples) and sample specifications, only one irradiated
and non-irradiated explant were collected. The implants were placed in vivo from May 2017 to
March 2018 and the left-side implant irradiated between October - November 2017. The patient
received external beam radiotherapy with 1.8 Gy daily fractions delivered over 28 treatment days
totaling 50.4 Gy. Daily orthogonal x-rays were utilized to ensure appropriate targeting and deep

inspiratory breath holder was utilized to spare the heart.

Once samples were collected from Dr. Moyer, samples were sterilized by submersion in a
1:10 bleach to water solution for 30 min then rinsed with water three times and cut into sections
for characterization (Figure B1). Once sterilized, as-received (prior to in vivo), non-irradiated, and

irradiated implants were characterized using DMA, Swelling and FTIR.

o Sample@ollection@Area

Figure 1 — Representative images of Mentor breast expander, same as explanied implants

1.1.2 Results

Both DMA and Swelling displayed similar trends indicating radiation significantly altered

implants in vivo (Figure 2). Due to the limited number of samples, statistics were not run but a



clear trend was seen displaying increases in both storage modulus and crosslinking with radiation
when compared to non-irradiated and as-received. Of note, was the clear increase in variation of
the irradiated sample compared to as-received and non-irradiated, suggesting that irradiation not
only caused significant change but inconsistent change within the material. The increase in storage
modulus correlates with the swelling results, suggesting that radiation increased the strength of the
material through crosslinking. Both DMA and swelling results indicate that radiation may play a

larger role in vivo.
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Figure 2 — Characterization results from A) DMA, storage modulus calculations and B) Swelling,
indicating crosslinking, of as-received, non-irradiated and irradiated implants. (Error bars n = 3)

Although DMA and Swelling reveal a clear trend, FTIR displayed only few differences
between samples (Figure 3B). Two minor peaks displayed significant increases after being
irradiated within the spectra in the location of CHs, through C-H stretching (2900 cm-?). Silicone
predominantly crosslinks by creating C-H bonds [12], suggesting that the increased C-H bonds in

FTIR spectra is the result of crosslinking, validating swelling results previously discussed.
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Figure 3 - Fourier Transform Infrared Spectroscopy analyses comparing as received (—), non-
irradiated (—) and irradiated (—) of silicone implants.

Due to observed changes, saline collected from the implants was analyzed through a
Malvern™, ZetaSizer Nano ZS to determine if any small molecules were leaching or being
absorbed by samples. Results indicated numerous large particle in the non-irradiated saline. An
initial decrease in number of molecules was seen in irradiated samples. However, the sample run
had instrumental detection issues, ultimately ending the test before runs were completed (Figure
4B). The instrument stopping the test early generally signifies bad quality data and implies that

there are so few molecules in the irradiated samples that they cannot be detected.
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Figure 4— ZetaSizer molecular size distribution of saline collected from non-irradiated and
irradiated. Important to note that irradiated sample run had poor quality resulting in early
termination of runs.

Particulates found within the saline suggests the in vivo environment is causing leaching
of the non-irradiated samples (salt within the saline does not appear in graph), while radiation is
causing less or no leaching into the saline environment. Another alternative is the in vivo
environment is causing leaching overall but when radiation is applied the leachants are being

reabsorbed or crosslinked into the material. Since samples only show total dose rate results, further

studies would be needed to fully explain results.

1.1.3 Summary

All of these results imply that radiotherapy does alter material properties in vivo. Although
only one sample set was collected, clear trends are seen in the data which support clinical
observation [2-4, 13]. This data is valuable because FDA regulations do not require implants be
investigated for radiotherapy use and major implant providers put clear statements in their material

safety sheets such as this: “Mentor has not tested the in vivo effects of radiation therapy in patients



who have breast implants. The literature suggests that radiation therapy may increase the
likelihood of capsular contracture, necrosis, and extrusion” [14]. However, it is common practice
to use these implants/expanders for off-label use during radiotherapy. The complexity of the in
vivo environment makes it extremely difficult to tell in which ways radiation is reacting with the
material and biological system since little literature is available on medical device irradiation in
patients. Therefore, a thorough understanding of how radiation, as an independent variable, alters
material properties prior to implantation is needed to begin understanding the alterations and

variation in vivo and factors that may contribute to complications in vivo.

1.2 Project Hypotheses

The overall goal of this project was to characterize effects of low therapeutic doses and dose
rate on biomedical grade silicone and polyurethane films. Three different hypotheses were
developed to investigate these changes:

e Hypothesis 1: Therapeutic radiation dose absorption in an aqueous environment will cause

similar changes in silicone as those seen in literature

e Hypothesis 2: Varying dose rates of gamma irradiation (3.2 — 833 Gy/min) in an aqueous

environment will alter silicone resulting in property changes similar to those seen in
literature

e Hypothesis 3: Therapeutic radiation dose absorption in an aqueous environment will cause

similar changes in silicone as those seen in literature

e Hypothesis 4: Varying dose rates of gamma irradiation (3.2 — 833 Gy/min) in an aqueous

environment will alter polyurethane resulting in property changes similar to those seen in

literature



1.3Background

In 2006, approximately 377 million diagnostic and interventional radiologic examinations
were conducted in the United States alone [15]. With a predicted increase in use of clinical
radiation it is important to patient health that radiation dose and dose rate are well controlled and
understood. Although cell and tissue responses to ionizing radiation are fairly well understood [16-
23] there is a lack of research investigating ionizing radiation levels in clinical settings and whether
biomedical implants/materials are stable under these conditions. A literature review was conducted
on biomedical silicone and highlights the need for further investigation of these materials when

irradiated in aqueous environments.

1.3.1 Clinical Relevance

Typical studies focusing on biomaterials in a clinical setting use high nuclear or sterilization
doses (> 25 kGy), high temperatures (>55 °C) and/or dry irradiation conditions that have little
relevance to the true in vivo conditions the material will experience (Appendix B, Table B1 —
Silicone). Therefore, there is a missing link between an in vivo environment and current
investigations of biomedical materials.

When discussing silicone, a review article states ~ 10% of all implants fail without radiation
[24]. Silicone implant failure is most commonly caused by rupture or capsule contraction [3-5,
13], with approximately 34% of all reconstruction patient having capsule formation [25]. Research
has also shown that post mastectomy radiation therapy increases the rate of complications and
failure [7, 26]. However, failure mechanisms in silicone breast implants is still under debate,
possible variables affecting failure could include: cellular response, bacteria, proteins, radiation,

material changes or a combination of these [3-5, 13].



This dissertation seeks to fill this void by studying silicone in aqueous conditions under low
therapeutic radiation doses and over a range of dose rates while using pre-clinical approval
standards (FDA and ISO) to determine whether the effect of radiation is causing material

properties to becoming non-compliant.

1.3.2 Pre-Clinical Approval and Standards

Preclinical approval for medical devices is the stage in which researchers build prototypes of
the medical devices and tests them in a laboratory setting to reduce any harmful effects that the
devices may have. The FDA provides guidelines for the approval process and most often uses the
ISO protocols for this process. The FDA states that performance testing of samples should be
conducted in an environment that mimics in vivo conditions and includes basic environment
examples such as water, 37 °C and/or a saline bath [27, 28]. Catheters have thorough FDA and
ISO guidelines (10555, 10993) [28-30], however silicone breast implants and expanders are
approved based on ASTM standards and ISO 10993 [27, 30]. These documents provide few
mentions of radiation, all in respect to sterilization and not radiotherapy. Typical silicones used in
breast implants and expanders are not sterilized via gamma irradiation but rather through other
methods [31], thus are not meant to be exposed to ionizing radiation nor are tested against
subsequent ionizing radiation. Many breast implants and expanders have clear statements in the
material safety data sheets approved by the FDA similar to the following: “Mentor has not tested
the in vivo effects of radiation therapy in patients who have breast implants. The literature suggests
that radiation therapy may increase the likelihood of capsular contracture, necrosis, and
extrusion” [14]. Although materials may not be approved for use in radiotherapy they are being

implanted and exposed to radiation in vivo without being systematically evaluated.



In order to understand the increased failure of silicone in vivo, it is first important to understand
the way in which radiation alters material properties independently of the complex in vivo system.

Without understanding individual variables, it will be difficult to understand the mode of failure.

1.3.3 Development of Radiation

X-rays were discovered in November 1895 and as early as 1896 [32] were utilized as a
therapeutic source for treating skin lesions. With such a rapid transition from discovery to
utilization, secondary effects of X-rays were not fully investigated. This often led to patient
morbidity as well as poor tumor control [32]. Studies of X-ray doses and cell survival were
conducted in the late 1920s, primarily by two biologists, J. Regaud and H. Coutard [32].

To avoid negative effects associated with exposure to radiation exposure, the International
Committee of Radiological Protection (ICRP) was formed in 1928. Later this association extended
its purview to any type of radiation a human being may encounter. Although ICRP was created in

1928, the first standards did not appear until 1977 in the Annals of the ICRP [33]. The first

paragraph of this report states: “recommendations (for radiation protection of patients) herein are
intended to relate to exposure of patients in all types of diagnostic or therapeutic procedure where
unsealed radionuclides are administered” [33]. This is the first instance where clinical effects of
radiation were regulated, 81 years after the first use. This IRCP recommendation states that dose
and risk are proportionally related; the higher the dose a patient receives the more risk to the
patient. However, this report fails to discuss differences in patients, organ response, and tissue
composition or bystander materials effects. The conclusion of this ICRP section states: “After 89
years, there is still much to be done to improve knowledge of therapeutic radiation”. This statement

is especially true for the knowledge of radiation on medical devices and materials.
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1.3.4 Clinical Radiation and Dose Rates

Diagnostic examinations range in dose from chest X-rays at 4 millirem and a common
mammogram at 30 millirem to a full body computed tomography scan (CT) at 1,000 millirem
(0.01 Gy, 10 mSv). These doses can add up to significantly more than the U.S. Environmental
Protection Agency (EPA) annual recommendation for a healthy individual at 300 millirem [34].
In comparison, a conventional dose fractionation for cancer patients can range drastically
depending on the cancer type and severity with varying factors such as fraction dose (1.8 to 15 Gy
per fraction, (180,000 millirem to 15,000,000 millirem per fraction)), length of time (1-7 weeks)
and how often doses are received (once a week to seven days a week) [35].

A 2012 study reviews advances and future directions of cancer and radiation therapy [36].
Radiotherapy is an important treatment option for cancer to be sure all cancer cells have been
killed. Approximately 50% of all cancer patients receive radiation therapy during their illness [36].
Although diagnostic examination also contributes to increased patient exposure, patients
undergoing therapeutic radiation for cancer treatments could be exposed to 75 — 150 Gy throughout
their treatment [36].

Exposures are also dependent on dose rate which is determined by instrumentation [37].
Energy levels range between 6 - 22 MeV, where low range instruments use 4 or 6 MeV while high
range instruments may use multiple sources at once [37,38]. CT scans (again dependent on
instrument type) range from 10 kV — 160 kV [39]. Energy sources (X-ray, cesium-137 or cobalt-
60) are chosen using various equations that take into consideration parameters such as penetration
depth, field size, tumor size, and energy level [37, 38]. Although these sources are different they
are all electromagnetic sources and the primary interaction with matter is identical [20]. The main
differences between these sources is seen in radiation energy, distribution and dose rate, which

corresponds to differences in penetration depth in a clinical setting [20, 40,41]. Since all materials
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in this study are being irradiated in the same manner, depth is not a variable and the mechanisms
causing material change would be the same in this study with gamma radiation as one would expect
to see in clinical practice with x-rays.

As previously stated, most biological research investigates cellular and tissue response to
clinical radiation where there are clear reports of cell effects and tissue damage [37, 42]. Cells and
tissue are no longer the only targets within the body requiring investigation; biomedical polymers
continue to play a large role in many diagnostic and surgical settings, and need to be evaluated in

aqueous environments under ionizing radiation.

1.4 Radiation of Polymeric Materials

Researchers have been interested in irradiating polymers for applications ranging from nuclear
material containment to improving sterilization characteristics. One thing these studies have in
common is they require high radiation doses and/or thermal exposure (Appendix B, Table B1 on
silicone). One study designed to create a radiation degradation model for elastomeric materials
uses elastomeric seals under gamma radiation at temperatures between 80 °C and 250 °C [43],
found model accuracy did depend on temperature and dose rate. Another study which sought to
improve Teflon for nuclear environments, looks at doses between 2 kGy and 600 kGy at
temperatures up to 675 K [44] finding that chain scission was the principal degradation
mechanism, and increased with temperature up to 600 K. Above 600 K crosslinking predominated.
Other studies have investigated inducing material crosslinking via significantly higher gamma-
radiation doses than typically employed in therapeutic radiation: 500 kGy for Teflon [44], 20 kGy

for poly(ethylene-alt-tetrafluoroethylene) [45], 100 kGy for Nafion® [46], 25 kGy for polyvinyl
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pyrrolidone/polyethylene glycol hydrogels [47], and various other doses depending on the polymer
evaluated.

Sterilization is one of the leading reasons for high doses/dose rate studies on biomedical
materials. The World Health Organization (WHO) sets a reference level for sterilizing drug
products and medical devices using ionizing radiation at 25 kGy [48]. This means many products
using ionizing radiation for sterilization must withstand high radiation doses. These doses show
crosslinking and degradation during sterilization, which caused several researchers to investigate
biomaterial stability [49-51]. Although radiation is a common method for medical device
sterilization, not all materials withstand high doses of radiation and other sterilization methods
such as steam, ethylene oxide, formaldehyde and others are used [52]. Medical devices may
experience radiation for the first time in vivo, leading to possible radiation induced
complications.

There are limited available reports on therapeutic dose levels with biomaterials. Lactosorb®
is a bioabsorbable polymeric implant studied at radiation doses of 2 Gy at 37 °C, for five days a
week for up to eight weeks [53]. This study measured of radiation over time to determine whether
the material would withstand typical radiotherapy exposure. The material was deemed stable and
could be used for “temporary internal fixation” when a patient needs radiation in the same region.
Although this material is not used for permanent applications, this is one of the few studies using
therapeutic radiation doses that included realistic temperatures. This work seeks to provide

additional such stability studies for silicone and polyurethane materials.

1.4.1 Radiation Aging
There are four different responses a polymer can display after undergoing radiation exposure:

degradation, cross-linking, a combination of the two, or no response [54]. These responses are
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dependent on the type of radiation used, dose level, and the radiation environment [53]. Studies
from the 1960’s investigated effects of radiation on polymers [55-57], yet there is limited data
available on effects of diagnostic and therapeutic radiation (X-rays). Two common exposure
conditions are radiotherapy [58] and radiological and diagnostic tests such as CT scanning [35].
Research shows polymer exposure to ionizing radiation can exhibit degradation
(physical/radiolysis/aging) and/or crosslinking [59]. These studies are most often conducted using
extremely high doses of gamma radiation from nuclear sources (Co-60, Cs137) [53, 56, 60].
Radiation aging causes chain scission or crosslinking in a range of polymers. Many types of
radiation, including X-rays, possess sufficient energy to penetrate polymers and human tissues,
which is why they are used for radiotherapy. During radiation, free radicals remove orbital
electrons and create positively charged ions [59]. This can lead to covalent bond breakage and
functional group rearrangement. This bond breaking leads to either scission or crosslinking at the
ionized site [59]. When materials are within an aqueous environment, like this study, free radicals
may react with H20 then undergo hydrolysis as shown in Figure 5 [59, 61]. This radiolysis reaction
has been shown to decrease water pH, which can be significant since changes in saline pH has

been shown to significantly affect biomedical implant stability in vivo [9-11, 62, 63].

Radiation + HQO —_— Hzo_ + e

~

e+ H,0 — H,0r

H,0f —> [+ + O /

H,0r ——> H* + OIF

Figure 5 — Radiolysis reaction showing ionizing radiation inducing hydrolysis [61]

14



Polymer degradation in air is dominated by oxidation (Figure 6) which is the main mechanism
of radiation aging [61, 64, 65]. From a human tissue perspective, there is adequate oxygen and
water within the human body to cause radiation-induced radiolysis and oxidation reactions.
Therefore, the aqueous environment is a crucial part of investigating medical device reactions to

radiation.

Initial Step
Polymer ——— Pe + Pe

Chain Propagation
Pe + O, —— POOQOe

POOe + PH —— POOH + Pe

Chain Branching
POOH —— PQOe + OH

POe + OH — Pe + H,0O
POe ——— Chain Scission Reactions

Termination

POCe + POOe Crosslinking
POOe + Pe reactions to non-
Pe + Pe radical products

Figure 6 — Polymeric oxidation reaction and products induced by radiation [61]

The basic chemistry of oxidation and hydrolysis has been well documented, however, with
the addition of radiation further damage can occur. Discussed in previous sections, many articles
investigate radiation aging as a way to increase mechanical properties through crosslinking for
biomedical applications. Many of these studies use high radiation doses (2,500 Gy — 10,000 Gy),
and do not take into account the human body environment [66, 67] where radiolysis can exceed

oxidation. This makes current studies difficult to apply to medical devices within clinical settings.
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1.5Silicone Chemistry

Although silicone is a widely used material, understanding the chemistry of silicone used in
medical devices is difficult due to variations in silicone manufacture, brands, uses and
characterization methods (uses include pacemakers, adhesives, drug delivery systems, catheters,
needles/syringes and breast implants) [68,69]. This section briefly discusses the chemistry of
silicone-based biomedical devices. Silicon, the main component in silicone medical devices, is
created using silicon dioxide or silica (SiO2) making silicone a completely synthetic (create by
chemical synthesis) biomaterial [24, 70]. Silicones are composed of alternating silicon and oxygen

bonds with attached alkyl groups (e.g., CH3) (Figure 4) [12, 69-71].

CH; CHs; CH; CH; |

N
\&%«*«#&%a
CHs; Hy CH; CHj

/

Figure 7 — Chemical structure of polydimethylsiloxane (PDMS) commonly known as silicone

Silicone is a complex material (Figure 8) with a multitude of different components. It is a
mixtu.re of silicone polymer changes crosslinked through the vinyl groups, silica filler, naturally
forming cyclic siloxanes and both low and medium molecular weight linear polysiloxanes [72].
This makes silicone difficult to characterize since each component chemically looks the same [72-

74).

16



/‘MN—[ I Crosslinker
WCH:CH' Polymer chain
of silicone
with vinyl group
@) Chemical crosslinks CH,=CH,
@ Fillers (fumed silica)
& Cyclic siloxanes
/\ Linear siloxanes (low molecular weight)
Free permeable chanels § ; . N
% Linear polysiloxanes (medium molecular weight)

Figure 8 — Polydimeythl viny-methyl siloxane (PDMS) with induced crosslinking and filled
silica for added mechanical strength (21-27% amorphous silica filler Dow Corning) [72]

Silicone biomaterials are often considered to be inert and are thought to present no health
hazards; however, sterilization has been shown to crosslink and/or degrades the material [20, 75].
When exposed to radiation the same two outcomes may be observed as in polyurethane. Free
radicals, can result in both chain scission and crosslinking. Chain scission is predominately seen
between Si-C and C-H bonds (Figure 9) [12], while crosslinking is most commonly believed to
occur between two -CHz end groups but can also occur between -CHz and -Si radicals (Figure 9)

[12].
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Figure 9 — Chain scission and free radical movement in silicone due to gamma irradiation [12]

1.5.1 Silicone Degradation

Silicone degradation has been under investigation for over 20 years yet the mechanisms
behind molecular change are still not fully understood [69,76]. When discussing the silicone
chemical characterization, it is important to note that although silicone is widely used as a
biomaterial, there are still few ways in which they can be characterized [69].

Before discussing the ways in which degradation can occur for this research, there are a couple
mechanisms that can be disregarded. The first is chemical degradation, due to the fact that silicone

is a chemically inert material [75-77]. The second is hydrolysis, silicone material is highly resistant
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to hydroxylation and generally only degrades under highly extreme conditions (pH < 2.5 or > 11)
and even then, it has the ability to reverse hydrolysis reactions [75-77]. The third type of
degradation that can be disregarded for this research is thermal degradation. Silicone material has
very good thermal stability and a working temperature between -60°C to 250°C [75, 76-79].

The degradation mechanism of interest in this study is oxidation, which for this research would
be induced through radiation [80]. Oxidation in silicone involves the removal of a methyl group
from a side chain and formation of a silanol in its place ultimately leading to crosslinking between
silanol groups (Figure 10A) and backbiting cyclic structures (Figure 10B) [12, 76]. In addition to
crosslinking through oxidation radiation can also cause chain scission by directly attacking the

polymeric chain causing similar crosslinking reactions (Figure 10) [12, 76].
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Figure 10 — Crosslinking of PDMS due to gamma irradiation and/or oxidation, a) showing silanol
crosslinking and b) cycling structures formation [12]

1.5.2 Irradiation studies investigating Silicone

Due to its assumed inert nature, silicone it is often used in a wide variety of applications. These
materials are increasingly coming into contact with clinical radiation as medical devices but the
mechanisms of change seen in vivo and ex vivo are not properly characterized [81]. Limited studies
discuss irradiation of silicone but even fewer were found relevant to the medical field. A table of
relevant studies has been compiled to help organize available information, and is discussed below

(Appendix B: Table B1).
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Two similar studies investigate the irradiation of silicone foam at high doses of radiation
ranging from 7.5 — 500 kGy [82, 83]. Silicone foam was irradiated after being compressed [82] as
well as exposed to a combination of gamma and neutron irradiation [83]. Both studies investigated
thermal, mechanical and chemical properties after irradiation and found silicone foam is
susceptible to radiation damage. Results found that increased crosslinking is associated with
increasing radiation. As radiation continues to increase proton degradation (same mechanisms as
gamma irradiation) is observed. Another similar study that found both crosslinking and
degradation, investigate silica-filled silicone elastomers at a range of radiation doses (12.5, 50 and
500 kGy) [84]. Labouriau, et. al. characterized the filled silicone material with a multitude of
chemical (FTIR, Ramen, NMR), thermal (DSC and TGA) and surface (SEM, EDS, EDR)
techniques. The authors concluded that crosslinking due to radiolysis is the dominate response at
the lower total doses but at the highest dose (500 kGy) oxidative degradation is also present.

Another relevant study investigated proton irradiation of methyl silicone rubber [85]. Test
materials are irradiated at 200 keV (2.0 x 10® Gy) while varying the radiation energy level.
Parameters characterized are changes in surface morphology, mechanical properties and cross-
linking density using glass transition temperature. One key finding in this study was irradiation
produces a peak strength, cross-link density and glass transition temperature with increasing
radiation energy at approximately 10% protons/cm-2, which then begins to decrease or plateau with
additional radiation. What this revealed was at lower energies, crosslinking was the main effect in
silicone compared to higher energies where degradation dominates. This is an important factor
when evaluating silicone implants, which undergo different energy levels as well as varying dose
rates. Another study investigated 150 keV with energy levels up to 10'° protons/cm2to evaluate

methyl silicone rubber morphology, tensile strength, hardness, cross-linking density and glass
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transition temperature [86]. These researchers have a similar finding: as energy level increases all
measured properties peak at 10'° protons/cm-?, once peak rate is reach the properties decrease or
plateau.

Many irradiation studies explore high rates of irradiation; Wu et. al. investigates silicone resin
under radiation-absorbed dose of 1.0 x 10* Gy-h! at varying times in air [87]. Radiation doses
range from 1.0 x 10%to 1.9 x 10° Gy. It was found that crosslinking and chain scission both occur
during irradiation but produce minor differences between surface morphology and mechanical
properties when below 1.6 x10° Gy-h,

Another group used ionizing radiation for crosslinking silicone in a drug delivery system [88].
This study specifically uses doses of radiation between 2.5 kGy and 75 kGy to crosslink silicone
gel (Dow Corning Q7 4735 biomedical grade). It is discovered increasing radiation dose increased
crosslinking, with 25 kGy (25,000 Gy) as the maximum dose suitable for this application. This
research also evaluated swelling properties and found at high silicone radiation doses swelling
decreases (e.g., 75 kGy). Chemical and thermal characteristics led these researchers to estimate
the ratio of crosslinking to degradation to be ~ 0.2 at 25 kGy, suggesting the two effects occur
simultaneously. Since silicone may crosslink and degrade at the same time, it makes it difficult to
characterize the chemical changes.

These studies provide insight into properties of silicone when exposed to irradiation, revealing
that radiation does impact chemical and mechanical properties. However, these studies are not
conducted in a biological setting and few, if any, investigate therapeutic radiation on material
characteristics of silicone in vivo environment are found in biomaterial applications. One of the
only studies was conducted by D. Ribuffo, using Mentor Textured Siltex™ round, high profile gel

breast implant, Cohesive 11, crosslinked silicone elastomers [5]. These implants were radiated (50
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Gy) while wrapped in a bolus. Before and after radiation characterization indicates that no
mechanical properties were changes, slight surface changes were observed along with an increase
in small molecular weight siloxanes on the surface. D. Ribuffo concluded that nano-scale changes
are occurring and may contribute to failure seen due to capsular contractions in vivo [5].

To the author knowledge, there are no other studies that investigate silicone at therapeutic
dose levels or investigate clinically relevant dose rates. Therefore, additional research is needed to

characterize these materials for medical use in patient applications

1.6 Summary

Current research shows a need for further investigation into clinical radiation on common
biomedical materials, specifically silicone and polyurethane. Relevant research revealed a clear
trend: radiation at different doses and rates caused different chemical alterations in silicone,
specifically resulting in initial increases crosslinking and mechanical properties followed by a
decrease in these properties as radiation continues to be applied (> ~200 kGy). Sources included
in this literature review suggest that varying temperature and an aqueous environment can affect
chemical changes in polymers. This study utilized a water environment, using FDA and 1SO
guidelines to create a basic in vivo environment and remove possible affects previously seen from
saline. The research in this dissertation fills a gap in available literature on silicone, investigating
a much-needed coupling of dose level and dose rate in an aqueous environment to determine the

stability of these materials.
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Chapter 2: Investigation into the Stability of Biomedical Grade Silicone

Exposed to lonizing Radiation at Low Doses

Under Review: Journal of Biomedical Materials Research Part C: Materials for Biological
Applications

2.1 Summary

Many implanted medical devices are exposed to therapeutic radiation as bystander
materials when patients undergo radiotherapy. However, limited research investigating the
stability of these materials is available. This article studied a common biomedical material,
silicone, in an aqueous environment under clinically relevant radiation doses. Results confirm this

material is stable after exposure to therapeutic radiation in water.

2.2 Abstract

Purpose: Limited research is available regarding the effects of therapeutic radiation on
biomedical device materials. In order to design new materials for implanted medical devices, a
better understanding of in vivo material stability under therapeutic radiation is needed. This study
provides a systematic study of silicone in an aqueous environment under therapeutically relevant
radiation doses. This research will inform future studies into existing and new materials for
medical applications and fill a critical gap in therapeutic radiation and diagnostic radiation
knowledge. In particular, it will increase understanding of how silicone reacts to radiation in a
mimicked in vivo-like environment for a wide range of medical devices.

Materials and Methods: Silicone (Si) samples were irradiated at 0, 2, 5, 10, 20, 40, and 80 Gy

at a rate of 7.14 Gy/min in an aqueous environment. Films were analyzed for changes in
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preliminary cellular response using mammalian cells (cytotoxicity and adhesion), chemical shifts
(swelling and Fourier transform infrared spectroscopy) and mechanical responses (dynamic
mechanical analysis).

Results and Conclusion: Silicone shows no change in response to any radiation dose applied.
Lower cell viability was observed for all samples, irrespective of radiation dose, compared to
controls. Results confirmed that biomedical silicone maintain stability at low doses of irradiation

in an aqueous environment.

Keywords: Therapeutic Radiation, Silicone, and Biomedical Device Stability

2.3 Introduction

Therapeutic radiation is applied in patient environments with limited investigation into the
stability of bystander materials. With increased us of biomedical devices it is becoming more
common for cancer patients to receive radiation with an in vivo implant. Research has shown
radiation causes increased material failure with repeated exposure [1-4]. However, the mechanisms
of failure and alterations within materials have not been well documented and most implants are
thrown away after removed for failure. In the case of therapeutic radiation, few studies irradiate
materials at low doses and none include a detailed study associated with in vitro environments.

A 2012 study reviewed advances and future directions of cancer and radiation therapy,
stating radiotherapy is an important treatment option for cancer, since approximately 50% of all
patients receive radiotherapy [5]. Patients undergoing therapeutic radiation for cancer treatments
are exposed to higher levels of radiation during their treatments ranging from total doses of 75 —

150 Gy [5]. Silicone is used in breast implants and tissue expanders which are directly in the path
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of radiotherapy for breast cancer treatments. These devices have been documented to be
susceptible to ionizing radiation, this work has chosen to investigate the base silicone used for such
devices, polydimeythl-methylvinyl siloxane (PDMS) with induced crosslinking and filled silica
for added strength (21-27% amorphous silica filler) purchased from Dow Corning® through

Covestro®.

Most radiation research investigates cellular and tissue response to radiotherapy where there are
clear reports of cell effects and tissue damage [6,7]. However, cells and tissue are no longer the only
materials within the body requiring investigation; biomedical polymers continue to play a large role in many
diagnostic and surgical settings, and need to be evaluated in aqueous environments under ionizing radiation
to understand material stability without the complexity of an in vivo system obscuring results. Therefore,
this work is the first to being the investigation of silicone response to therapeutic doses under a simple in
vivo mimic of a water environment.

While this work does not expose cells directly to a radiation regime, it does explore cellular response
after silicone was treated with therapeutically relevant doses (0 — 80Gy). In vitro response was expected to
determine if small, possibly undetectable changes in surface topography and chemistry could lead to a
negative outcome from a device after exposure. Films were tested for changes in composition (extent of
crosslinking via swelling and FTIR) and bulk mechanical properties.

Few studies on silicone under irradiation are related to the medical field. Most studies focus
on the use of silicone in a nuclear setting at high doses and dose rates [8-10]. Other studies look at
silicone sterilization which has been shown to crosslink and/or degrade although silicone is often
considered inert [11].

Some studies are contradictory about which reaction is dominant (crosslinking/chain scission)

and are conducted in a dry environment without consideration of in vivo conditions. A systematic

study is needed to fully investigate silicone at low dose radiation in aqueous conditions.
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2.4 Materials and Methods

2.4.1 Silicone Preparation

A high consistency (high molecular weight) rubber silicone elastomer (dimethyl, vinyl-methyl
siloxane) kit for health care device and component fabrication was purchased from Dow Corning®
through R.D. Abbott Company Inc. Kit directions (Dow Corning C6-135) were followed to create
films. Equal parts of both kit components were combined in a Brabender Mixer™ for 10 minutes
then heat pressed at 140 °F for 5 minutes, then cut into 0.25-inch diameter, 0.2 mm thickness

circles for testing.

2.4.2 Irradiation

Silicone films were irradiated in distilled water at 0, 2, 5, 10, 20, 40 and 80 Gy at a rate of
7.14 Gy/min. Samples were irradiated using a JL Shepherd and Associate Mark | irradiator
(Cs137) at Wake Forest Medical Center. Characterization methods were based on prior studies
[12] and ASTM procedure F561-13, which describes retrieval and recommended analysis of

medical devices, associated tissues and fluids.

2.4.3 Cell Adhesion and Proliferation

Silicone films (n = 3) were sterilized via 70% ethanol. Samples were immersed in alpha
Minimum Essential Medium (aMEM, Life Technologies) with 10% Fetal Bovine Serum (FBS)
and 1% Penicillin-Streptomycin for 12 hr. Each sample was seeded with 5,000 mouse fibroblast
cells (3T3, source ATCC) in aMEM. Samples were then incubated for 1 hr. at 37°C with 5% CO2
to allow for cell attachment. Cells were grown for 1, 4 and 7 days to determine 3T3 proliferation.

CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS, Promega, USA) was

used to determine cell proliferation [13] read using a UV-VIS spectrophotometer at 490 nm
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(BioTek, Multi-Mode Plate Reader, Synergy Mx, USA). After 1, 4 and 7 days, samples were
removed from wells and placed in 200 pL of fresh media and 20 uLL of MTS for adhesion studies.
All wells were incubated for 2 hr. at 37 °C and 5% CO2 to allow colorimetric assay reaction.

A 24-hr. cytotoxicity test was also performed on all films. Cells were seeded (10,000) on films

and then counted using a live-dead Trypan blue stain to determine cytotoxicity.

2.4.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Nicolet Model 8700 Fourier Transform Infrared (FTIR) instrument was employed to
investigate bond changes. FTIR spectra were recorded over a range of 500 to 4,500 nm with 126
scans per run and a resolution of 4 cm-1 (n = 20). Peak deconvolution was performed to quantify

peak area under each curve and percent change calculated.

2.4.5 Swelling of Silicone

Swell tests were performed to determine extent of crosslinking in silicone materials. Silicone
samples (n = 6) were cut using a core borer and soaked in 3 mL toluene for 24 hr. in the dark,
according to ASTM Method D3616. Samples were then patted dry with a Kimwipe™ and
immediately reweighed. Swelling was then calculated using the follow equation:

Swelling % = ((A - B)/B)*100

Where A is the mass of the soaked samples and B is the mass of the original sample.

2.4.6 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (TA Q800) was used to investigate mechanical degradation.
Silicone samples were run from -100 °C to 100 °C in air at a rate of 2 °C/min. Storage modulus,

loss modulus and tan delta were calculated (n = 3).
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2.4.7 Statistical Analysis

Statistical analysis was performed for all tests using Origin® 8.0 data analysis and graphing
software which was also used to create graphs and statistical analyses. A p-value < 0.05 was used

in all t-tests and ANOVA to determine significant statistical differences.

2.5 Silicone Results

Results for silicone will be discussed in three separate sections, cellular responses, chemical

changes (Swelling, FTIR-ATR) and mechanical responses (DMA).

2.5.1 Cellular Responses:

Mammalian cell response was investigated in two ways: adhesion and cytotoxicity.
Adhesion was determined by measuring the number of cells attached to films at 1, 4 and 7 days.
Cytotoxicity was determined by the number of viable cells present after 24 hr. All graphs have
been normalized to a tissue culture treated polystyrene control and proliferation calculated at 1, 4
and 7 days.

Cellular Adhesion: Silicone cell adhesion displays stationary growth over 1, 4 and 7 days
(Figure 1). Each day has significantly less growth than the polystyrene control. On day 1 silicone
films have ~65% adherence as compared to polystyrene, by day 7 that number decreases to less
than 10%. This indicates that cells are not adhering to silicone films after day 1. There are no
statistical differences between radiation factors on any day.

Cell Proliferation: Initial 24 hr. cytotoxicity studies indicate silicone has 30% less viability
than polystyrene controls. However, cell growth on day 1 shows ~100% proliferation as compared
to polystyrene; but, proliferation significantly decreases as time continues on both days 4 and 7

showing 60% and 40% proliferation as compared to polystyrene (data not shown). This indicates
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that cells are not growing as quickly in proximity to silicone films and the silicone material is
killing cells. Day 1 and day 4 show no significant difference between radiation doses, however;
significant differences are seen by day 7. Radiation doses of 80 Gy had a significantly higher cell

count compared to 0, 2 5, 10 and 20 Gy samples.
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Figure 1 — Silicone cell adhesion study showing normalized attachment of cells for 0, 2, 5, 10, 20, 40, and
80 Gy samples. (n = 3, error displayed in standard deviation)

Cell studies show both positive and negative results. Cell attachment provides evidence that
cells do not attach to the silicone material, which was expected due to the inert nature of silicone.
As time continues cell growth proximal to silicone materials decreased, and, by day 7, began to
show differences within radiation dose levels. Results indicate that this increased cell growth at 80
Gy is not a trend and no statistical difference between dose rates is observed once 60 Gy and 160

Gy samples were included (data not shown).
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2.5.2 Chemical Changes due to Irradiation

Swelling: Swelling tests were used to approximate percentage of crosslinking and to
determine whether radiation caused differences in silicone structure. No statistical differences

were seen in swelling between samples (Figure 2).
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Figure 2 — Swelling changes shown as percent change after 24 hr. in toluene (n = 6, error displayed in
standard deviation)

Fourier Transform Infrared Spectroscopy: All samples were characterized by FTIR-ATR
from 4500 cm™ to 500 cm. Five peaks were found in the silicone spectra (see Supplementary
Figure for spectra). Peak areas were then calculated using origin software Gaussian fit
(Supplementary Table 1).

Peaks 2 and 3 (backbone) coalesce leading to a single peak area (Si-O-Si). While Peaks 1, 4
and 5 (Si-C, Si-CHs and C-H respectively) show no peak shifts were observed, with only slight
changes in peak area. These slight changes are likely due to small sample differences and not due
to radiation. No new peaks were formed and no disappearance of peaks were observed due to

radiation of films indicating that silicone is chemically stable at radiation doses up to 80 Gy
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2.5.3 Mechanical and Thermal Changes due to Irradiation

Dynamic Mechanical Analysis (DMA): DMA was used to investigate mechanical and
thermal changes within polyurethane samples. Two types of information were collected from
testing: 1] Tan Delta (to determine glass transition temperature), can indicate a shift in soft
segments to hard segments [14] and 2] Storage modulus (elastic modulus which indicates changes
in energy storage, and material elasticity [14]. Storage modulus was analyzed at two temperatures:
room temperature (25 °C) and body temperature (37 °C) (Table 1), however due to the limitations
of the DMA instrument the Tg of silicone (-125 °C) was unable to be analyzed. Significant changes
were seen in 40 Gy at body temperature, indicating that 40 Gy samples were significantly stronger
than 10 and 20 Gy. However, the 80 Gy samples show no significant difference indicating that it
IS not a true trend.

Table 1 - DMA calculations for silicone (n = 3, error in standard deviation, * significantly different than
10 Gy, 20 Gy, p < 0.05)

25 °C (storage, MPa) 37 °C (storage, MPa)
0Gy 3.35+£0.5 3.19+0.8
2Gy 3.23+0.8 3.22+0.3
5Gy 3.0+£0.14 2.87+0.14
10Gy 2.92 +£0.06 2.87+0.2
20Gy 2.99 +0.07 3.16+0.08
40Gy 3.82+0.3 4.02 +0.32%
80Gy 3.39+0.3 321+04

2.6 Discussion and Conclusions

Clinically, implants in cancer patients who spend extended amounts of time exposed to
radiation have been known to fail and ultimately leads to implant removal from patient [1, 2, 15-
17]. After these materials are removed, clinicians discard them and the underlying factor of what

caused the material failure is not investigated. Due to the complex nature of in vivo environments
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this research aimed to tease apart radiation effects in an aqueous environment to determine what
role they play in material failure and fill a gap in currently available literature. Overall, silicone
maintains stability when irradiated at therapeutically relevant radiation levels (0 Gy — 80 Gy) in
an aqueous environment.

When determining material stability for implantation, an important variable is cellular
response. In this work, individual radiation doses had no effect on cell adhesion or proliferation of
with silicone. Results from 1, 4, and 7-day studies indicate that cells do not adhere to either
polyurethane or silicone samples. Limited adhesion was expected due to the fact that silicone
implants are considered inert materials and should not promote cell adhesion to surfaces [18 — 21].

Although limited adhesion was expected, proliferation results revealed some unexpected
results in proximity to silicone. Silicone samples showed decreased cell proliferation and cell death
(24hr cytotoxicity testing), indicating the silicone material itself was killing cells, not related to
individual dose. Initial silicone cellular adhesion and proliferation provided evidence that varying
doses of radiation did not affect material stability.

When discussing silicone composition, it is important to note that although silicone is widely
used as a biomaterial, there are still few ways in which it can be characterize [22]. Therefore, the
use of FTIR and swelling in this study provided insight into the chemical changes that may
occurred in the material. FTIR results showed no change due to radiation dose rates indicating that
no change in chemical structure occurred. Swelling further confirmed FTIR results indicating that
radiation doses did not change the amount of crosslinking within the material. Results confirmed
that low doses of radiation do not alter silicone chemical stability and the material remained stable

at all doses of therapeutic radiation in an aqueous environment.
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Silicone DMA results supported chemical characterization results and confirmed that
radiation doses do not alter material properties. Looking at changes between doses, no significant
difference is seen in material properties (mechanical, chemical or microstructure). These results
are partly confirmed by D. Ribuffo et al. who found surface modification with the appearance of
molecular fragments [17]. D. Ribuffo used actual breast implant material along with biomedical
grade silicone but did not apply an aqueous environment. D. Ribuffo concludes that nanoscale
changes are seen and may contribute to capsular contraction [17], but few other changes were
observed, supporting results seen in this study.

In conclusion, biomedical grade silicone is stable at low dose radiation (0 — 80Gy) at a dose
rate of 7.14 Gy/min and appears to be safe for use under low dose radiation in an aqueous
environment. This research provides evidence that radiation in an agueous environment alone does
not cause material failure and future studies should investigate a combination of in vivo variables

along with radiation to fully understand what variables contribute to medical implant failure.
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Absorbed Dose: 1 Gray (Gy) = 1 Joule/kg, 0.01 Gy = 1 Rad

Equivalent Dose: 0.01 Sv = 1Rem

0.01 Gy = 1 Rad = 1 Rem, conversion only applies low linear transfer radiation (X-ray and

Gamma) and can change depending on the radiation source. [23]
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2.7 Supplementary Material:
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Supplementary Figure 1 - A representative curve of SI Fourier Transform Infrared Spectroscopy,
comparing 0Gy (-), 2Gy (— —) and 80Gy (— ¢ °OJ-). Numbers correspond with peaks shown
(Supplementary 1)

Supplementary Table 1 - FTIR peak area comparisons for silicone (n = 20, p < 0.05, error in standard

deviation)

C-H Si-CHs Si-O-Si Si-C

2962 1257 1002/1043 782
0Gy 7.2%0.1 9.3+0.1 1105+1.1 58.8+0.4
2Gy 6.7+0.2 89+05 109.1+2.5 57.8+0.9
S5Gy 6.9 +0.06 8.9+0.03 109.1+0.6 57.2+0.3
10Gy 6.9 +0.06 8.8 +0.04 108.4 +0.6 56.9+0.4
20Gy 6.9 +0.05 8.8 +0.04 108.4 + 0.5 57.5+0.3
40Gy 6.9 £ 0.06 8.9+0.04 109.3 + 0.7 57.6+0.4
80Gy 6.7+0.1 9.1+0.1 109.8 £0.5 58.2+0.3
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Chapter 3: Dose Rate Effects on Biomedical Grade Silicone Exposed to

Sterilization lonizing Radiation
S. L. Cooke, A. R. Whittington
3.1 Abstract

Limited information is currently available about effects of radiation on the properties of
biomedical materials routinely used in cancer treatments. Specifically, breast implants and
expanders have been shown to fail at higher rates when exposed to radiation. Failure is most often
caused by capsule contraction (tightening and hardening of scar tissue) but little is known about
the mechanisms causing capsule formation or capsular contractions. Limited available literature
suggests that the cause is multifactorial and researchers have begun to separate out individual
variables to investigate the causes behind capsule formation and contraction. This study focuses
on the materials involved in capsule contraction to determine whether radiation induced material
changes could play a role in failure.

This study investigates biomedical grade silicone when exposed to varying dose rates of
gamma irradiation in an aqueous environment as a first step toward understanding the changes
these materials undergo as body implants. Varying aged gamma irradiation sources (0, 22, 10, 1
and 0.1 year) were used to create different dose rates (0 — 833 Gy/min) using total doses of 25 kGy
(sterilization dose) on all samples. Silicone materials were characterized using certain acceptance
criteria from 1SO 10993 and ISO 10555, which focus on three main areas: biocompatibility
(cellular adhesion and proliferation/migration), physical change (visual and scanning electron

microscopy (FESEM)) and thermal/mechanical change (Dynamic Mechanical Analysis (DMA)).
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Chemical change was investigated to compliment medical device guideline tests for FDA pre-
approval (swelling and Fourier Transform Infrared Spectroscopy (FTIR)).

Post-irradiation results reveal that cells seeded on the materials did not change in adhesion or
proliferation due to dose rate but exhibit both cytotoxicity and resistance to adhering to the silicone
material itself. Physical changes indicate that silicone surface is slightly changing with varying
dose rates but surface topography changes did not correlate to cellular responses or mechanical
properties. Mechanical strength and thermal properties display no change in strength at either room
temperature (25 °C) or body temperature (37 °C). Chemical measurements indicate that dose rates
cause slight changes in crosslinking but these changes were not large enough magnitude to be
clearly observed in FTIR. FTIR results did not detect change between dose rates and, thus, slight
change found between samples can be attributed to sample variability combined with instrument
and peak measurement error.

In conclusion, minor changes are seen in crosslinking and surface topography related to dose
rate, but this did not appear to play a role in biocompatibility or mechanical/thermal properties.
This research, combined with future studies should aid in determining what combination of factors

contribute to capsule contraction/formation.

3.2 Introduction and Background

Breast implants and expanders have been shown to fail at higher rates when exposed to
radiation doses. Failure is most often caused by a multitude of reasons such as extrusion through
the skin, leakage, capsular contraction and infection. The limited literature available suggests that
the cause is multifactorial and researchers have begun to separate out individual variables to

investigate the cause of failure.
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Silicone material is widely used in various medical devices including pacemakers,
adhesives, drug delivery systems, catheters, needles/syringes and breast implants [1]. This study
focuses on silicone to rule out its role in the increase in reported breast implant failure found in
mastectomy patients who undergo radiotherapy [2-5].

It has been shown that breast cancer patients undergoing radiotherapy after reconstruction
have a higher failure rate (18.6% - 32.5%) of failure compared to normal breast reconstruction
rates (3.1% — 5% [6, 7]. Capsule contraction leading to rupture is the main cause of implant failure
for breast implants, but currently it is unknown how these fibrous tissues form around implants [2-
5, 8]. Mechanisms behind capsule formation and contraction are still being debated. Suggested
variables affecting capsule formation and contraction include: cellular response, bacteria, proteins,
surface texture, radiation, material alteration, and external factors such as smoking or a
combination of effects [2-5, 8, 9]. Controversy surrounding causes of capsule contractions includes
a multitude of possible variables/combinations and each likely needs to be independently
investigated before the cause of capsule contractions will be fully understood.

Since it is believed that radiation is a contributing factor in increased failure rates, this study
focuses on radiation and how it alters silicone material properties [ 6, 7]. Using FDA regulations
and ISO standards, material changes are characterized to determine if radiation of silicone material
can affect medical device approval [10, 11]. The aqueous environment is a key factor because it is
an initial step in preclinical approval, mimicking the in vivo environment t[10, 12]. The
International Organization of Standard (ISO 10555 and ISO 10993), and United States Food and

Drug Administration (FDA) regulations emphasize three major areas for medical device approval,

L Currently, there is no specific ISO standard for breast implants/expanders so 1ISO 10555
for catheter use, another common use for silicone, was used.
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toxicity/biocompatibility, mechanical properties, and thermal properties. All three are evaluated in
this study in combination with chemical alterations to determine if radiation causes changes
leading to possible catheter failure [10, 11].

Silicone biomaterials are considered inert with no known health hazards. However, routine
radiation sterilization has been shown to crosslink and/or degrade this material. Current literature
contains conflicting results as to the safety of repeated material irradiation at therapeutic levels of
radiation [3, 7, 13]. Previous research in our laboratory indicated that low dose therapeutic
radiation at a constant dose rate does not alter silicone in an aqueous environment, but this does
not take into consideration differences in dose rate. Altering the dose rate is commonly used during
radiotherapy for treating different cancer types and certain tumor locations. Since the literature on
low therapeutic dose radiation is conflicting and therefore inconclusive, this research utilizes
sterilization dose to better compare effects between dose rates [3]. Since sterilization undeniably
changes silicone materials, comparison of different dose rates will test only the effect of dose rate.
This will avoid the effect of dose rate being confounded with therapeutic dosing [14, 15].

While altering dose rate is commonly used during radiotherapy for treating different cancer
types and certain tumor locations, there is debate among clinicians as to whether dose rate actually
makes a difference in radiotherapy. While some believe dose rate has no effect, others believe
certain dose rates aid in tumor removal for different areas of the body [16-18]. In a clinical setting,
change in dose rate is based on the linear accelerator (LINAC) being used [19]. LINAC energy
levels range between 6 - 22 MeV (equivalent to 6 — 22 Gy/min), where low range instruments use
4 or 6 MeV, and high range instruments may use multiple sources at once [19, 20]. These ranges

represent both 22-year (3.2 Gy/min) and 10-year (4.5 Gy/min) sources (see Materials and Methods
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section). In contrast, higher dose rates, 44 Gy/min and 833 Gy/min are representative of multiple
sources, combined sources, and high dose rates [18].

Here, a range of dose rates are studied with silicone to determine if the material no longer
meets standards for preclinical approval, which could lead to an unsuitable material in vivo and
ultimate failure. This study sets the foundation for evaluating material changes that could

contribute to capsule contractions and formation.

3.3  Materials and Methods

3.3.1 Silicone Sample Preparation

A Dow Corning® high consistency rubber silicone elastomer (dimethyl, vinyl-methyl
siloxane) kit for health care device and component fabrication (C6-135) was purchased from R.D.
Abbott Company Inc. Equal parts of siloxane parts A and B (dimethyl and vinyl-methyl siloxane)
were mixed in a Brabender dual head mixer for 10 min at 3,000 rpm. Once mixed, material was
pressed in a heat press at 220°F at 4,500 Ibft/in2 for 5 min. Sample disks were then cut into 0.25-

inch diameter circles of 0.2 mm thickness (Figure 1).

CH; C,H; CH; CHs

Si
CH; CHs; CHs CHs

/

Figure 1 —Silicone structure (left) and fabrication test films (right)
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3.3.2 Radiation Exposure

Samples were irradiated at Oak Ridge National Laboratory using the High Flux Isotope
Reactor (HFIR) Gamma Irradiation Facility. Films were irradiated in water at varying dose rates
for a total dose of 25 kGy (Table 1). Characterization methods were based on prior studies and
ASTM procedure F561-13 which addresses retrieval and recommended analysis of medical
devices, associated tissues, and fluids. Non-irradiated control samples immersed in water were
compared to test samples to confirm that the changes seen were not due to hydrolysis. Control

samples and as-fabricated samples show no significant differences.

Table 1 —Dose rates and the correlating age of radiation source

Age of Source (# of years) Dose Rate (Gy/min)
22 3.2
10 4.5
1 44
0.1 833

3.3.3 Cell Cytotoxicity and Proliferation

Silicone films (8 mm in diameter) were sterilized via 70% ethanol, patted dry, then immersed
in alpha Minimum Essential Medium (aMEM, Life Technologies) with 10% Fetal Bovine Serum
(FBS) and 1% Penicillin-Streptomycin for 12 hr. Once soaked in aMEM, samples were placed in
48-well plates. Each sample was seeded with 5,000 mouse fibroblast cells (3T3, source ATCC).
Fibroblastic cells were used due to their ability to synthesize extracellular matrix and collagen.
These two components are a major part of the breast tissue commonly found around silicone
medical devices [21]. Well plates were then incubated for 1 hr. at 37 °C with 5% CO: to allow for
attachment. Once attached, 800 uL aMEM was added to each well. Cells were grown for 1, 4 and
7 days to determine fibroblast proliferation and cell cytotoxicity within wells. Three replicates

were used for each time point and dose rate.

48



CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS, Promega, USA) was
performed to determine cell proliferation as previously described [22]. Day 1, 4 and 7 samples
were used for adhesion studies. Samples were removed from wells and placed in new 48-well
plates with 200 pL fresh media and 20 pL. MTS. The same amount of fresh media and MTS reagent
were also added to empty wells that previously held samples for proliferation measurements to
determine cell growth in proximity to films. All wells were incubated for 2 hr. at 37 °C and 5%
CO:2 to allow for the assay colorimetric reaction to occur within cells. All media was then
transferred to a 96-well plate and read using UV-VIS spectrophotometry at 490 nm (BioTek,
Multi-Mode Plate Reader, Synergy Mx, USA). A calibration curve was created using a standard

cell count (10? — 10°) to calibrate viable cells.

3.3.4 Field-Emission Scanning Electron Microscopy (FESEM)

A LEO (Zeiss) 1550, Field Emission Environmental Scanning Electron Microscope (FESEM)

was used to determine microscopic differences between irradiated films.

3.3.5 Swelling

Swell tests were used to determine silicone crosslinking. Samples (n = 6) were cut using a
core borer and soaked in 3 mL toluene for 24 hr. in the dark according to ASTM Method D3616.
Samples were then patted dry with a Kimwipe™ and immediately reweighed. Swelling was

calculated using the follow equation:

Swelling % = “=2 x 100 Eq. 3.1 [23]

B

Where A is the mass of the soaked samples and B is the mass of the original sample (eq. 3.1).

3.3.6 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Nicolet Model 8700 Fourier Transform Infrared (ATR - FTIR) instrument was employed

to investigate silicone bond changes. FTIR spectra were recorded over a range of 500 to 4,500 nm
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with 126 scans per run and a resolution of 4 cm-1 (n = 10). A background scan was performed for
each sample to attenuate baseline noise. Peak deconvolution was performed to isolate peak height.
Percent change was calculated using Origin® 8.0 graphing software. Four major peaks were
isolated, measured, and averaged for silicone. Ten replicates were used for each factor, a high

number of replicates were used to limit variability.

3.3.7 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (TA Q800) was used to investigate mechanical degradation at
different sample conditions. Samples were scanned from -100 °C to 100 °C in air at a rate of 2

°C/min. Storage modulus, loss modulus and tan delta were calculated with three replicates each.

3.3.8 Statistical Analysis
Statistical analysis was performed for all tests using Origin® 8.0 data analysis and graphing
software which was also used to create graphs and statistical analyses. A p-value < 0.05 was used

in all t-tests with one-way ANOVA used to determine significant statistical differences.

3.4 Results

Results for this research focus on determining whether changes observed from varying dose
rates of radiation are significant enough to result in non-compliances with the ISO guidelines for
medical device approval. These results should provide evidence to whether dose rates are a
defining variable in increased failure seen in breast implants discussed previously. Results are
discussed in four separate sections: cellular responses (adhesion and proliferation/migration),
physical changes (visual and ESEM), chemical changes (Swelling, ATR-FTIR) and mechanical

responses (DMA).
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3.4.1 Cellular Responses

Mammalian cell response was investigated using adhesion and migration/proliferation.
Adhesion was determined by measuring numbers of cells attached to sample films at 1, 4 and 7
days. Migration and proliferation were investigated by measuring cell growth in proximity to
polymer films (within wells around the cells) to determine whether proximity to silicone samples
affected cell growth. All graphs were normalized to a culture-treated polystyrene control and
proliferation calculated at 1, 4 and 7 days.

Cellular Adhesion: Silicone cell adhesion displayed stationary growth over 1, 4 and 7 days
(Figure 2). Each day had significantly less growth than the polystyrene control. On day 1 silicone
films had ~20% adherence as compared to polystyrene, by day 7 that number decreased to less
than 5%. This indicated cells do not adhere well to silicone films and die in proximity to samples
(24-hr toxicity, not shown). There are no statistical differences between dose rate factors on any
day. Cell attachment provided evidence that cells do not attach to silicone material. Silicone is an
inert biomaterial so it was expected that little adhesion would been seen and overall these are

positive results for a breast implant material.
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Figure 2 — Silicone cell adhesion study showing normalized cell attachment on silicone samples
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(n=3, p <0.05, error displayed in standard deviations)

Cell Migration and Proliferation: Migration and proliferation studies indicate material
biocompatibility and whether cells around irradiated films are growing at a rate similar to non-
irradiated samples. All days indicate no difference between irradiated or non-irradiated samples.
When both are compared to a positive control (polystyrene), cell growth on day 1 showed ~50%
less proliferation. This rate remained relatively constant through day 7 (Figure 3), indicating cells
do not proliferate well in proximity to silicone films and silicone samples caused cell death; 24 hr
cytotoxicity studies indicate silicone had 60% less viability than polystyrene controls. These
results reveal that although radiation played no role in altering cell growth, the silicone material
itself is not completely biocompatible over 7 days. Cell death could be a positive outcome for
breast implants if it results in reducing remaining cancer cells or the amount of fibrous tissue that

forms around the implant is reduced.
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Figure 3 — Silicone cell migration and proliferation study showing relative cell proliferation in
wells surrounding samples. (n = 3, p <0.05, error displayed in standard deviations)
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3.4.2 Physical Changes

Physical changes were analyzed to confirm cell responses to surface properties and to
investigate surface erosion occurring from silicone degradation. No changes were observed
optically, but after irradiation, all dose rates caused silicone samples to stick together. Further
investigation using FESEM (Figure 4) revealed that dose rate changes the silicone films surface
microstructure. Samples with no irradiation (Figure 4A) had clearly defined peaks and a smooth
surface with no surface particulates. When samples were irradiated at a low rate, 3.2 Gy/min
(Figure 4B) the number of peaks remained similar to the control samples but a high number of
particulates were seen on the surface. With increased dose rate, 833 Gy/min (Figure 4C) the test

material looked similar to control samples, but peaks were not as tall and when compared to the

3.2 Gy/min samples, significantly fewer particulates were observed.

, 8 L 7 1 3 _-n : r o
Figure 4 — Field-emission scanning electron microscopy of silicone at A) control, B) 3.2 Gy/min
and C) 833 Gy/min. Scale bar represents 10pm.

3.4.3 Chemical Changes

Swelling: Swelling tests were used to approximate changes in crosslinking and determine
whether radiation dose rate alters crosslinking in silicone films (Figure 5). Significant decreased
swelling was observed in 4.5 Gy/min and 3.2 Gy/min samples compared to 833 Gy/min dose rates,

indicating lower dose rates produce greater crosslinking. All dose rates showed significantly less
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swelling than a non-irradiated control (200%), confirming that 25 kGy caused significant silicone
crosslinking. This was expected due to previous research findings that sterilization doses
significantly alter silicone [24-26]. Although a slight change in swelling was observed, further
chemical (see FTIR) and mechanical investigation (see DMA) was needed to determine if

crosslinking resulted in material properties that effect FDA and 1SO compliance.
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Figure 5 — Swelling as percent change after 24 hr. in toluene (n = 6, p <0.05, error displayed in
standard deviations, *indicates sig. differ. than 3.2 and 4.5 Gy/min).

Fourier Transform Infrared Spectroscopy: All samples were characterized by ATR —
FTIR from 4500 cm to 500 cm. Ten replicates were used to determine statistical variance. Five
major peaks were found in silicone spectra (Supplemental Data - Figure 1). Peak heights were then
calculated using Origin 8.0 software Gaussian fit. Comparisons of peak area as a function of dose

rate are shown in Table 2.
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Table 2 - FTIR peak height comparisons for silicone (n = 10, error in standard deviation, p <

0.05).
Si-C Si-O-Si Si-CHs C-H
Stretching

Dose Rate 782 (cm™) 1002 (cm)  |1043 (cm™)| 1257 (cm™) | 2962 (cm™)

(Gy/min) Sym. Asym.
3.2 1.06 + 0.01 0.81+0.01 0.71+0.01| 0.46+0.01 [ 0.30+0.01
4.5 0.93+£0.01 0.84 £0.01 0.69+0.01| 044+0.01 | 0.26+0.01
44 1.03+£0.01 0.81+0.02 0.71+0.04| 0.47+0.01 | 0.30+0.01
833 1.09+0.01 0.85+0.01 0.72+0.01| 0.46+0.00 | 0.27+0.01

No disappearance or shift of peaks were observed in FTIR spectra indicating that the
molecular backbone did not change despite altering radiation dose rate. Although small changes
in peak height between dose rates are found, overall variation with silicone controls was higher
than the variations seen in non-control FTIR results. Variability between samples themselves
combined with instrumental error could account for minor changes seen. Changes shown from
crosslinking and DMA do not correspond with changes or trends seen in FTIR results, indicating

that the changes seen are likely insignificant.

3.4.4 Mechanical Changes

Dynamic Mechanical Analysis (DMA): DMA was used to investigate mechanical changes
in silicone samples (Table 3). No significant changes were seen between any dose rate factors
indicating that dose rate does not alter mechanical properties. Although slight crosslinking changes
were indicated, they were not significant enough to produce changes in chemical bonds (FTIR) or

mechanical properties.
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Table 3— DMA calculations for silicone (n = 3, error in standard deviation, p < 0.05)

Dose Rate (Gy/min) 25°C (Storage, MPa) 37°C (Storage, MPa)
3.2 3.7£0.2 35+0.2
4.5 40+0.3 3.8+0.3
44 3.6+£0.2 3.5+0.2
833 3.9+0.1 3.6+0.1

3.5 Discussion

Silicone is considered an inert material [27,28]; therefore, it is surprising to see any change in
material properties when silicone is exposed to varying dose rates. Previous research has shown
high total radiation doses cause crosslinking and degradation [14, 29, 30] and as dose rate
increases, an initial increase in surface cracks is associated with crosslinking followed by
degradation [31-33]. It is also known that radiation sterilization of silicone material induces
crosslinking and mechanical changes, so radiation should not be used for clinical sterilization [24-
26]. This study addresses the void in the literature by testing silicone samples in an aqueous
environment, which can contribute to the degradation of silicone through radiolysis at clinically
relevant dose rates [34].

All silicone dose rates show measurable differences compared with sterilization levels (25
kGy) (Appendix D) however, between dose rates little variation is seen. Silicone results exhibit
decreased cell growth and cell toxicity (49%), but these effects were not related to dose rate.
Significant visual differences were seen in silicone ESEM indicating an increased number of
particulates at low dose rates. Significant swelling (crosslinking) changes were also observed but
were not supported by FTIR data or mechanical strength at either body or room temperature.

Expected degradation and crosslinking products from radiation [14, 15] are all composed of similar
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bonds, making it difficult to distinguish if any changes are truly occurring using FTIR. This
indicates that although dose rates may cause slight surface material alterations, dose rate does not
affect overall bulk material properties since little change is observed in swelling.

L. Zhang is one of few studies that investigated silicone reaction to varying ionizing radiation
energy levels and rates [31-33]. L. Zhang focused on molecular weight and tensile strength with
varying dose rates. They conclude there is a peak change at 10 protons cm-2 and the dominant
mechanism is crosslinking. Increased crosslinking and tensile strength are seen until 101 protons
cm-2 and these parameters decrease with increase radiation rates above 10*° protons cm2[31-33].

All dose rates conducted in this research are below 10° photons cm indicating that all dose
rates should show an increase in strength and crosslinking. Storage modulus does not follow this
trend, however at 833 Gy/min an increase in swelling is seen compared to 3.2 and 4.5 Gy/min.
This indicates decreased crosslinking. Differences in this study can most likely be contributed to
use of protons (L. Zhang) versus photons, where photons have low linear energy transfer compared
to protons meaning they continue to penetrate materials for an extended depth while protons of
certain energies will have one depth where almost 100% of radiation hits [19]. Other silicone
studies with ionizing radiation investigate high exposure, total doses 5 — 500 kGy. S. Rogero et
al. investigated crosslinking silicone gel to improve drug delivery, finding an increase in
crosslinking and amorphous regions with increased radiation (5 — 75 kGy) [30]. A. Labouriau et
al. radiated silicone in water for nuclear applications from 12.5 — 200 kGy and also found increases
in amorphous regions as well as changes in microstructure and material stiffening above 50 kGy
[29]. B. Lui et al. (8 — 500 kGy) found significant changes in microstructure, decreases in
molecular weight and crystallinity and an initial increase in tensile strength till 200 - 300 kGy

followed by a decrease [14]. All of these findings are consistent with changes seen in this study
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due to sterilization (Appendix D). However, dose rate does not show similar trends as increases
in total dose, indicating that total dose and dose rate work differently in material alteration.

For a comparison of dose rate, cellular responses indicated no change due to varying dose
rate on either adhesion or proliferation. However, all silicone samples displayed toxicity, killing a
large percentage of cells (49.5% viable normalized to a positive control). Although cell death is
generally viewed as a negative response, silicone materials are commonly used as breast
implants/expanders and currently there is no clinical consensus as to whether to implant expanders
before or after radiotherapy/reconstruction following a mastectomy [35]. Newer studies suggest
that mastectomy and reconstruction prior to radiotherapy may be a better option resulting in less
direct radiation to the temporary or permanent implant [35]. Cell death seen in this study could aid
in the further control of cancer cells left after mastectomy and ultimately cellular toxicity could be
beneficial.

Topography of silicone implants can play a role in cellular response as well as capsule
contraction/formation [36 — 38]. ISO-10555 state that “with a minimum of x2.5 magnification the
external surface of the effective length of the catheter shall appear free of extraneous matter” [10].
This is met with control samples but once irradiated, test samples have extraneous matter at both
3.2 and 833 Gy/min. Visually, it can be seen that the slower dose rate 3.2 Gy/min had a larger
amount of extraneous matter than 833 Gy/min. This may indicate that slower dose rates should be
used in clinical settings to reduce the amount of extraneous matter formed on implant surfaces.
Smoother surfaces in literature have shown to be prone to capsule contractions/formation when
compared to textured surfaces [36, 37].

Swelling displayed an expected decrease due to sterilization dose (control samples 200%

swelling). Low dose rates (3.2 and 4.5 Gy/min) had significantly lower swelling percentages
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(136% and 135% respectively) than the highest dose rate (833 Gy/min, 143%). This finding,
although statistically significant, does not appear to play a role in changing other properties
investigated in this study. FTIR was used to investigate chemical changes and confirm possible
crosslinking from swelling changes. FTIR results were inconclusive and indicate that slight
changes seen in peak heights were most likely due to sample variation combined with instrument
and Gaussian fit error. Minor chemical changes are difficult to detect by FTIR due to the
degradation and crosslinking of silicone all having similar bonds. Silicone FTIR spectra have a
number of overlapping peaks, as peaks grow wider or thinner, peak height and area are
compromised [39]. Dose rates exhibit no significant change in mechanical properties at either 25°C
or 37°C. This indicates that although slight crosslinking may be occurring, it is not sufficient to

alter mechanical or chemical properties for in vivo use.
3.6 Conclusion

Silicone is chemically inert; thermally stable between -60°C to 250°C and is only susceptible
to hydrolytic degradation at a pH < 2.5 or > 11, or when a voltage is applied [27, 28, 40-42].
Therefore, one of the few ways in which silicone degrades relative to medical devices is through
oxidation [15, 34]. Significant changes were seen in the material due to high sterilization radiation.
However, this investigation found only slight crosslinking and topography change with varying
dose rates, and these change did not significantly affect other material properties. An interesting
result was necrosis of cells over a 7 day period when exposed to radiation. Although this result
does not correlate with dose rate itself, it may be valuable in future studies to determine
radiotherapy regimes before or after reconstruction. With the increased number of patients who
develop capsules and capsule contractions after receiving radiotherapy, it is important that all

variables involved be investigated.
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This study used radiation in an aqueous environment to mimic a basic in vivo environment,
while altering dose rate and evaluating material properties. Since capsule formation mechanisms
are incompletely known, and there is concern that radiation plays a part in formation and eventual
capsule contraction, this investigation provides the groundwork for investigating the contribution
of material effects. If radiation contributes to capsule formation and contraction, it is the result of

a combination of factors and not the radiation of the material alone.

3.7 Supplementary Material
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Supplementary Figure 1 — Representative FTIR spectra of 0, 3.2 and 833 Gy/min silicone

samples.
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Chapter 4: Polyurethane Literature and Therapeutic Radiation Exposure

Research has shown that children with cancer are exposed to an increased amount of radiation
and that catheters used during exposure fail more often, however, the mechanisms behind this
failure is not completely understood and these catheters have not been studied at low doses or
varying dose rates [1-3]. Specifically, two common catheters, peripherally inserted central
catheters (PICC) and central venous catheters (CNC) have increased rates of failure 14.7% and
8.8% respectively (with a normal complication rate of < 0.1% without radiotherapy [1,4]. These
catheters are used to deliver nutrients, chemotherapy, antibiotics and other drugs, which are vital
to patient recovery. The need to replace catheters can be a discomfort for children and lead to

further radiation exposure due to the need for x-ray confirmation of catheter placement [5,6].
4.1 Polyurethane Chemistry

Polyurethane (PU) is a segmented polymer composed of hard and soft segments that can be
tailored to specific end use. Polyurethane synthesis reaction occurs between an isocyanate (hard

segment) and a diol (soft segment) and is linked by a urethane linkage (Figure 1) [7].

H H
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Figure 1 - Example polyurethane molecular structure
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Polyurethane degradation and crosslinking mechanisms are commonly studied using Fourier
Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), Gel Permeation
Chromatography (GPC), Dynamic Mechanical Analysis (DMA), Tensile Testing and X-ray
Diffraction (XRD). Radiation affects polyurethane chemical structure in two main ways, chain
scission and crosslinking. In the case of radiation and biodegradation, breakages or chain scission
within polyurethane occur primarily in two locations, urethane linkages (C-O and N-C) and C-C
bonds, in the amorphous/soft regions (diol groups) due to the abundance of these bonds [3, 8, 9].
Chain scission seen in most biodegradation studies is caused by acid hydrolysis, but without acidic
conditions, degradation and crosslinking can also occur through hydrolysis [8, 10]. These reactions
are often difficult to separate since they can occur simultaneously, specifically when many
variables are applied such as biodegradation and radiation.

When considering radiation in dry versus aqueous environments, free radicals created from
ionizing radiation have two paths for chain scission. Free radicals can directly attack and break
bonds or can react with water to create secondary free radicals that can further damage the polymer
[11, 12]. This leads to a prediction that an aqueous environment can amplify harm to the polymer
structure greater than a dry environment by Q. Tian, et al. [13].

Another type of chemical transformation that occurs during irradiation is crosslinking. The
ratio of crosslinking to chain scission is dependent on the type of PU used, radiation dose rate and
radiation dose. The majority of polyurethane crosslinking (80 ~ 90%) occurs in soft segments from
bonds that were cleaved in chain scission (N-H, C-O, and C-C) [14]. Although crosslinking in hard
segments is less common, there are three ways hard segments can crosslink; N-N bond formation
from urethane linkage, N bond in diol groups, and N bonds associated with soft segment cleaved

bonds [14].
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Radiation regimes exist where PU experienced both degradation and crosslinking. However,
low therapeutic radiation doses and dose rate, especially in the aqueous environment, have not
been studied. In order to determine whether radiation is the main degradation effect seen in this
study, alternative routes of degradation need to be discussed to eliminate effects from other
methods (chemical, thermal, photo-induced and biological). This will help in developing methods

for this research to make sure radiation is the main variable being studied.

4.1.1 Polyurethane Degradation by other Methods

There are four main ways in which polyurethane material degrades: chemically, thermally,
photo-induced and biologically [15, 16]. Each of these degradation mechanisms should be
understood to correctly identify differences in radiation-induced degradation and eliminate
changes that may be occurring due to other mechanisms.

Chemical: Polyurethane chemical degradation covers many different processes, but for this
research the most likely chemical degradation mechanisms would be hydrolysis (degradation due
to water) and oxidation (degradation due to oxygen) [15, 17]. In order for hydrolysis to occur,
water has to completely penetrate the polymer network causing hydrolytic chain scission (common
in urethane linkages and ester groups) [17]. Once scission occurs polyurethane is further
hydrolyzed causing dissolution of amide bonds resulting in carboxylic acid (R-COOH) and amine
end groups [15, 17, 18]. Overall hydrolysis results in a decrease in molecular weight. Due to the
stability of polyurethane used in this study, polyether urethane hydrolytic degradation is highly
unlikely due to the stability of polyols [8] which was confirmed in control studies (Appendix C).
Oxidation reactions occur in a similar manner using oxygen rather than water and are initiated via

heat or light [15]. When initiated via heat the process results in thermal oxidation (thermal section)
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while when initiated by light the process results in photo-induced oxidation (photo-induced
section).

Thermal: Thermolysis or thermal degradation is the breakdown of a material due to heat
[15, 19]. When specifically discussing polyurethane, it is important to first know that degradation
of polyurethane does not begin to occur until temperatures reach >140 °C most commonly around
200 °C [15, 20-22]. Once polyurethane is exposed to high enough temperatures the urethane group
begins to degrade by dissociating from isocyanate and polyol groups [15]. This dissociation is due
to initial depolymerization resulting in two monomers (isocyanate and polyol) followed by
oxidation. Free radicals cause oxygen additions where heat has caused hydrogen extraction
resulting in primary amines and olefins [15, 22]. Samples in this study were never elevated to
temperature above 37 °C and should not show dissociation due to thermal degradation.

Photo-induced: Photo-induced polyurethane degradation is caused by exposure to UV light
[23 - 25]. UV radiation causes polymer chain breakage, which in turn produces radicals. This
ultimately reduces molecular weight which correlates to photons [23]. As photons are absorbed
into the material, the first step in degradation is caused by urethane oxidation and free radicals
production resulting in quinoid structures (aromatic compound having two carbonyl functional
group); responsible for the yellowing of polyurethane [15, 24, 25]. Secondary degradation reaction
is caused by urethane bond scission resulting in either amino or formate radicals [15, 24, 25].
Photodegradation is also known to be the cause for hydrogen bonding in hard segments of the
polyurethane [24]. Radiation exposure in this research were conducted in a closed aqueous
environment where only gamma radiation was applied.

Biodegradation: Biodegradation is an important factor to consider when dealing with

biomedical implants. Due to a high number of variables, in vivo biodegradation plays a large roll
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in long-term stability [8, 26, 27]. Biodegradation can occur via hydrolysis (previously discussed)
as well as molecular mechanisms and environmental effects. Molecular mechanisms include
protein, giant body cells, fibrotic capsules and tissues while environmental degradation refers to
the interaction between cells and the material itself [8]. As biomedical devices are implanted into
the human body, surface stress corrosion cracking occurs and opens areas for surface oxidation by
enzymatic and cellular attack (macrophages and foreign-body giant cells, lysosomes breaking

down materials and lowering pH within the cell) [8, 26].

4.1.2 Irradiation Studies Investigating Polyurethane

Polyurethanes are biomaterials often studied for use in fabricating 3D tissue scaffolding
[28,29], catheters, blood contact materials (heart valves, artificial veins), hospital bedding,
injection molded implants, and other short-term implants [30-32]. PU is of interest from a radiation
perspective because it can be designed to biodegrade in vivo. Due to PU versatility in the medical
field, these materials are often exposed to varying irradiation doses and dose rates. Research on
irradiated PU and studies relevant to this dissertation are compiled in Appendix B, Table B2. There
are two major categories in existing research (1) sterilization and (2) improved application of PU.

Few studies investigate therapeutic levels of radiation. One study investigated PICC lines at
varying dose fractionations to determine whether PICC lines can be used during radiotherapy since
current regulations in China restrict the use of PICC lines in sites receiving radiotherapy [33].
Although the material used in these PICC lines was not stated (due to company policy, Becton and
Dickinson Company), the preliminary research by J. Zhang, et. al. looked specifically at fracture
force, liquid velocity and leakage, concluding that PICC lines may be stable under radiation and

should be further analyzed for in vivo response.
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The purpose of most polyurethane radiation studies has been to investigate sterilization of PU-
based medical devices [2, 3, 34-36]. Each of these studies used a radiation dose at or above 25 kGy
(the WHO Standard) to detect radiation effects. One relevant study used polyurethane catheters
purchased from Johnson and Johnson irradiated at 25kGy at a rate from 0.5 to 1.5 MeV
(environment not stated) [35]. Irradiated catheters were characterized chemically (FTIR, Raman)
and thermally (DSC). Results indicate the material is chemically stable. DSC was used to confirm
the material was a poly (ether urethane) and further confirmed that irradiation did not cause
significant change in the catheter tested. These authors concluded that gamma sterilization is a
clean process.

Two additional studies look at differences between chain-extended and nonchain-extended
polyurethanes [3, 36]. These studies found chain-extended PU decreased in molecular weight with
increased irradiation doses, while nonchain-extended polyurethanes increased in molecular weight
with an increase in dose. One article concludes that cross-linking and degradation occur
predominantly within polyurethane soft segments (nonchain-extended segments, polyol groups)
[3]; another agrees except argues that degradation only occurs in chain-extended polyurethanes
[36]. Overall, they both agree that polymer molecular weight makes a difference in crosslinking
and degradation, with higher molecular weights leading to increased soft segment domains, which
was the main location for both crosslinking and degradation.

Another study evaluated biodegradable polyurethanes for use in medical applications and tried
to determine whether gamma radiation at sterilization levels is applicable for biodegradable
polyurethanes. This is the first study to look at gamma radiation of biodegradable polyurethanes
[2]. They find polyurethanes do undergo significant degradation from sterilization and suggested

another form of sterilization should be used for biodegradable polyurethanes [2].
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Additional studies on polyurethane used extremely high doses and/or rates for applications
such as medical devices, industrial use (coatings, aerospace applications) and nuclear applications
[9, 13, 37-39]. One relevant study compared polyether-polyurethane irradiation in water and air
with varying doses (100 to 500 kGy) [13]. Although these doses were drastically higher than seen
in a clinical setting, this was one of the only investigations that used an agueous environment. This
article concluded samples irradiated in water exhibit increased radiation aging compared to
irradiation in air [13]. The article also discussed changes in chemical structure as radiation doses
increased. Hard and soft segments begin to mix and larger cross-linked structures were found [13].
Another relevant study investigated gamma irradiation of polyurethane foams at 2 kGy and 10
kGy at a dose rate of 0.32 Gy/h [37]. Researchers found an increase in mechanical strength with
irradiation at 10kGy producing a stiffer material than 2kGy. Phase contrast X-ray and SEM
imaging displayed changes between 0Gy, 2 kGy and 10 kGy indicating crosslinking (C-C or N-
N) and shrinkage of the foam cellular structure [37].

Studies that investigated higher gamma-radiation doses all have a similar conclusion stating
that crosslinking was dominant over chain scission [13, 38, 39]. There are disagreements on phase
changes between hard and soft segments. Some investigators argue that high doses of gamma
irradiation/electron beam irradiation cause a mixture of the two segments, while other studies
suggest that phase separation predominates [9, 13].

Overall polyurethane is a complex material and to the authors knowledge there is no definitive
research looking at low doses of therapeutic radiation or dose rate induced changes under aqueous

conditions.
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4.2 Therapeutic Radiation of Polyurethane Films

4.2.1 Irradiation of Polyurethane

Limited research is available regarding the effects of therapeutic radiation on biomedical
device. In order to design new regenerative tissues and supporting materials for implanted medical
devices, a better understanding of material stability in vivo under use of therapeutic radiation is
needed. This study provides a systematic study of polyurethane in an aqueous environment at
therapeutically relevant radiation doses.

Polyurethanes (PU) are biomaterials often studied for use in fabricating 3D tissue scaffolding
[28, 29], catheters, blood contact materials (heart valves, artificial veins), hospital bedding,
injection molded implants, and short-term implants [30, 31, 40]. Due to PU’s versatility in the
medical field, these materials are often exposed to varying irradiation doses and dose rates. There
are two major categories in existing research, 1] sterilization [2, 3, 34, 36] and 2] studies focused
on improving application properties [9, 13, 38, 39]. Many of these studies contradict each other on
whether crosslinking/chain scission is the dominant reaction and what type of phase changes occur
from radiation exposure [3, 39].

Polyurethane (PU) samples were irradiated at 0, 2, 5, 10, 20, 40, and 80 Gy at a rate of 7.14
Gy/min in an aqueous environment. Films were analyzed for changes in cellular response using
mammalian cells (adhesion and proliferation studies,) chemical shifts (size exclusion
chromatography and Fourier transform infrared spectroscopy) and mechanical responses (dynamic

mechanical analysis).
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4.3 Materials and Methods

4.3.1 Polyurethane Fabrication

Polyurethane pellets (Texin 950) were gifted from Covestro™ AG. Pellets were cryoground
into powder using a three-step cool-grind-cool method (cooled for 1 min in liquid nitrogen, ground
for 2.5 min, then cooled for another minute before repeating the grinding process another two
times). Once ground, 2 g powder was pressed into films using a hot press at 365 °F at 4,500 Ibft/in2
for 2 min. After 2 min, a slight increase in pressure was used to remove air bubbles and films

removed. Samples were cut into 0.25 in diameter, 0.03 mm thickness for testing.

4.3.2 Irradiation

Polyurethane films were irradiated in water at 0, 2, 5, 10, 20, 40 and 80 Gy at a rate of 7.14
Gy/min. Samples were irradiated using a JL Shepherd and Associate Mark | irradiator (Cs'®’) at
Wake Forest Medical Center. Characterization methods were based on prior studies [41] and
ASTM procedure F561-13, which describes retrieval and recommended analysis of medical

devices, associated tissues and fluids.

4.3.3 Cell Adhesion and Proliferation

Polyurethane films (n = 3) were sterilized via 70% ethanol. Samples were immersed in alpha
Minimum Essential Medium («MEM, Life Technologies) with 10% Fetal Bovine Serum (FBS)
and 1% Penicillin-Streptomycin for 12 hr. Each sample was seeded with 5,000 mouse fibroblast
cells (3T3, source ATCC) in aMEM. Samples were then incubated for 1 hr. at 37 °C with 5% CO2
to allow for cell attachment. Cells were grown for 1, 4 and 7 days to determine 3T3 proliferation
and cell cytotoxicity.

CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS, Promega, USA) was

used to determine cell proliferation [42] read using a UV-VIS spectrophotometer at 490 nm
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(BioTek, Multi-Mode Plate Reader, Synergy Mx, USA). After 1, 4 and 7 days, samples were
removed from wells and placed in 200 uL of fresh media and 20 uL. of MTS for adhesion studies.
The same amount of fresh media and MTS reagent was added to empty wells that previously held
samples for proliferation measurements. All wells were incubated for 2 hr at 37 °C and 5% COz2

to allow colorimetric assay reaction.

4.3.4 Size Exclusion Chromatography (SEC)

Light scattering size exclusion chromatography (SEC, Agilent Technologies, USA) was used
to determine polyurethane molecular weight. Samples (n = 3) were run in THF at 1 mL min~! at
30 °C on two Agilent PLgel 10 um MIXED-B columns connected in series with a Wyatt Dawn
Helios 2 light scattering detector and a Wyatt Optilab Rex refractive index detector. A polystyrene

standard, MW 21,000 was used.

4.3.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Nicolet Model 8700 Fourier Transform Infrared (FTIR) instrument was employed to
investigate bond changes. FTIR spectra were recorded over a range of 500 to 4,500 nm with 126
scans per run and a resolution of 4 cm* (n = 20). Peak deconvolution was performed to quantify

peak area under each curve and percent change calculated.

4.3.6 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (TA Q800) was used to investigate mechanical degradation. PU
samples were run from -50 °C to 140 °C at a rate of 2 °C/min. Silicone samples were run from -
100 °C to 100 °C in air at a rate of 2 °C/min. Storage modulus, loss modulus and tan delta were

calculated (n = 3).
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4.3.7 Statistical Analysis

Statistical analysis was performed for all tests using Origin® 8.0 data analysis and graphing
software which was also used to create graphs and statistical analyses. A p-value <0.05 was used

in all t-tests and ANOVA to determine significant statistical differences.
4.4 Polyurethane Results

Results are discussed in three separate sections, cellular responses (adhesion and

proliferation/migration), chemical changes (FTIR-ATR, SEC) and mechanical responses (DMA).

4.4.1 Cellular Responses

Mammalian cell response was investigated in two ways: adhesion and migration/proliferation.
Adhesion was determined by measuring the number of cells attached to films at 1, 4 and 7 days.
Migration and proliferation were investigated by determining cell growth in proximity to polymer
films. This revealed whether proximity to polyurethane samples caused cell death or normal
growth. All graphs have been normalized to a tissue culture treated polystyrene control and
proliferation was calculated at 1, 4 and 7 days.

Cell Adhesion: Polyurethane samples displayed a decrease adherence over time (Figure 2A).
At day 1, PU samples are 75% as adherent as polystyrene (positive control), while by day 7,
polyurethane only had ~25% adherence. While each day reveals significantly fewer cells, no
statistical differences were seen between radiation levels within individual days. Indicating that
radiation has no effect on cell adhesion but cells dislike polyurethane films.

Cell Migration and Proliferation: Wells surrounding polyurethane samples show a similar
proliferation rate to polystyrene on all days (Figure 2B). No statistical change was seen between
days 1 and 4 indicating cells do not begin to migrate and multiply heavily until after day 4, when

an increase in cell growth is seen on day 7 (Figure 2B). No statistical differences were seen
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between radiation doses on days 1 or 4, indicating the polyurethane films do not elicit a negative

cell response due to irradiation.
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Figure 2 — A) Polyurethane adhesion study of normalized cell attachment B) Polyurethane cell migration
and proliferation study showing relative growth in wells surrounding, on and surrounding 0, 2, 5, 10, 20,
40 and 80 Gy samples (n = 3, error bars depict standard deviations).

4.4.2 Chemical Changes due to Irradiation

Size Exclusion Chromatography: SEC results show no significant differences between any
radiation dose levels (Table 1). Table 1 provides results for number average molecular weight
(Mn), polydispersity (D) and refractive index increment (dn/dc). These results suggest no major
change in crosslinking of chemical structure in response to radiation.

Table 1- Comparison of SEC Results (n = 3, error displayed in standard deviations)

Mn (g/mol) b dn/dc
0Gy 76000 + 30000 1.87+0.12 0.098 +0.04
2Gy 70266 + 16000 1.84 £0.01 0.094 £ 0.02
5Gy 75733 + 7200 1.83+0.14 0.09 £0.01
10Gy 84933 £ 30000 1.90 £+ 0.05 0.086 + 0.03
20Gy 65500 + 18000 1.82 +0.02 0.10 £ 0.02
40Gy 62166 + 3900 1.92 +0.06 0.10+0.01
80Gy 80833 £ 12000 1.833 £ 0.07 0.084 £ 0.01
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Fourier Transform Infrared Spectroscopy: FTIR results confirm results seen in SEC,
indicating no major change in chemical structure. Seven peaks were isolated in polyurethane
spectra (see Supplementary Figure 1 for full spectra) Peaks 1 - 4 represent the fingerprint region
made up of soft segments (ethane and diol groups) and urethane linkage, while peaks 5 - 7 represent
the polymer backbone composed of hard segments and urethane linkage.

Some slight changes were seen in every peak of the FTIR spectra (Supplementary Table 1).
No new peaks were formed and no peaks disappeared, indicating that polyurethane films are

chemically stable when exposed to radiation up to 80Gy.

4.4.3 Mechanical and Thermal Responses from Irradiation

Dynamic Mechanical Analysis (DMA): DMA was used to investigate mechanical and
thermal changes within polyurethane samples. Two types of information were collected from
testing: 1] Tan Delta (to determine glass transition temperature), which can indicate a shift in soft
segments to hard segments [43] and 2] storage modulus (elastic modulus which indicates changes
in energy storage, and material elasticity [43]. Storage modulus was analyzed at two temperatures:
room temperature (25 °C) and body temperature (37 °C) (Table 2).

Table 2- DMA results indicating significant changes between factors (n = 3, p <0.05, error displayed in
standard deviations, *statistically different than 5Gy)

Area (Tan Delta) 25 °C (storage, MPa) 37 °C (storage, MPa)
0Gy 3.98x17 90.9+17.2 1349+125
2Gy 5.06+0.2 86.86 + 20.6 122.3+24.8
5Gy 7.73+3.6 4449+ 4.9 64.29 £ 7.4
10Gy 2.02 £0.1* 86.56 + 36.8 135.4 £555
20Gy 2.11 £0.32* 52.09 £ 25.2 86.5+39.1
40Gy 2.20 £0.2* 49.46 £ 10.5 86.2 + 16.8
80Gy 537+0.1 38.41+7.2 57.3+£10.5

Significant differences are seen in Tan Delta between 10, 20 and 40 Gy samples to the 5 Gy

samples (* indicates significantly different than 5Gy). However, 80 Gy shows no significant
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difference from other samples, indicating that any change in the material at lower radiation doses
does not continue with increased radiation and samples are stable at 80 Gy.
Room temperature and body temperature storage modulus displayed no significant differences

at any of the radiation doses, indicating that polyurethane films are mechanically stable up to 80Gy
4.5 Conclusions and Discussion

Clinically, implants in cancer patients who spend extended amounts of time exposed to
radiation have been known to fail and ultimately leads to implant removal from patients [1, 4, 44-
46]. Although these materials are removed, clinicians discard them and the underlying causative
factors for failures are not investigated. Due to the complex nature of in vivo environments this
research aimed to isolate apart radiation effects in an aqueous environment to determine what role
they play in material failure and fill a gap in currently available literature. Overall, polyurethane
maintains its stability when irradiated at therapeutically relevant radiation levels (0 Gy — 80 Gy)
in an aqueous environment.

When determining material stability for implantation, an important variable is cellular
response. In this work, individual radiation doses had no effect on cell adhesion or proliferation of
polyurethane and the material maintains stability under varying radiation doses. Results from 1, 4,
and 7-day studies indicate that cells do not adhere to polyurethane samples. Limited adhesion was
expected; the polyurethane material investigated is used in temporary medical devices such as
catheters where adhesion would not be desired [47-50]. Polyurethane showed increased
proliferation over 1, 4 and 7 days indicating that the material is not limiting cell growth and cells
are growing at a similar rate to the polystyrene positive control.

The stability of polyurethane exposed to therapeutic levels of irradiation in an aqueous

environment was further confirmed by chemical investigation using, SEC and FTIR. No change
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was observed in SEC confirming that molecular structure of polyurethane samples is not being
altered due to radiation dose and the material backbone of the material remains the same. For that
reason, slight changes and large variations observed in FTIR polyurethane spectra can be attributed
to side chain rearrangement and the duality of both gaining and losing non-backbone bonds since
polyurethane is known to both degrade and crosslink due to radiation [3, 36, 39]. In the case of
radiation and biodegradation, breakage or chain scission within polyurethane occur primarily at
urethane linkages (C-O, N-C and N-H) and C-C bonds, and are more prone to occur in
amorphous/soft regions (diol groups, CHs, C-O) due to the abundance of these bonds [3, 8, 9].
When observing bonds with the highest variation (C-O-C, N-H, C-N, C=0 and CH3), all are parts
of the urethane linkage or diol groups, which are the dominate areas of crosslinking and
degradation. Observed slight crosslinking and degradation occurrences at a similar ratio caused no
significant overall change.

Stability of polyurethane was further supported by DMA results, which displayed few
significant changes. Polyurethane DMA changes were observed in storage modulus at room
temperature and body temperature but not Tg or Tan Delta, indicating that the mechanisms of
alteration is chain rearrangement. This also resulted in a slightly increased elasticity at elevated
temperatures. No significant change in Tg and Tan Delta in polyurethane films signifies that no
significant shift in molecular structure (soft segments to hard segments or vice versa) was
observed. This supports both SEC and FTIR results previously discussed [51]. Significant
increases were seen between 40 Gy and both 10Gy and 20Gy which then decreased once 80 Gy
was reached. Therefore, although there were minimal changes at the highest radiation doses,
polyurethane samples returned to their initial state as control samples and ultimately maintained

stability. DMA results further confirmed that the slight chemical changes observed in PU were due
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to varying radiation doses but were not sufficient enough to destabilize the material in an aqueous
environment. Control samples (n = 20) analyzed using FTIR and DMA were shown to have equal
or higher variation than irradiated samples. This suggests that variations within samples does not
indicate significant changes between varying doses but rather suggests that material could be
contributing to statistical error.

In conclusion, biomedical grade polyurethane is cellular, chemically, and mechanically stable
at low dose radiation (0 — 80Gy) at a dose rate of 7.14 Gy/min and appears to be safe for use under
low dose radiation in an aqueous environment. This research provides evidence that radiation in
an aqueous environment alone does not cause material failure and future studies should investigate
a combination of in vivo studies along with radiation to fully understand variables that contribute

to medical implant failure.

4.6 Supplementary Materials

1.0 4

0.8

0.6

0.4

Absorbance

0.2 4

<.

0.0 ~ Hard-Segments

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Supplementary Figure 1 - Representative Fourier Transform Infrared Spectra of PU, comparing 0Gy (),
2Gy (— —) and 80Gy (— —). Numbers corresponded with peaks seen in Table 1.
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Supplementary Table 1 - FTIR Peak area data showing slight differences in bonds (n = 20, p <0.05, error
displayed in standard deviations)

Césr'nc’ N-H, C-N | N-H, C-N | c=0 stretch | Sym. CH3 Acsﬁrg N-H bend
1073 1216 1524 1700 2853 2933 3301

0Gy | 37.7+30 | 27.9+32 [ 232403 | 207421 | 36.4+23 | 204412 | 27.0+1.4
26y | 427+12 | 325+16 | 236+05 | 182+05 | 344+14 | 21.9+10 | 275+11
5Gy | 302+17.6 | 254+87 | 254+27 | 244+08 | 285+42 | 204409 | 19.0+39
10Gy | 234423 | 25.4+98 | 254+25 | 244+06 | 285+35 | 204409 | 19.0+3.1
20Gy | 23.8+22 | 337+7.1 | 27.6+19 | 240405 | 200470 | 206+15 | 18.6+36
40Gy | 205+06 | 309+85 | 264+28 | 236+11 | 329+15 | 19.6+09 | 196+58
80Gy | 42.0+1.1 | 31.9+0.6 | 237+04 | 182403 | 33.7+0.9 | 229406 | 30.1+09
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Chapter 5: Investigation into Sterilization of Polyurethane at VVarying Dose

Rates for Clinical Applications

Accepted to Journal of Chemistry: June, 2018
5.1 Abstract

Polyurethane (PU) is a commonly used material for medical devices. These devices are
exposed repeatedly to radiation when patients undergo radiotherapy treatments. It has been found
that peripherally inserted central catheters (PICC) and central venous catheters (CVC) fail at an
increased rate (14.7% and 8.8% respectively) when under radiotherapy with the most common
cause of failure being infection or thrombosis followed by complications such as occlusion or
movement. Currently, there is little research on what contributes to the increased failure seen in
conjunction with radiation, but the complexity of the in vivo environment within a human patient
makes it difficult to isolate the effects of individual variables. This research investigated the effect
of radiation in an aqueous environment to provide evidence that radiation combined with an FDA
approved basic mimicked in vivo environment is insufficient to change PU devices and that failure
is therefore due to multiple factors.

Previous research has indicated that low therapeutic doses of radiation do not cause changes
within the polyurethane material, however, dose rates have not been investigated. Clinicians and
researchers debate on whether dose rates make a difference in radiotherapy for things such as cell
death, tissue health and additional in vivo reactions, however, varying dose rates are commonly
used to treat different types of cancers with little literature support. Dose rates in this study were
established based on the use of multiple aged sources (22 yr. (3.2 Gy/min), 10 yr. (4.5 Gy/min), 1
yr. (44 Gy/min) and 0.1 yr. (833 Gy/min)). A high total dose (25 kGy) was used to apply clinically

relevant dose rates at a high overall dose to observe extremes. Samples were characterized in four
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main ways: cellular response (adhesion to films and proliferation/migration around films), physical
changes (visible and microscopic changes), chemical changes (size exclusion chromatography
(SEC) and Fourier transform infrared spectroscopy (FTIR)), and mechanical changes (dynamic
mechanical analysis (DMA)). During control studies, it was found that the aqueous environment
did not alter the polyurethane material resulting in all methods characterizing specifically radiation
effects.

Results reveal normal cellular response at all dose rates, indicating dose rate does not alter
cellular adhesion or proliferation and the biocompatibility of the material is not being altered. The
data on the physical, chemical and mechanical effects confirms that varying dose rates alone do
not initiate material changes, which supports the hypothesis that radiation alone is not the cause of
complications in PICC lines or CVCs. This work established a first step toward understanding the

safety of implanted PU medical devices under varying dose rates of radiation.
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5.2  Introduction and Background

Polyurethane biomaterials are often studied for use in fabricating 3D tissue scaffolding,
catheters, blood contact materials (heart valves, artificial veins), hospital bedding, injection
molded implants, and other short-term implants [1-3]. Polyurethane catheters, specifically PICCs
and CVCs, have been shown to fail at higher rates when exposed to radiotherapy in cancer patient,
14.7% and 8.8% respectively. Post insertion complication rates of non-irradiated PICC lines is
30.4% [4-7]. Previous investigations have indicated that varying total therapeutic radiation doses
at a constant dose rate does not alter PU enough to cause instability in an aqueous environment.
However, altering radiotherapy dose rate is commonly used in treating different types of cancer or
targeting specific tumor locations on the body [8] and may be a contributing factor to material
stability in vivo [6]. Some researchers and clinicians have suggested that radiation should be
applied prior to PICC line insertion to reduce complications believed to occur through radiation
exposure (thrombosis, infection, mechanical occlusion/puncture, catheter movement and
extravasation) and this study aims to investigate whether radiation may be the cause of any
complications [6, 9-11].

The leading causes of PU catheter complications are infection and thrombosis (blood clotting).
Radiation may play a role leading up to these biological responses and will be investigated using
cell proliferation and adhesion studies on PU films [7]. Occlusion and puncture are mainly affected
by the placement of the catheter in the body and may arise due to improper placement causing
pinching of the catheter from arm movement or pinching between rib and clavicle, rupture due to
pressure from liquid moving through catheter and the body’s natural immune reaction to foreign
materials causing catheter-associated thrombosis. This study investigated these complications

using biocompatibility studies combined with mechanical or chemical to provide indication of
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strength or chemical structure changes in the material which can aid in the movement of catheters
contributing to complications [12].

The International Organization of Standard (ISO 10555 and ISO 10993), and the United States
Food and Drug Administration (FDA) regulations emphasize three major areas for catheter
approval; toxicity/biocompatibility, mechanical properties, and thermal properties. All three were
evaluated in this study in combination with chemical changes to determine if radiation causes
significant changes leading to catheter failure [13, 14].

Currently, there is debate among clinicians on whether varying dose rate is actually effective
in radiotherapy treatment. In order to clearly see changes between dose rates a high sterilization
dose! was used to evaluate material changes as therapeutic radiation itself has been shown to not
cause significant changes in PU materials under aqueous conditions chosen to mimic in vitro
conditions [13, 15], polyurethane irradiated at sterilization doses has shown significant alteration
and should aid in determining whether varying dose rate also produces changes in polyurethane
[17-20].

The aqueous environment is a key factor in this research because it is an initial step in
preclinical approval, mimicking an in vivo environment [13, 15]. FDA and ISO guidelines for
catheter preclinical studies require that catheter performance testing be simulated in in vivo
conditions, such as at body temperature, and/or in water or saline environments [15, 21].

To apply different dose rates during radiotherapy, multiple LINAC instruments can be used
[22]. Instrument energy level settings range between 6 - 22 MeV (approximately 6 — 22 Gy/min),

where low range instruments use single 4 or 6 MeV sources while high range instruments may use

! The World Health Organization has set the standard for biomedical sterilization at 25kGy before material
implantation. Generally, sterilization radiation is most commonly used at a dose rate of 10 - 20 kGy/hr which is
equivalent to approximately 166 - 332 Gy/min16. International Atomic Energy Agency, Gamma Irradiators for
Radiation Processing Vienna, Austria.
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multiple sources at once [22, 23]. The low ranges are represented by both 3.2 Gy/min and 4.5
Gy/min dose rates that were evaluated in this study while the higher dose rates, 44 Gy/min and
833 Gy/min are representative of multiple sources combined and high dose rates [24]. The
literature states that polyurethane shows alteration at high total doses, however changes between
varying dose rates have not been evaluated and may have implications in varying dose rates at low
therapeutic doses as well [17, 20, 25].

In this study, investigation was based on ISO standards to determine whether radiation
changes in polyurethane samples were significant enough to cause samples to fall outside
regulations set for device approval. This study addresses a concern voiced by clinicians that
radiation may cause increased complications [4-7], and the principal goal was to isolate radiation

effects on polyurethane in a controlled aqueous environment.

5.3  Materials and Methods

5.3.1 Polyurethane Sample Preparation

Polyurethane pellets (polyether urethane, Texin 950) were gifted from Covestro™ AG. Pellets
were cryoground into powder using a three-step cool-grind-cool method repeated three times.
Once sufficient polymer was ground, 2 g powder was pressed into films using a hot press at 365 °F
with 4,500 Ibft/in2 pressure for 2 min. After 2 min, a slight increase in pressure was used to remove
any air bubbles and samples were removed. Samples were then cut into 6.35 mm diameter circles,
0.03 mm thickness for testing (Figure 1). All samples were fabricated from the same batch of

polyurethane pellets and pressed in the same day to eliminate batch-to-batch differences.
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Figure 1 — Fabricated polyurethane test films

5.3.2 Material Radiation

Polyurethane films were irradiated in water at varying dose rates by utilizing different aged
Cs-137 sources (22, 10, 0.1 and 1 years), to a total dose of 25 kGy (Table 1). Samples were
irradiated at Oak Ridge National Laboratory using the High Flux Isotope Reactor, Gamma
Irradiation Facility. Characterization methods were based on prior studies and ASTM procedure
F561-13, which describes retrieval and recommended analysis of medical devices, associated
tissues and fluids. Once irradiated, films were cut into pieces for testing by various characterization
methods described below. Sets of films stored in water at room temperature for the duration of the
radiation experiment were compared to dry as-fabricated control samples to confirm that water did
not significantly change material properties. Films submersed in water showed no significant
change from as-fabricated samples and it can be concluded that any changes observed is the result
of varying radiation dose.

Table 1-Radiation sources and corresponding dose rates

Age of Source (# of years) Dose Rate (Gy/min)
22 3.2
10 4.5
1 44
0.1 833
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5.3.3 Cell Cytotoxicity and Proliferation

Polyurethane films were sterilized via 70% ethanol then patted dry with Kimwipes™. Samples
were then immersed in alpha Minimum Essential Medium («MEM, Life Technologies) with 10%
Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin for 12 hr. Soaked samples were placed
in 48-well plates. Each sample was seeded with 5,000-mouse fibroblast cells (3T3, source ATCC)
in aMEM. This cell line was chosen because the fibroblast cells synthesize an extracellular matrix
and collagen, common tissues found near polyurethane medical devices [26]. The plate was then
incubated for 1 hr at 37°C with 5% CO2 to allow attachment. Once attached, cells were grown for
1, 4 and 7 days to determine fibroblast proliferation and cell cytotoxicity within wells. A sample
size of three was used for each time point and factor.

CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS, Promega, USA) was
performed to determine cell proliferation as previously described [27]. For adhesion studies, 1, 4
and 7-day polyurethane film samples were removed from wells and placed in new 48-well plates
with 200 pL of fresh media and 20 pL of MTS. Equivalent amounts of fresh media and MTS
reagent was also added to empty wells that previously held samples for proliferation measurements
to determine cell growth within proximity to films. All wells were incubated for 2 hr at 37 °C and
5% CO2 to allow colorimetric reactions to occur with cells. All media was then transferred to a
96-well plate and read using a UV-VIS spectrophotometer at 490 nm (BioTek, Multi-Mode Plate
Reader, Synergy Mx, USA). An empty polystyrene well was used as a positive control for all
studies. A calibration curve was created using a standard cell count (102 — 106) and was used to

determine the number of viable cells from each sample.
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5.3.4 Size Exclusion Chromatography (SEC)

Light scattering size exclusion chromatography (SEC, Agilent Technologies, USA) was used
to determine polyurethane molecular weight. Samples (n = 3) were run in tetrahydrofuran (THF)
at 1 mL/min at 30 °C on two Agilent PLgel 10 um MIXED-B columns connected in series with a
Woyatt Dawn Helios 2 light scattering detector and a Wyatt Optilab Rex refractive index detector.

A MW 21,000 polystyrene reference standard was used for calibration.

5.3.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Nicolet Model 8700 Fourier Transform Infrared (FTIR) instrument was employed to
investigate polyurethane bond changes. FTIR spectra were recorded over a range of 500 to 4,500
nm with 126 scans per run and a resolution of 4 cm-1 sample size of 10. A background scan was
performed for each sample to remove baseline noise. Peak deconvolution was performed to
quantify peak area under each curve. Percent change was calculated using Origin® 8.0 graphing
software. Seven major peaks were isolated for PU; all peak heights were measured then averaged.

A sample size of 10 films was used for each factor.

5.3.6 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (TA Q800) was used to investigate thermal degradation at
different sample conditions. PU samples were heated from -50 °C to 140 °C at a rate of 2 °C/min.

Storage modulus, loss modulus and tan delta were calculated with a sample size of three.

5.3.7 Field-Emission Scanning Electron Microscopy (FESEM)

A LEO (Zeiss) 1550, Field-Emission Environmental Scanning Electron Microscope (FESEM)
was used to determine microscopic surface differences between irradiated films. A sample size of

two films was used and representative images were taken at a variety of locations on each film
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5.3.8 Statistical Analysis

Statistical analysis was performed for all tests and corresponding graphs created using Origin®
8.0. A p-value <0.05 was used in all t-tests and ANOVA was computed to determine significant

statistical differences.

5.43 Polyurethane Results

Polyurethane results are discussed in separate sections: cellular responses (adhesion and
proliferation/migration), physical changes (FESEM, visual), chemical changes (FTIR-ATR, SEC)
and thermal/mechanical responses (DMA). Results compare dose rates to determine if certain dose

rates alter material properties more than others.

5.4.1 Cellular Responses

Mammalian cell response was investigated in two ways: adhesion and migration/proliferation.
Adhesion was determined by measuring the number of cells attached to sample films at 1, 4 and 7
days. Migration and proliferation were investigated by determining cell growth in proximity to
polyurethane films. This revealed whether proximity to polyurethane samples affected cell growth.
All graphs were normalized to a tissue culture treated polystyrene control and variability calculated
at 1, 4 and 7 days.

Cell Adhesion: Polyurethane samples displayed a decreased adherence after day 1 but had
significantly lower growth than a polystyrene positive control (Figure 2). In day 1 (Figure 2), it
was observed that polyurethane samples were 30% or less as adherent as polystyrene, while by
day 7, the polyurethane only had ~10% adherence compared to the polystyrene positive control.
While both days 4 and 7 for the polyurethane had a significantly lower percentage of cells than

day 1, no statistical differences were seen between radiation doses within individual days,
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indicating that dose rate has no effect on cell adhesion but overall cells do not adhere to
polyurethane films (Figure 2). These results reveal a positive effect for this investigation since

PICC and CVC lines are temporary implants and adhesion is not desired.
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Figure 2 — Polyurethane adhesion study of normalized cell attachment on samples (n = 3, p <0.05,
error bars depict standard deviations).

Cell Migration and Proliferation: For cell migration and proliferation all cells surrounding
the PU implants, but not attached to the implants were counted. The cells surrounding polyurethane
samples show a consistent proliferation over time but were still significantly lower than the
polystyrene control on all days (Figure 3). No statistical changes were seen between any dose rate
factors, indicating that although the films decrease cell growth, dose rate does not significantly

alter proliferation and migration.
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Figure 3 — Cell migration and proliferation study showing relative growth in wells surrounding
films. (n = 3, p <0.05, error displayed in standard deviations).

5.4.2 Physical Changes

Physical changes were detected using FESEM to corroborate observations found during visual
inspection. After irradiation, both 44 and 833 Gy/min samples showed slight yellowing visible to
the naked eye throughout test films. Representative FESEM images (Figure 4) further elucidated
microscopic differences. In all FESEM images, lines and minor surface particulates due to film
pressing were seen, but little visual difference was found between dose rates.

ISO-10555 standards state that “with a minimum of x2.5 magnification the external surface
of the effective length of the catheter shall appear free of extraneous matter” [13]. In this study,

images showed that at x2 magnification little to no differences were seen between dose rates.
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Figure 4 — Field-Emission Scanning Electron Microscopy of olyurethane at A) control B) 3.2
Gy/min and C) 833 Gy/min dose rates. Scale bars represent 1 um.

Surface changes indicate that dose rates do not affect polyurethane and ISO guidelines for

catheters were still met even with changes in dose rates.

5.4.3 Chemical Changes from Irradiation

Size Exclusion Chromatography (SEC): SEC was used to measure the number average
molecular weight, polydispersity and refractive index. SEC results revealed no significant
difference in number average molecular weight or polydispersity (Figure 5, Supplementary Table
1). However, significant changes were seen in refractive index (Figure 5). Refractive index results
were significantly different between all dose rates except 44 and 833 Gy/min. Refractive index
indicates a change in the speed which light moved through the polyurethane, and can indicate
changes in composition (chemical structure/crystallinity) or purity (remnants of polymer,
precipitates, modifiers, stabilizers, etc.) [28, 29]. In the case of polyurethane samples for this study,
the slight changes seen in refractive index are not due to molecular weight changes or crystallinity
changes (see mechanical results) and are likely due to small impurities within the material. These
impurities did not affect mechanical properties and are not likely to contribute to catheter
movement or complication [10, 12]. Methods used to view catheter movement (X-ray

Spectroscopy or Electrocardiography) would also not be affected by changes in refractive index
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and it can be concluded that although changes are seen, they would not cause failure in a clinical

setting [10, 30, 31].
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Figure 5 — Refractive index changes show significant differences between all samples except 44
and 833 Gy/min (n = 3, p <0.05, error displayed in standard deviations).

Fourier Transform Infrared Spectroscopy: FTIR confirmed the results seen in SEC and
indicated no major change in chemical structure. Seven peaks were isolated in the polyurethane
spectra (Supplementary Table 1, Supplementary Figure 2).

No new peaks were observed forming or disappearing indicating that the polyurethane films
do not undergo polymer backbone changes. The height of each peak can indicate a change in the
number of bonds within the material and indicates that the material is remaining the same
throughout all dose rate exposures (Table 2). Although slight variation? is seen FTIR results can
be skewed due the overlapping of peaks and it is accepted that these slight changes are due to

overlapping of peaks rather than significant changes in the material itself [32].

2 Control samples (n = 20) analyzed using FTIR were shown to have equal to or higher variations than each sample
peak. This suggesting that variation within samples does not indicate significant changes between varying dose rates
but rather overlapping peaks and/or variation between sample films.
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Table 2- FTIR Peak area data showing slight differences in bonds (n = 20)

C-0O-C, Sym|[ N-H,C-N | N-H, C-N [C=0 stretch] Sym. CH, Asym. CH, N-H bend
Gy/min] 1073 1216 1524 1700 2853 2933 3301
32 ]1044+£001( 06401 [ 0.72+0.01 | 0.60+0.01 | 0.49+0.01 0.40 £0.01 0.25+0.0
45 1054+£004(066+0.04 [ 0.72+£0.03 | 0.57£0.01 | 0.38+0.01 0.38 £0.02 0.23£0.01
44 0.51+0.04 | 0.65+0.04 [ 0.70+0.02 [0.57+£0.02 | 0.46 +0.04 0.36 £0.11 0.24 £0.01
833 1051+001(059+0.01 (0.71+£0.01 | 0.59+0.01 | 0.45+0.02 0.39+0.01 0.25+0.0

5.4.4 Mechanical and Thermal Response

Dynamic Mechanical Analysis (DMA): DMA was used to investigate mechanical and

thermal changes in polyurethane samples. Two main types of information were collected from

these tests: Tan Delta and Storage Modulus. Tan Delta is used to determine glass transition

temperature and can indicate a shift in soft segments to hard segments [33]. Storage Modulus is

the elastic modulus indicating changes in energy storage and material elasticity [33]. Storage

modulus was analyzed at room temperature (25 °C) and body temperature (37 °C) (Table 3). No

statistical differences were found between any of the dose rates evaluated. This was expected based

on the chemical results previously discussed.

Table 3— DMA results indicating significant changes between factors (n = 3, p <0.05, error displayed in

standard deviations)

Gy/min Area (Tan Delta) 37 °C (storage, MPa) 25 °C (storage, MPa)
3.2 223+0.2 51.15+17.8 82.59 + 24.6
4.5 1.91+0.02 70.20 + 33.9 115.47 + 48.6
44 222+0.1 56.22 +29.2 101.42 + 56.0
833 2.21+0.2 44.05+19.5 69.21 + 29.9
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5.5Discussion and Conclusion

This study found that varying dose rates alone in an aqueous environment does not alter
cellular, physical, chemical or mechanical properties. The belief that varying radiation dose rates
causes changes in vivo is not supported by this study. This data is in agreement with Zhang et al.,
who investigated physical properties of catheters (fracture, leakage and rupture) [6], as well as
with previous research in our laboratory on therapeutic levels of radiation. Radiation by itself or
in an aqueous environment does not appear to cause the increased failure documented with use of
PICC and CVC lines. It is important to note that polyether urethane (the polyurethane used in this
study) is highly resistant to hydrolytic degradation [34]; control samples were not significantly
different than the as prepared polyurethane films (confirmed through FTIR, DMA and SEC, data
not shown), indicating that the aqueous environment employed in this study did not change
properties of test films. The conditions in the study were selected to meet basic FDA regulations
for testing in an in vitro environment.

Biocompatibility (ISO 10933) states that catheters shall be free of biological hazards. The first
test listed is cytotoxicity, which states that cell culture techniques shall be used to determine cell
death, inhibition of growth, colony formation and other measured effects [14]. This study
confirmed that cell death was not occurring using 24 hr. live-dead testing (data not shown) and
also confirmed that cell growth/proliferation was not inhibited. Cells grew as quickly as with the
positive controls used. However, cellular adhesion shows a decrease over time, which is a positive
outcome for catheter use since catheters during radiotherapy are temporary implants and therefore
decreased cell adhesion is preferred.

Cellular response depends on a multitude of properties in an in vitro environment [35-37].

Some of these include, biological factors (proteins/biological fluids), surface topography, surface
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chemistry, mechanical properties and even absorption properties of the material itself [35, 37].
Adhesion studies in this research found that the majority of the cells only adhered for the first 24
hr. Polyurethane films were initially soaked in culture media before seeding the cells, so the initial
contact between cell and material was between cells and the media absorbed onto polyurethane
implants. Cells do not begin to lay down a cellular matrix until several days later [35, 37]. The
culture media used in this study was used to promote cell growth. It was expected that cells would
be initially interested in the material surface. Once the cells have thoroughly absorbed proteins on
the surface of polyurethane samples they came into contact with the polyurethane surface, and
ultimately did not adhere to polyurethane films. Other research has discussed adhesion and
suggested it is likely a combination of properties (chemistry, topography and mechanics) that
promote cell adhesion and makes it difficult to isolate effects [36].

Overall, cellular responses indicated positive results for temporary catheter implantation and
no changes were observed between any dose rates tested, signifying that varying dose rates did not
alter polyurethane properties sufficiently to alter cellular response.

Microscopy results also confirmed the polymer stability seen in cellular, chemical and
mechanical tests. Visually surfaces appeared similar, meeting the ISO standards of “free from
extraneous matter”. In relation to cellular response, surface topography plays a significant role in
long-term cell adhesion while short-term cell adhesion (24 hr.) primarily responds to surface
chemistry [35]. Surface topography did not change with varying dose rates, which supports the
cellular adhesion results.

Along with surface topography, surface chemistry can affect both adhesion and proliferation.
It was expected that chemical changes would reflect findings that dose rates do not cause

significant alteration to polyurethane films. Size exclusion chromatography (SEC) was used to
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detect changes in molecular structure of the polyurethane polymer backbone. No changes in
molecular weight or polydispersity indicate that dose rate is not causing backbone scission and
distribution of molecular mass remains the same. However, changes were seen in refractive index,
which can be dependent on characteristics such as soft segments versus hard segments, chain
extenders, isocyanate used (MDI or TID) [38-40]. Since the polyurethane used in this study is from
the same batch of material, chain extenders and isocyanate should be constant, indicating that
slight changes seen in refractive index are due to changes in soft versus hard segments. This
indicates difference in amorphous and crystalline regions [39, 40]. However, the Tan Delta shown
in the DMA results indicated no significant shifts between soft and hard segments at any dose rate.
It is possible that the small sample weight in SEC resulted in a poor representation of material
composition due to increased variability. This is also seen in the 44 Gy/min sample. However,
refractive index results are within range of normal polyurethane materials and it can be concluded
that polyurethane films at all dose rates maintained chemical structure stability.

DMA results support clinical use of polyurethane films exposed at varying dose rates.
Changes seen in DMA are regularly based on the ratio of hard segments to soft segments in the
material [41]. Hard segments are isocyanate or diisocyanate linked to soft segments (ether-polyol)
through a urethane linkage [42]. DMA shows no change in Tg or storage modulus at 25°C or 37°C
indicating that ratios of hard segments to soft segments did not change supporting the absence of
any chemical backbone changes seen in SEC data. Dose rates did not change material strength at
room or body temperature, thus maintaining stability of catheters under clinical in vitro conditions.

In conclusion, results from this study found that varying dose rates does not alter
polyurethane material properties. Polyurethane is a common material used in clinical settings and

has a high probability of being irradiated at various dose rates and different total doses in vivo.
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This study answered the question currently being posed by clinicians and researchers as to whether
radiation is the main factor contributing to early failure in PICC and CVC lines; radiation alone
does not cause material failure in polyurethane catheter applications. This research provides a
starting point to continue investigating combinations of variables that may contributing to
increased complications currently seen in vivo and has laid the groundwork for analysis of different

polymers and medical devices exposed to radiation.
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5.6 Supplementary Materials
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Supplementary Figure 1 — Representative FTIR spectra of 0, 3.2 and 833 Gy/min, polyurethane

samples.

Supplementary Table 1 - Comparison of SEC Results (n = 3, error displayed in standard

deviations)
Gy/min Mn b dn/dc
3.2 45130 £ 10300 1.93+0.12 156 +0.1
4.5 38327 £ 1400 1.84 +0.07 2.4+ .05
44 44250 £ 2900 1.93+0.10 1.99+0.2
833 40916 + 5500 1.84 +£0.13 20+0.1
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Chapter 6: Project Conclusions and Future Directions

6.1 Project Conclusions

Results from this research reveal that in an aqueous environment both silicone and
polyurethane maintain their stability at low doses and varying dose rates. This indicates that the
suggested increased material changes seen due to radiation cannot be contributed to radiation
alone. The environment in which materials are irradiated and the type of material may largely
contribute to changes seen. With the highly complex environment medical devices are exposed to
in vivo, each variable that may contribute to failure should be investigated individually before

combining to fully understand the mechanisms of material failure.

6.1.1 Silicone Responses to Therapeutic Radiation and Varying Dose Rates

Silicone is consistently used off-label for breast implants that are under radiotherapy?.
Therefore, it is important to understand radiation-induced material changes independent from other
variables. Preliminary investigations in our laboratory using explanted breast implants indicate an
increase in variability with in vivo environments that increase with radiation. A trend, increased
mechanical strength and increased crosslinking with increased radiotherapy, was also seen,
confirming clinician and radiologist observations that radiation does alter material properties in
Vivo.

Therapeutic Radiation: Silicone films in an aqueous environment were exposed to
therapeutic levels of low dose irradiation with absorbed doses of 2 Gy, 5 Gy, 10 Gy, 20 Gy, 40 Gy
and 80 Gy. Using a clinically relevant dose rate (7.14 Gy/min), samples were exposed using a

Cs'%” gamma-irradiation source. Silicone demonstrated stability under therapeutic radiation levels

L communications with Dr. Moyer, Chief of Plastic and Reconstruction Surgery, Carilion Clinic, Roanoke, VA.
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up to 80 Gy. No significant mechanical, chemical or visual changes were apparent at 80 Gy doses
indicating these materials maintain basic physical stability through a wide range of therapeutic
radiation (Chapter 2).

An important finding not related to radiation dose rates was the decreased cell proliferation
due to cell toxicity of the silicone material itself (70% viability). This is valuable information in a
clinical setting where some devices are used as short-term implants and adherence is undesirable.
Another benefit of silicone negative cell proliferation is use in breast implants after cancer
treatment. If silicone limits attachment of cancerous cells over time, it may prove constructive to
use breast expanders during radiotherapy to reduce residual cancer cells.

Looking at changes between doses, no significant difference is seen in material properties
(mechanical, chemical or microstructure).

Dose Rate: A second set of polymer films were exposed to a constant total radiation dose with
varying rates (3.2 Gy/min, 4.5 Gy/min, 44 Gy/min and 833 Gy/min). For these studies, an absorbed
sterilization dose was used (25kGy) to ensure irradiation effects would be detectable. Dose rate
studies were used to predict whether use of different radiation instruments/energy levels in clinical
settings cause differences in material properties.

It was confirmed through this research that sterilization causes significant material changes
(Appendix C) resulting in increased storage modulus, decreased swelling and visual microscopic
changes. Currently, no open literature studies investigate therapeutic dose rates on material
properties, only changes due to sterilization. All silicone dose rates show measurable differences
compared with sterilization levels (25 kGy) (Appendix D) however, between dose rates little
variation is seen. Silicone results exhibit decreased cell growth and cell toxicity (49%), but these

effects were not related to dose rate. Significant visual differences were seen in silicone ESEM
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indicating an increased number of particulates at low dose rates. Increased swelling changes were
also observed at 833 Gy/min as compared to 3.2 and 4.5 Gy/min but were not supported by FTIR
data or mechanical strength at either body or room temperature. Expected degradation and
crosslinking products from radiation (Si-CHs, Si-Si, CH3—CH3s) are all composed of similar bonds,
making it difficult to distinguish if changes were occurring using limited FTIR detection. This
indicates that although dose rates may cause slight surface material alterations, dose rate does not
affect overall bulk material properties.

Storage modulus also did not correspond to changes seen at 833 Gy/min. The increase in
swelling and visual surface changes did not impact the storage modulus properties and no
significant differences were seen in storage modulus

Although clinical observation and published studies suggest radiation causes significant
material differences, these findings were not supported by the research in this dissertation. This
could be due to the change in environment. Currently, no clear research proves radiation alone
causes material failure, and this research provides evidence to suggest that radiation does not

causes material failure alone.

6.1.2 Polyurethane Therapeutic Radiation and Varying Dose Rates

Experiments with polyurethane films were conducted in the same manner as the silicone
studies discussed above.

Therapeutic Radiation: This research coupled with significant changes seen in previous
research, suggest that a saline environment plays an important role in material changes and
intensifies the changes seen in material properties. It was difficult to separate saline responses from

radiation in previous studies. Thus, this study specifically utilized water to differentiate changes
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seen in radiation. Since all water results at radiotherapy levels show no significant differences from
0 Gy up to 80 Gy, it can be concluded that radiation is not the lone cause of material change.

Dose Rate: During experimentations, the polyurethane material itself exhibited positive cell
growth over time with no signs of toxicity and no difference was seen in relation to varying dose
rate. Slight microstructure changes were seen in ESEM but were due to film processing not
differences in dose rate. There were significant refractive index changes due to dose rates but no
changes were found in either chemical structure (SEC and FTIR) or Tan Delta (DMA), indicating
that neither composition nor crystallinity was changing. Refractive index change is most likely
due to impurities and variation in purchased material and all refractive index measurements were
within range for polyurethane.

Current research in this area investigates sterilization dose and increasing high doses of
radiation where common trends are seen. A shift in hard segments to soft segments is seen in this
study with sterilization of polyurethane but no change is see due to dose rates. Overall, total dose
of radiation (25 kGy) results in similar modifications as reported in open literature, however
varying dose rates at the same total dose showed no effect.

Overall, polyurethane response to both therapeutic radiation and varying dose rate in an
aqueous environment does not result in material change. This indicates that radiotherapy is not the
main variable causing material change and although clinicians believe different dose rate may be
more efficient at cancer cells, dose rates were found to play no role in altering material properties

and material changes seem to be dependent on total dose.

6.1.3 Overall Conclusions

This research provides two distinct contributions to current literature on irradiation of

biomedical grade materials. The first involves a systematic study of silicone changes with absorbed
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low therapeutic doses and varying dose rates, both of which were conducted in aqueous (water)
environments, the second is a systematic study of polyurethane with the same conditions. The key
differences between this study and studies available in literature are the use of a water environment
and focus on therapeutically relevant doses and dose rates, rather than high total dose. The
complexities of an in vivo systems were not the focus of this research; rather this research aimed
to answer one specific question in respect to radiation of biomedical materials, standalone impacts
of radiation. Further research is needed to determine if results seen in this study extend to in vitro
and in vivo patient environments.

Overall, all hypothesis of this research were rejected and results did not correspond to changes
seen in current open literature. Radiation alone does not appear to be the increase in vivo failures.
Neither varying total dose or dose rates alters material properties outside of requirements for pre-
clinical approval, indicating that additional variables or synergistic effects may contribute to
failures. Due to complexity of an in vivo system it is difficult to decipher contributions of
individual variables. This study has successfully investigated one variable believed to be a root
cause of device failures; radiation. This research provides valuable fundamental information to
augment current literature. Therapeutic radiation and variable dose rates in an agueous
environment does not alter polyurethane or silicone material properties. Overall this research has
contradicted previously stated hypothesis that radiation alone is partly the cause of increased
device removal rates. Further investigation will be needed to analyze separate parameters that may
contribute to material failures.

This research is significant for a number of reasons:

e Conflicting results reported in open literature suggests no studies have successfully

recreated anin vivo environment. This study evaluated a combination of
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therapeutically relevant dose/dose rate with water and did not create bulk material
changes that would lead to failure as reported in open clinical literature. Indicating the
need to analyze additional variables in an attempt to understand the complexity of an
in vivo environment (saline concentrations, cellular interactions while irradiating,
bodily fluids: blood, media or serum; or combining a tissue equivalent with an aqueous
environment).

e To the author’s knowledge, no publicly available literature characterizes dose rate
changes in relation to a clinical environment. With increasing medical use of variable
dose rates for radiotherapy, material response must be characterized concurrently
while determining optimal therapeutically relevant dose rates.

e FDA and ISO regulations may need to be updated for the following reasons:

o Lack of regulations focused on clinical radiation for medical devices that are
expected to absorb radiation.

o Approved characterization methods focus on bulk mechanical properties, but
many changes due to radiation are at a micrometer scale or smaller.

o Environments in which materials are irradiated, play a significant role in
material change, yet FDA allows a range of accepted preliminary preclinical

environments.

6.2 Future Direction

This project adds to currently available knowledge on how therapeutic dose rate affects
polymeric materials, but there are still areas that need further investigation. This research was

focused on an aqueous environment but complexity of in vivo systems and clinical settings will
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introduce three specific areas that need to be addressed: 1] explanted biomedical materials, 2] a
study of combined low doses after implant sterilization, and 3] isolated variables to separate out

individual effects.

6.2.1 Explanted Polyurethane Catheters and Silicone Breast Implants

Explanted polyurethane catheters (PICC lines and central venous catheters) and silicone breast
expanders should be collected after being exposed to clinical radiation levels to evaluate changes
in material properties.

In the case of silicone breast implants, increased failures are seen when radiotherapy is applied
after reconstruction [1-3]. These failures are largely due to capsule contractions/formation. Causes
of these effects are poorly understood and mechanisms behind these formations and why they
contract are unknown [3 - 6]. When looking at failed PICC lines and CVC lines, highest removal
rates (PICC 14.7% and CVC 8.8%) are seen in children diagnosed with cancer who undergo
radiotherapy [7, 8]. Catheters are thrown away but should be investigated to determine underlying
causes. Most open literature focuses on biological responses and fails to investigate material

properties where surface texture, mechanical or chemical changes could be contributing factors.

6.2.2 Therapeutic Radiation of Sterilized Materials

Both materials have been shown to exhibit significant changes when exposed to high doses of
radiation such as sterilization [9 - 13]. Especially for silicone, gamma radiation is not always the
chosen sterilization process due to potential degradation [14-16]. Therefore, after sterilization with
gamma radiation further therapeutic radiation may cause damage. FDA regulations for clinical
approval clearly state, “You should conduct all testing on the finished product subject to all
manufacturing processes including sterilization” [17, 18]. Since sterilization doses are often done

in a dry environment while therapeutic radiation is done in vivo, it would be beneficial to also
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mimic an in vivo environment utilizing saline since saline has the potential to significantly alter in

vivo responses [1-3]. A combination of sterilization with gamma radiation and therapeutic doses

in a saline environment will provide information on material stability in vivo.

6.2.3

External Variables

The human body is an extremely complicated system. Studies performed in this project

focused only on aqueous environments and were limited in numbers of variables that affect

material change. Moving forward it will be important to consider additional factors that may

include:

Phosphate buffered saline (Appendix A) at body temperature (37 °C) using various salt
concentrations [19 - 21],

Use of a bioreactor to include cellular response during irradiation,

Use of tissue substitutes around test materials,

Addition of chemotherapy drugs, nutrients or antibiotics that are used in radiotherapy

Additional in vivo variables will help identify which combinations that contribute to material

failure found in clinical settings.
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Al  Abstract

Biomedical polymers are exposed in vivo to ionizing radiation as implants, coatings and
bystander materials. High levels of ionizing radiation (e.g. x-ray and gamma) have been reported
to cause degradation and/or cross-linking in many polymers. This pilot study sought to determine
causes of failure, by investigating how therapeutic radiation affects two different porous polymeric
scaffolds: polycaprolactone (PCL) and polyurethane (PU). PCL is a bioresorbable material used
in biomedical devices (e.g., dentistry, internal fixation devices and targeted drug delivery
capsules). PU is commonly used in medical applications (e.g., coatings for pacemakers, tissue
expanders, catheter tubing and wound dressings). PU was specifically fabricated to be a non-
degradable polymer in this study. Porous scaffolds, fabricated using solvent casting and/or salt

leeching techniques were placed in phosphate buffered saline (PBS, pH = 7.4) and exposed to
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typical cancer radiotherapy. A total dose of 50 Gy was broken into 25 doses over an eleven-week

period.

Collected PBS was tested for polymer leachants and degradation products using Gas
Chromatography Mass Spectroscopy (GC-MS), results revealed no analyzable leachants from
either polymer. Scaffolds were characterized using Environmental Scanning Electron Microscopy
(ESEM), Size-exclusion chromatography (SEC), Differential Scanning Calorimetry (DSC) and
Fourier Transform Infrared Spectroscopy (FTIR). No gross visual changes were observed in either
polymer, however PU exhibited microstructure changes after irradiation. Increased number
average molecular weight and weight average molecular weight in PCL and PU were observed
after irradiation, indicating crosslinking. PU displayed an increase in intrinsic viscosity that further
confirms increased crosslinking. PCL and PU showed decreases in crystallinity after irradiation,
and PU crystallinity shifted from long-range-order hard segments to short-range-order hard
segments after irradiation. Results from both PCL and PU suggest changes in polymer backbones.
This preliminary study suggests that therapeutic radiation doses cause both degradation and

crosslinking in PCL and PU.
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A2 Introduction

In 2012, the International Agency for Research on Cancer (IARC) reported that 14.1 million
new cases of cancer were discovered worldwide and approximately 32.6 million people around
the world are living with cancer [1]. A wide range of cancers are currently treated by radiotherapy,
including: abdomen, breast, central nervous system, chest, face, neck, vascular, musculoskeletal
and reproductive [2]. Of these types of cancers, approximately 60% receive therapeutic radiation
[2, 3]. Research has suggested radiotherapy causes polymeric implants in close proximity to the
radiation site (bystander materials) to degrade more quickly causing need for bystander materials
to be replaced [4, 5]. It is, therefore, becoming more and more important to understand therapeutic
radiation effects on bystander materials. Most research investigates gamma radiation and high dose
ionizing radiation, but studies on therapeutic X-ray doses are sparse.

In addition to the rise in cancer cases, use of polymeric materials for implantable medical

devices is also on the rise. According to Frost and Sullivan, in 2011 polymeric medical devices
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were a $1 billion-dollar industry, an industry expected to reach $1.45 billion by 2018. Degradation
and crosslinking of these materials will be an important consideration in medical treatments [6].
Typical polymer responses to radiation exposure include chain scission, degradation, crosslinking
and hydrolysis. Responses are dependent on radiation type, total dose, dose rate, and radiation
environment [7]. Studies as early as the 1960’s investigated how radiation affects polymers [7-9],
however studies were conducted at much higher doses of ionizing radiation many of which were
sterilization (25 kGy - gold standard for sterilization [10]) studies for medical devices. Current
radiation fractionation, used for human treatments vary from 1.8 — 3 Gray (Gy) for a total chronic
dose of 45 — 70 Gy per treatment [11]; significantly lower than medical device sterilization doses.
Other polymer degradation studies were conducted using high doses of gamma radiation. Both of
these environments are dry [8, 12-14], while bystander materials are constantly in an aqueous
environment once implanted.

One of the few studies on therapeutic radiation doses investigates LactoSorb® (a polymer
used in bioabsorbable implants) by applying radiation doses of 2 Gy five days a week for up to
eight weeks while in phosphate buffered saline (PBS) to determine stability [12]. LactoSorb® was
found to be stable for “temporary internal fixation” when patients needed radiation in a bystander
region. “Temporary” is an important distinction since bystander materials can be permanent, which
may alter stability over extended exposures. Drobny indicated for bystander materials currently in
use should be periodically replaced in patients who undergo multiple and extended periods of X-
ray exposure [5].

The following pilot study fills a gap by studying polycaprolactone (PCL) and polyurethane
(PU), both commonly exposed to therapeutic radiation in medical applications, including

permanent implants. This study reveals material changes when exposed to low dose therapeutic
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radiation while mimicking the in vivo environment. We exposed porous PCL and PU to
fractionated doses over an 11-week period in an aqueous environment to investigate how damaging

radiotherapy may be to two medically relevant polymers.

A3  Experimental

A3.1 Scaffold Fabrication

PCL (inherent viscosity: 1.15 dl g—1) was purchased from LACTEL biodegradable
polymers (Birmingham, AL). A 10 wt. % solution of PCL in 1,4-dioxane was heated at 37 °C until
fully dissolved. Sodium chloride (grain size: 150-315 pm) was added (10% v/w) to create a porous
structure. The mixture was centrifuged for 5 mins at 3,000 rpm (to ensure complete encapsulation
of the salt with PCL) and placed in liquid nitrogen for ~30 min. Samples were then immediately
lyophilized for 2-3 days. Samples were removed and salt leached for 2 days in fresh deionized
water (diH20), changed twice daily. Samples were then dried at room temperature and placed in
a desiccator until use.

PU used in this study was a kind gift from Dr. Matthew Becker at the University of Akron
[15]. This material is currently under patent application and is similar to the poly(ester urea)
described previously [15]. A 15 wt. % solution of PU in dimethylformamide (DMF) was stirred
until fully dissolved and sodium chloride (grain size: 150-315 um) was added (10% v/w). The
mixture was poured into diH20 to form 3D scaffolds, then cut to a desired shape. Scaffolds were
salt leached in diH20 at room temperature for (~24 h) then dried at 37 °C in a vacuum oven until
moisture was fully evaporated (~24 h). Samples were then frozen in deionized water (diH20) at -

80 °C overnight, lyophilized for 2-3 days and stored in a desiccator until use.

117



A3.2 Radiation Source, Exposure and Sample Collection

Radiation exposure was conducted at the Lewis-Gale Regional Cancer Center in Salem,
Virginia. A Varian Clinac 2100 C/D with 6 MV X-rays was used to irradiate samples. Each
scaffold type (n = 6) was exposed to 25 doses of 2 Gy each over an eleven-week period (50 Gy
total). Samples were stored in PBS, pH 7.4, at room temperature throughout the study.
Approximately 5 mL PBS was collected for analysis and replaced with fresh PBS after every other
exposure. Collected PBS was stored at 4 °C until analyzed. Non-irradiated scaffolds were used for

controls.

A3.3 Detection of Polymer Degradation in PBS

Collected PBS was analyzed to determine the extent of polymer breakdown and/or
dissolution. In particular, monomers for each polymer type, known solvents used in fabrication
and preparation, were screened (i.e., 1,4-dioxane, 6-hydroxyhexanoic acid, DMF). All samples
were examined with a 6890N network gas chromatograph (Agilent Technologies, Beijing, China)
with 5973N mass spectrometry detection (GC-MS, Agilent Technologies, Santa Clara, CA, USA).
The GC-MS detection limit for 1,4-dioxane was 1 ppm at a signal to noise ratio of 1:5. The
detection limit for 6-hydroxyhexanoic acid was 0.2 ppm. The GC-MS detection limit for DMF
was 0.10 ppm at a signal to noise ratio of 1:5. Due to the limited structural knowledge of the PU

samples used (patent pending) degradation products are not discussed.

A3.4 Environmental Scanning Electron Microscopy

A Quanta 600 FEG, Environmental Scanning Electron Microscope (ESEM, FEI, USA)
was used to determine microscopic differences in irradiated and non-irradiated samples. Both

surface and cross-sectioned samples were imaged to determine visual differences (n = 2). Changes
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in pore size were measured with calipers using 3 different ESEM images, 10 full pores per ESEM

image. All measurements were averaged to determine overall pore size changes (n = 30).

A3.5 Molecular Weight Change in Polymer Samples
Light scattering size exclusion chromatography (SEC, Agilent Technologies, USA) was
used to determine the molecular weight of samples. A 10 micron Agilent mixed column was used
at a temperature of 50 °C. PCL samples were dissolved in tetrahydrofuran (THF) while PU samples
were dissolved in N-methyl-2-pyrrolidone (NMP) with 0.05 M Lithium Bromide. A polystyrene
standard, MW 21,000 was used for both samples. Due to the difference in solvent, intrinsic

viscosity was determined for PU samples only.

A3.6 Differential Scanning Calorimetry (DSC)

A Q2000 Differential Scanning Calorimeter with a RCS90 refrigerated cooling system
(DSC, TA Instruments, USA) was employed to indicate changes in crystallinity in PCL and PU.
A ramp rate of 10 °C/min was used throughout DSC testing. PCL samples were cooled to -80 °C
then heated to 80 °C, held at 80 °C for 1 min then cooled to -80 °C, held at -80 °C for 1 min and
finally reheated to 80 °C (n = 3). PU samples followed the same procedure but were heated to 160
°C (n=3).

Approximate crystallinity change for PCL and PU was calculated using recrystallization
heat of fusion, AH, and the reported AHf of pure crystalline PCL, AHf= 139.5 J/g [16] and pure

crystalline PU, AHf = 136 J/g via the following equation:

AH

Q= —r 17
A1 [17]

Where 2, represents fractional crystallinity. PU crystallinity was calculated using the 1st

melt AH, while recrystallization during cooling was used for PCL.
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A3.7 Fourier Transform Infrared Spectroscopy (FTIR)

A Nicolet Model 8700 Fourier Transform Infrared Spectrophotometer (FTIR, Thermo
Scientific, USA) with Attenuated Total Reflectance [18] was employed to analyze changes in
organic functional groups observed in PCL and PU. FTIR spectra were recorded over a range of
4,000 — 500 cm-1, with 126 scans per run and a resolution of 4 (n = 3). Changes in area under the

peaks were calculated using Origin® 8.0 graphing software.

A3.8 Statistical Analysis

Statistical analysis was performed on all tests that had a sample size of at least three
measurements. Origin® 8.0 data analysis and graphing software was used to create graphs and
statistical analyses. A p-value < 0.05 was used in all t-tests and ANOVA testing to determine

significant statistical differences.

A4  Results

A4.1 GC-MS Leachants

GC-MS was used to analyze leachants released into PBS from PCL and PU scaffolds
during radiation exposure. PCL was analyzed specifically for the presence of two monomers: 1,4-
dioxane (polymerization solvent) and 6-hydroxyhexanoic acid (degradation indicator). Neither
chemical was found by GC-MS analyses (data not shown). The only additional molecular found
in PCL saline was a small amount of glycerol. Currently, the source of the glycerol is unknown
and further investigation is ongoing. GC-MS detected no semi volatile organic molecules in any

of the PU saline samples.
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A4.2 Physical Changes

No gross visual changes were observed for either PCL or PU (data not shown). Both
scaffolds maintained overall size and shape throughout the study. PCL exhibited a mesh-like
structure with large pores that were composed of very small-interconnected pores. No
microstructural changes were observed in PCL (Figure 1, A and B). PU displayed changes in pore
size and shape (Figure 1, C and D), as well as a significant increase (p < 0.05, n=10) in pore size.
Pore size increased from an average of 47.8 + 34.4 um in non-irradiated PU samples to an average
of 316.4 £ 290.0 um in irradiated PU samples over the eleven-week period. Pore shape changed
from being small and circular before radiation, to irregular oval shaped after irradiation (Figure 1,

CtoD).

Irradiated

PCL

Microscope; PCL (A and B) and PU (C and D). No microstructural changes were observed in PCL
after irradiation (B) while PU displayed changes in pore size and shape after irradiation (D).
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A4.3 Molecular Weight

Number average molecular weight and weight average molecular weight both increased
after irradiation in PCL and PU samples (Table Al). An increase in molecular weight was seen
from the as-received PCL to the non-irradiated PCL while a decrease was seen from the as-
received PU to the non-irradiated PU (Table Al). An increase in intrinsic viscosity was observed
in PU samples after irradiation (Table Al). Molecular weight changes were calculated using
graphed area in light scattering micrographs created from the size exclusion chromatograph (not

shown).

Table Al — Size Exclusion Chromatography Data for PCL and PU
Intrinsic
Mn (kDa) | Mw (kDa) | Polydispersity (Mw/Mn) | viscosity (m L/gL

As-Received PCL 73.1 100.5 1.375

Non-Irradiated PCL 79.4 111.9 1.41 Unavailable
Irradiated PCL 85.1 118.5 1.392

As-Received PU 42.3 68.5 1.62 36.6
Non-Irradiated PU 34.5 55.4 1.61 35.1
Irradiated PU 43.7 74.7 1.71 42.5

A4.4  Crystallinity Changes

DSC was used to determine PCL and PU crystallinity changes (Figure 2). In order to see
only changes due to radiation the first heat was chosen for analysis of PU. Otherwise, minimal
radiation reactions would be erased in the melting of PU. Both scaffolds displayed statistically
significant changes (p < 0.05, n = 3) between irradiated samples compared to as-received and non-
irradiated samples, seen in PCL recrystallization curves (Figure 2A) and PU first melting curves
(Figure 2B). A decrease in crystallinity of approximately 8% was observed in PCL scaffolds after

receiving therapeutic radiation over the eleven weeks. No other changes in thermal profiles were
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noted. After irradiation, PU scaffolds decreased in crystallinity by almost 16% compared to non-

irradiated controls. Interestingly, Peak Il disappears from irradiated PU samples with a shift to

Peak | (Figure 2B). Peak | represents short-range-order hard segment break up, while Peak II

represents break up of long-range-order hard segments. [19] This suggests radiation caused an

alteration in PU long-range-order.
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Figure A2 - Differential Scanning Calorimetry scans of as-received (*), irradiated (¢), and non-

irradiated (M) PCL (A), and PU (B).

A4.5 Changes in the Infrared - Fingerprint Region

Peak deconvolution of the FTIR data was employed to analyze relative changes in intensities

of various functional groups observed in PCL and PU (Figure 3). PCL displayed dramatic

decreases in C=0 (1719 cm-1) and C-C (1162 cm-1) amorphous functional groups after irradiation
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(-34%) (Figure 3A (1)). A -5% change was observed in the PCL C-O bond (Table A2). No peak
shifts were observed, which may indicate no new bonds were formed after irradiation.
Polyurethane was greatly affected by the radiation as indicated by the almost complete
disappearance (-97%) of the C-O-C bond (950 cm-1) after irradiation (Figure 3B, Table A2). PU
also displayed a large decrease in the C=0 bond (-88%) and C-N and N-H (-85%). An increase of
17% was found in N-H and C-O (1166 cm-1). These changes suggest a modification in the polymer
backbone, and/or a change in the charge on the bonds after irradiation as well as possible
crosslinking in N-H and C-O bonds. [20] A decrease in relative peak intensity may also confirm a
decrease in crystallinity as suggested in DSC scans, and increased crosslinking observed from
molecular weight increases. Results further reveal development of no new peaks after irradiation,
however, there were small peaks that disappear after fabrication from the as-received to the non-

irradiated samples (Figure 3B).
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irradiated (—) and non- irradiated (—) A) PCL and B) PU. *Wavenumbers of irradiated samples
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Table A2. Changes in FTIR Relative Intensities from Non-Irradiated to Irradiated Samples

Polycaprolactone
C-0 (1719 cm™) -5.0%
C=0 and C-C Amorphous (I) (1162 cm™) -34%
Polyurethane
C=0 (1712 cm™) -88%
C=0 and C-N (1633 cm™) -65%
C-N and N-H (1542 cm™) -85%
N-H and C-O (1166 cm™) 17%
C-O-C (950 cm™) -97%
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A5  Discussion

A5.1 Polycaprolactone

PCL was chosen for this study as it is approved for a number of medical and drug delivery
devices [21]. Therefore, it regularly comes in contact with therapeutic radiation. As a bioresorbable
polymer, PCL is broken down in the body over a period of time without causing harmful effects.
However, PCL can take 6 months to 2 years to degrade in vivo and >180 days in vitro depending
on molecular weight [22, 23], so the 11-week test period would need to be increased to create a
prolonged time study for evaluating chronic irradiation effects. Radiation can influence the time it
takes for a material to degrade, causing risks to patients with PCL implants. If the degradation
increases it can alter normal tissue and cause negative side effects such as stress shielding (decrease
in bone density), often seen in metal implants [24, 25]. If time decreases, the body may not have
fully recovered in the shorter time frame from whatever trauma was inflicted, possibly leading to
further complications. It was hypothesized that the primary response to therapeutic radiation would
be degradation revealed as an increase in crosslinking [14].

DSC scans reveal no peak shifts in the recrystallization curve, indicating no chain scission,
but chain rearrangement resulting in decreased crystallinity was found. The decrease in
crystallinity (~ 8%) as shown in DSC scans (Figure 2A), may be a mechanism for glycerol release
if the glycerol was an impurity in PCL manufacture.

GC-MS was used to determine whether PCL degradation was occurring, however, PCL
monomer was not present in the saline. PCL degrades in two different stages; the first stage
involves a molecular weight decrease without deformation or mass loss. In the second stage,
molecular weight continues to decrease as deformation and weight loss begin [22]. In this second

stage 6-hydroxyhexanoic acid should be released with the monomer an indicator for PCL [26] It
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is possible that PCL samples were still in first stage degradation with an absence of 6-
hydroxyhexanoic acid in SEC results. During GC-MS analysis glycerol was detected (data not
shown). The process used to fabricate PCL scaffolds did not involve glycerol, so the glycerol was
introduced prior to receiving the PCL pellets. There were no visual changes in the microstructure
of PCL samples.

These results are further supported by FTIR (Figure 3A), which displays decreases in peak
intensity in the PCL fingerprint region. This indicates a decrease in specific functional groups.
This decrease confirms a slight decrease in crystallinity and also confirms an increase in molecular
weight because new functionality is not forming, an indicator that the polymer backbone might be
crosslinking.

Molecular weight calculations were performed on samples using SEC and results revealed
that a slight increase in number average and weight average molecular weight occurred after
irradiation (Table Al). This increase in crosslinking is confirmed by the decreased crystallinity
found in the DSC results and would account for no monomer being found in the saline.
Additionally, the increase in molecular weight after PCL scaffold fabrication could indicate the

polymer processing could have also induced a small amount of crosslinking.

A5.2 Polyurethane

Polyurethanes (PU) are approved for medical devices such as pace maker leads, catheters
and are often studied for use in 3D tissue scaffolding [27-29]. PU is of interest from a radiation
perspective because it can be designed to biodegrade or not biodegrade in vivo. This means if PU
medical devices remain in a patient’s body for an extended period of time, the chance for exposure
to ionizing radiation as a bystander material increases. PU was specifically chosen to be a non-

biodegradable material and was not expected to show change due to irradiation.
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GC-MS revealed no release of leachants into PBS, which is noteworthy considering the
drastic changes seen in polymeric scaffolds. Visually, PU scaffolds showed no gross changes,
however PU microstructure revealed significant change in both pore size and shape (Figure 2).
These changes are due to degradation and crosslinking caused by radiation exposure.

Molecular weight and intrinsic viscosity of PU scaffolds increased after the material was
irradiated (Table Al). These two factors indicate that irradiation led to minor crosslinking [30]. It
appears the molecular weight decreases after processing the as-received PU to the non-irradiated
scaffold. This could be an indication of too harsh processing conditions leading to backbone
scission. DSC scans indicate a shift in long-range-order hard segments to short-range-order hard
segments after irradiation (Figure 2B). This shift in DSC peaks has been previously defined as a
conversion from long-range-order to short-range-order, or the scission of long-range-order into
short-range-order [19, 31], however further analysis is needed to determine which is occurring in
this research. Regardless of the mechanism, the presence of this shift would indicate degradation
of the material due to radiation. The increase in molecular weight observed after irradiation further
support the shift is a response to radiation exposure. Crosslinking could explain the shift in long-
range-order into short-range-order due to decrease in order and mobility of polymer chains. Taken
together, the shift to short-range order and decreased crystallinity indicate rearrangements are
occurring to allow PU to crosslink.

PU results were further investigated using FTIR. Degradation effects were seen in FTIR
spectra (Figure 3B). Each functional group observed showed a significant decrease in peak area
after irradiation. Since there were no observed IR peak shifts, functional groups within PU are not
changing, however the change in long-range-order hard segments to short-range-order hard

segments corresponds to a decrease in the numbers of functional groups present. However, the
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disappearance of C-O-C bonds could indicate that there is backbone scission occurring, while the
increase in N-H and C-O could be broken bonds from the scission or new crosslinks within the
material. Further investigation using X-ray Diffraction or Raman Scattering could provide
enhanced understanding of polymer chain structure. PU may be stable to gamma radiation under
dry conditions, but there seem to be measurable effects of therapeutic radiation to PU under
aqueous conditions.

Few studies to date have investigated therapeutic X-ray radiation on both PU and PCL. As
this a pilot study, our goal was to determine whether or not therapeutic radiation caused changes
to bystander materials. Our results do reveal that therapeutic radiation leads to chemical and
structural alterations in both polymers and further studies are needed to better understand

irradiation effects on bystander materials.
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Absorbed Dose: 1 Gray (Gy) =1 Joule/kg , 0.01 Gy =1 Rad
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Equivalent Dose: 0.01 Sv = 1Rem
0.01 Gy = 1 Rad = 1 Rem, conversion only applies low linear transfer radiation (X-ray and
Gamma) and can change depending on the radiation source. [32]
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B.  Appendix B — Tables of Silicone and Polyurethane Studies

Table B1- Compilation of relevant silicone studies

Material Dose Characterization Results Indication Conclusions Source
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Gy/min decrease
- should be
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Properties grystalllzatloq wlth _ crosslm_kmg wlt_h
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neutron (26 ~11.5% formed or nitrogen) can
fluences Slight dgqreasq in Crosslir}king is slightly change
Thermal crystallinity with preventing and the effects.
Properties increase in decreasing
radiation crystallinity
Thermal Increase in thermal Increased
Properties stability, decrease crosslinking sites Material
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Continuation of Table B1 - Compilation of relevant silicone studies
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Table B2 — Compilation of relevant polyurethane studies

Material Dose/Dose Rate | Characterization Results Indication Conclusions Source
Phvsical No f Low doses of | Preliminary
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Continuation of Table B2 - Compilation of relevant polyurethane studies
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C. Appendix C — Samples Assignments and Controls

C1Polyurethane

Cl1 Polyurethane Sample Fabrication and Assignment

Fabrication of polyurethane test films was previously discussed in Chapters 2 and 3; however,
this section discusses possible batch differences, along with rationale for randomization and
sample assignment for testing. Polyurethane pellets used were from the same material lot supplied
by Covestro®. Once pellets were received, needed material was cryoground over the span of three
days in the same manner, and combined into a single jar for pressing. Once all material was ground
into powder form samples for each study, therapeutic doses (140 samples total) and dose rate (80
samples), were pressed in sets. All 140 therapeutic dose samples were pressed in sets of two, one
after another until all samples were prepared. Dose rate samples were prepared in the same manner
on a different day. Once samples were created for each study they were randomly mixed and
separated into various containers marked dose or dose rate before irradiation.

Radiation Exposure: Low dose samples were irradiated at Wake Forest Medical center using
a Cesium 137 source. For experimental set up, thermoluminescent dosimeter (TLD) which
calculates absorbed dose in water, couple with Fricke’s dosimetry were used to estimate absorbed
dose (+ 5% error). Absorbed dose was calculated for a specific volume and distance from the
source within the irradiator. All samples combined were smaller in volume than calculated volume

allowing for the assumption that all samples received the same amount of absorbed dose. This
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experimental set up is clinical relevant for estimating how clinical exposure scenarios could affect
biomaterials®.

Dose rate radiation exposure was conducted at Oak Ridge National Laboratory. To estimate
absorbed dose of samples, two Far West Technology, FWT-60-1P, pouch dosimeters were placed
in the irradiation cylinder while samples were being irradiated. One at one end of the cylinder and
the other at the opposite end. This ensured that samples between the two dosimeters were receiving

the same estimated absorbed dose of radiation.

Cl1.2 Polyurethane Sample Controls

Once samples were fabricated, both the as-fabricated films and original pellets were
characterized using size exclusion chromatography to confirm that no significant molecular
changes occurred due to sample processing. No significant differences were found in molecular
weights. Dry As-fabricated samples were also compared to as-fabricated polyurethane samples
immersed in water for the same length exposure time as irradiated samples. Samples were
characterized using dynamic mechanical analysis (DMA), and size exclusion chromatography
(SEC). Both DMA and SEC showed no statistical differences.

Dynamic mechanical analysis:

e Glass transition T storage (as-fabricated: -30.92 + 3.83, water: -26.43 + 1.81)
e Storage modulus at room temp. (as-fabricated: 75.71 + 1.04, water: 90.95 + 17.19)
e Tan Delta Area (as-fabricated: 9.08 + 0.57, water: 11.03 + 1.75)

Size exclusion chromatography:
e Weight Average Molecular weight  (as-fabricated: 75,000 + 6,500, water: 76,000 + 30,000)
e Polydispersity (as-fabricated: 1.75 + 0.15, water: 1.87 + 0.12)
e Refractive index (as-fabricated: 0.09 + 0.01, water: 0.1 + 0.04)

This data shows that immersion in water for up to 72 hours (longest length of radiation

exposure) did not cause significant changes in polyurethane samples, and any major material

! Experimental set up created with Dr. Jeffrey Willey, Associate Professor, Radiation Oncology, Orthopedic Surgery
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property changes seen were due to radiation not hydrolysis. High variability is seen in storage
modulus and molecular weight of samples in water which may suggest slight changes in some
polyurethane samples is observed but it can still be concluded that any major changes seen in

results from this study would be due to radiation.

C1.3 Polyurethane Sterilization Change Confirmation

Non-irradiated samples were compared to 3.2 Gy/min and 833 Gy/min after receiving an
absorbed dose of 25 kGy (Table C1, Figure C1). Results indicate that chemical and mechanical
properties change in correspondence with observed changes in literature of sterilization [1-4]. K.
Gorna et al. found a decrease in tensile strength, while H. Shintani et al. found an increase in
elongation at 25 kGy. Both of which are confirmed by storage modulus in material after exposure
to 25 kGy. A shift from hard segments to soft segments (Tan Delta Area) found after sterilization
was also confirmed by M. Ghobashy et al. and Q. Tian et al. Lastly the trend seen in molecular
weight and significant increase in refractive index collaborates results from H. Shintani et al. and
K. Gorna et al.

Table C1 — Comparison of Polyuretane Non-irradiated and Sterilization Radiation (* sign.
different than non-irradiated, p < 0.05, error based on standard deviation)

Storage Modulus Tan Delta Molecular Refractive
(Mpa) at 37 °C Area Weight Index
Non-irradiated 13490 £ 12.5 3.98+ 1.7 69845 + 27500 0.11+£0.04
25 kGy @ 3.2 Gy/min 51.15 + 17.8* 2.23£0.2* 45130 + 10300 1.56 £ 0.01*
25 kGy @ 833 Gy/min 44.05 + 19.5* 2.21+£0.2* 40917 + 5500 1.99 £ 0.07*

Field-Emission Scanning electron microscopy also confirms changes seen due to sterilization.
Significant differences are seen in material surface, including disappearance of particulates, pitting

(3.2 Gy/min) and irregular cracking.
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Figure C1 - Field-emission scanning electron microscopy of polyurethane at A) 0 Gy, B) 25
kGy at 3.2 Gy/min and C) 25 kGy at 833 Gy/min. Scale bar represents 1 pm.

Overall, sterilization significantly changes polyurethane material properties in an aqueous
environment similar to changes seen in current literature. Since it has been confirmed that the
material is changing and receiving 25 kGy, studies can focus on dose rate comparisons to

determine if varying dose rate has an effect on material properties.

C2Silicone

C2.1 Silicone Sample Fabrication and Assignment

The fabrication process for silicone films was discussed in Chapters 2 and 4. Sample
materials were purchased in kit form from RD Abbott having been manufactured by Dow Corning.
Two siloxane components (part A and part B) were each prepared in individual batches as stated
by Dow Corning. Once Kits were received directions for fabrication were followed. Parts A and
B were mixed in equal proportions then cured for 10 minutes at 240°F. After conversations with
Dow Corning, 3 different mixing times were tested to determine the correct time needed to meet
material properties specified by Dow Corning (5, 10 and 15 minutes). Based on mechanical
characterization using Instron testing, 10-minute samples were within acceptable tolerance (10%)
from Dow Corning.
Properties of Films Compared to Dow Corning

e Tensile strength at break: (As-fabricated: 8.02 + 0.2, Dow Corning Specification: 8.2)
e 200% elongation: (As-fabricated: 1.30 £ 0.1, Dow Corning Specification: 1.23)
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These results showed that the fabrication method provided samples with properties
equivalent to Dow Corning materials properties for the kit C6-136 purchased, “High Consistency
Rubber silicone elastomers for devices and component fabrication in the healthcare industry”.

Once mixing and curing processes was confirmed, samples were mixed then pressed/cured
in a continuous time period. According to kit directions, after mixing, mixed material only had a
3 to 4-hour shelf life if not cured, so all films were pressed/cured immediately after mixing. In
order to maintain material integrity, small sample batches were mixed at a time then pressed (~ 30
grams). While one batch was being pressed another batch was being mixed until all samples for
each test set were prepared (therapeutic doses and dose rate). Pressed samples were then cut into
similar sample sizes as polyurethane samples, with each pressed sheet producing 6 silicone sample

discs. All cut samples were then randomized and assigned to designated containers for irradiation.

C2.2 Silicone Sample Controls

Once samples were fabricated, as-fabricated samples were compared to silicone samples
immersed in water for the same duration as the radiated samples. Samples were characterized

using DMA with swelling determined. No statistical differences were found.

Dynamic mechanical analysis

e Glass transition T storage (As-fabricated: 36.88 + 0.19, water: 36.82 + 1.6)

e Storage modulus at room temp. (As-fabricated: 3.41 + 0.16, water: 3.19 + 0.77)

e Tan Delta (As-fabricated: 37.9 + 3.76, water: 34.72 + 1.56)
Swelling (%)

e Swelling (As-fabricated: 200.01% + 9.13%, water: 187.91% + 8.91%)

This data show that immersion in water for up to 72 hours (longest length of radiation
exposure) did not cause significant change in silicone samples and any changes seen in material

properties are due to radiation not hydrolysis.
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C2.3 Silicone Sterilization Change Confirmation

Non-irradiated samples were compared to 3.2 Gy/min and 833 Gy/min after receiving an
absorbed dose of 25 kGy (Table C2 Figure C2). Results indicate that chemical and mechanical
properties change similar to observed changes in literature of sterilization [5 —10]. L. Zhang et al.,
S. Rogero et al., A. Labouriau et al., and H. B. Chen et al. found an increase in tensile strength at
25 kGy. Both of which are confirmed by storage modulus in material after exposure to 25 kGy. A
significant decrease in swelling was observed due to exposure to 25 kGy which was also confirmed
in the literature by L. Zhang, S. Rogero, A. Labouriau and H.B. Chen.

Table C2 — Comparison of Silicone Non-irradiated and Sterilization Radiation (* sign. different
than non-irradiated, p < 0.05, error based on standard deviation)

Storage Modulus Storage Modulus Swelling
(Mpa) at 37 °C (Mpa) at 25 °C
Non-irradiated 3.35+0.8 3.98+1.7 187.9 £8.0
25 kGy @ 3.2 Gy/min 3.69 +0.2* 2.23+0.2* 136.1 + 1.3*
25 kGy @ 833 Gy/min 3.86 £0.1* 2.21+£0.2* 143.5 + 2.9*

Field-Emission Scanning electron microscopy also confirms changes seen due to sterilization.
Significant differences are seen in material surface, including reduction of peaks (3.2 Gy/min) and

emergence of particulates (833 Gy/min). The flattening of pore/peaks was also observed by Chen

et al. when exposing foams to sterilization doses of radiation.

ECTN ©

. B - m
Figure C2 - Field-emission scanning electron microscopy of silicone at A) 0 kGy, B) 25 kGy at
3.2 Gy/min and C) 25 kGy at 833 Gy/min. Scale bar represents 2 pum.

141



Overall, sterilization significantly changes silicone material properties in an aqueous

environment similar to changes seen in current literature. Since it has been confirmed that the

material is changing and receiving 25 kGy, studies can focus on dose rate comparisons to

determine if varying dose rate has an effect on material properties.

10.
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