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Abstract

Extending the functional lifetime of acrylic poly( methyl methacrylate) (PMMA)
bone cement may reduce the number of revision total joint replacement (TJR) surgeries
performed each year. We developed a systemultilizing an encapsulated water -reactive,
FDA -approved tissue adhesive, 2-octyl cyanoacrylate (OCA), as a healing agent to repair
microcracks within a bone cement matrix. The proposed research tested the following
hypotheses: (1) reactive OCA can be successfully encapsulated and the resulting
capsules thoroughly characterized; (2) the static mechanical properties of the PMMA
composite can be improved or maintained through inclusion of an optimal wt% of OCA -
containing capsules; (3) PMMA containing encapsulated OCA has a prolonged lifetime
when compared with a capsule-free PMMA control as measured by the number of
cycles to failure; and (4) the addition of capsules to the PMMA does not significantly
alter the biocompatibility of the material. Based onthe experiments reported herein, the
primary conclusions of this dissertation ar e as follows: (1) functional OCA can be
encapsulated within polyurethane spheres and successfully incorporated into PMMA
bone cement; (2) lower wt% of capsules maintained the tensile, compressive, fracture
toughness, and bending properties of the PMMA; (3) inclusion of 5 wt% of OCA-
containing capsules in the matrix increased the number of cycles to failure when

compared to unfilled specimens and those filled with OCA -free capsules; and (4)MG63



human osteosarcoma cell proliferation and viability were unchanged following

exposure to OCA-containing PMMA when compared with a capsule -free control.
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1. Chapter 1: Background, significance, specific aims,
and hypotheses

Some of the text, figures, and modified versions of the tables included in Chapter
1 were previously published in the February 2011edition of the Journal of Biom edical
Materials Research Part A The full citation for the article is: Brochu, A. B. W., Craig, S.
L. and Reichert, W. M. (2011), Seklhealing biomaterials. J. Biomed. Mater. Res., 96A:
492 506. doi: 10.1002/jbm.a.32987John Wiley & Sons Ltd. does not require permission
for authors to reuse their own articles, but an optional grant of license can be obtained

and is included in Appendix B.

1.1 Background an d significance
1.1.1 Total joint replacements
1.1.1.1Clinical need for and design of total joint replacements

In the United States, more than 16 million individuals are affected by some form
of arthritis, the most common types of which are osteoarthriti s (OA) and rheumatoid
arthritis . OA is a degenerative condition characterized by joint pain and mild
inflammation associated with the mechanical failure of articular cartilage 2. OA is the
leading cause of disability and functional limitation in adults [ and more than 59 million
cases are expected by the year 2020. Primary treatments for arthritis are
acetaminophen and non-steroidal anti -inflammatory medications such as Tylenol and

Advil ; physical therapy is also recommended to reduce pain and improve range of
1



motion in the affected joint(s). Injections of powerful steroids , such ascortisone, directly
into the joint space are also used totemporarily reduce pain and inflammation .
However, none of these treatment options repair the cartilage damage and merely serve
to manage the symptoms.

Total joint replacements (TJRs)have become the gold standard to manage the
pain and cartilage loss associated with OA when the pain becomes unmanageablé ¢,
Numerous joint replacements are clinically -approved, including those for the hip, knee,
shoulder, ankle, wrist, elbow, and finger . Replacements generally involve (1) a
metallic endoprosthesis inserted into the boney tissue, (2) polymeric ultra -high
molecular weight polyethyl ene (UHMWPE) articulating surfaces, and (3) an acrylic
poly(methyl methacrylate) (PMMA) cement to anchor the prosthesis within the nativ e
tissuel®l,

PMMA bone cement is a spacefilling m atrix that forms mechanical interlocks
between the implant stem and the surrounding boney tissue 19, serving to transfer
loads from the prosthesis to the bonel', Bone cement corsists of two components: (1) a
low molecular weight PMMA powder containing a radiopacifier (e.g. barium sulfate)
and an initiator (e.g. benzoyl peroxide) and (2) liquid methyl methacrylate (MMA)
monomer. Mixing the two components in situ initiates an exothermic polymeriz ation to
yield a workable dough, which is applied to the implant and curesinto a solid mass

after the implant is inserted [ 9.



While not all joint replacements are cemented, data from 2010reports that 92% of
primary total knee and 12%of primary total hip replacements performed in the United
States utilized bone cement'>14. There are projected to be332,000hip, 719,®0 knee,
40,000 total shoulder, 30,000 hemishoulder, and 5,000 elbow replacements per year by
2013*21518; nearly all of shoulder, hemishoulder, and elbow TJRs performed to date are
cemented®™. These numbers do not take into account the number of revision procedures
performed each year.

By 2030,demand for primary hip replacement procedures is expected to i ncrease
by 174% in the United State$'”-18; demand for primary knee replacement procedures is
expected to be much higher, with a projected increase of673% over the same time
period[8, These increases are primarily driven by the aging of the baby boomer
generation and the obesity epidemic in the United Statesl'9. However, increased life
expectancy and need for joint replacements at younger and more active ages will also
play a significant role in the demand for these procedureg® 2021, Additionally, younger
patients are considered at elevated risk for revision due to their higher activity levels in
comparison with elderly patients. Approximately 18% of total hip arthroplasties and 8%
of total knee arthroplasties performed annually in the United States are revision
procedures, indicating fai lure of the primary replacement [22, Revision procedures are
associated with elevated risks of complications including infection, dislocation, venous

thromboembolism, and mortality; their complexity is reflected by higher hospital costs,



longer length of hospital stay, and longer operative time when ¢ ompared with primary
proceduresl?d. Moreover, the average lifetime of a revised prosthesis is significantly
lower than that of a primary implant 2324, Cement usage is more common in revision
procedures to further stabilize the TJR in the event of osteolysis, the active resorption of
bone matrix by osteoclasts, resulting from the primary replacement. As the prevalence

of revisions increased?3, so will the number of cemented procedures.

1.11.2 Sourcesof failure observed in total joint replacements

Bone resorption, bone fracture, cement/bone separation, cement/prosthesis
separation, microcrack formation in the cement, and the generation of wear debris from
the articulating surfaces, metallic stem, and the bone cement itself serve to accelerate
wear that often leads to loosening and subsequent failure of the implant [11 18 20,2530
Aseptic loosening of TJRsis a disabling condition that generally affects patients more
than 10years after surgery; this loosening can result from factors such asinadequate
initial implant fixation [#33 mechanical loss of fixation over time 3334, or biological loss
of fixation resulting from osteolysisi333538, While | oosening can be attributed to various
mechanisms, all are interconnected and serve to perpetuate the process that ultimately
results in TJR failure and necessitatessubsequent revision procedures.

Stress shielding results when the loads within a joint are redistributed following

a TJR ultimately decreasingthe loads transmitted to the bonel®3. Shielding is due to the



mismatch in stiffness between the implant and the native bone 29, Mechanical load
stimulates new bone formation 39; bone is resorbed asthe physiological loads sustained
by the bone decreaseand new bone is not deposited, further exacerbating the issue of
bone integrity around the implant 1“9, While stress shielding contribute s to implant
loosening, it is rarely the isolated cause of failure but accelerates failure from other
meang?¥; even if shielding is not the primary cause of loosening, preservation of the
native bone is extremely important to prolong the functional lifetime of the TRJ and
improve the success of any subsequent revision procedure. Patient physical health also
contributes to the functional lifetime of the implant; conditions such as osteoporosis or
obesity can further compromise the success of a TJRY. As the initial mechanical fixation
of the implant depends partially on the local bone mass and degree of osteolysis®d,
stress shielding and osteoporosis both influence local bone density and cortribute to the
stability of implant fixation.

The biologic response to implant debris is complex and results from multiple
factors; wear particles can be generated from all materials within the TJR including the
bone cement, metallic stem, and polymeric load-bearing surfacesl333539, The core of the
biological response that leads to osteolysis is activation of the receptor activator of
nuclear factor-dB (RANK)/RANK ligand (RANKL) axis that enhances osteoclast
recruitment and activity at the bone/ implant interface, promoting osteolysis®d. Studies

with human macrophages have found that direct interactions between wear particles



and cells are sufficient to activate the osteoclastic signaling pathways that precede
osteolysisi®l. Because wear particles areoften resistant to enzymatic degradation, their
continued presence in the joint space further exacerbates the cell response and
continuously promotes osteolysis 33641, Macrophages,fibroblasts and osteoblasts
release pro-inflammatory cytokines that directly and indirectly stimulate osteoclast
development35371, Additionally, greater concentrations of wear particles have been
associated with more aggressive osteolysis and subsequent aseptic loosening?.

Implant loosening is the primary cause of TRJ failure, but other factors also
influence TJR failure. Infections incurred during the surg ical procedure occur in 0.3-2%
of primary arthroplasties [4343; these infections resultin complications such as
discharging sinuses and scar tissue formation that produce debilitating patient pain “#4in
addition to facilitating implant loosening . Chronic infection also triggers the foreign
body response that results in encapsulation of the implant . Osteolysis brought on by
infection also contributes to TJR failure but bone loss specifically from infection cannot
be separated from that resulting from other mechanisms*4. Several broad-spectrum
antibiotics, including gentamicin sulphate, vancomycin chloride, and tobramycin, have
been incorporated into bone cement to fight infection #8; the costs associated with these

additions is estimated to be more than $250 million/year in the United States alone!*3.



1.11.3 Strategies to improve the functional lifetime of  total joint replacements

Straightforward attempts to impro ve implant stability have focused on
improving the fixation between the implant and the native boney tissue. The simplest
solution is the use of PMMA bone cement to anchor the stem of the implant and transfer
loads betweenit and the native tissue. As bone cement is considerably weaker than
bonel™® and comes with its own set of challenges, researchers have proposed composite
designs to improve the mechanical properties of the material; dispersed particulates and
fibers have been investigated toincrease the toughness, impact strength, and wear
resistance of the PMMA by absorbing a greater fraction of the load, inhibiting pathways
for crack propagation, and resisting void formation. Ho wever, in spite of a long history
of development in load -bearing applications, very few composite devices have
progressed to widespread clini cal usg*?.

Glass polyalkenoate cements, bioglass, variows glassceramic compositions,
antibiotic -containing cements!*d, and calcium phosphate cementd*d have been
investigated to minimize failure and promote integration at the bone/ PMMA interface.
Other techniques to improve TJR materials include modifying the implant stem with
coatings of hydroxyapatite [3%4%51 or silicate glasse$* to stimulate bone adhesion such
coatings have also beenused in combination with rough and/or sintered stem surfaces
to facilitate interlocking with the tissue and promote bone ingrowth in the absence of

bone cementss 40.5052



In addition to improving implant -bone integration, therapeutic interventions
have been investigated totarget cells that contribute to osteolysis and subsequent
aseptic loosening, such asosteoclast precusor cells and non-osteoclast precursor cells
that are stimulated by debris to differe ntiate into osteoclasts. Direct inhibition of
osteoclast differentiation has beeninvestigated using molecules that bind to RANKL to
inhibit bone loss, resulting in reduced osteolysis 1375354, Strategies to locally inhibit
cytokine production could also be used to mediate joint inflammation 38, For example,
strategies to reducetumor necrosis factor (TNF) or block its receptors on osteoclasts
have been investigated as treatments to prevent aseptic loosening?” 39 by inhibiting the
potent osteoclastogenic action of TNF-Y158, Additionally, d rugs such as
bisphosphonates that are currently used to treat bone diseases such as osteoporosibave
also been proposed to inhibit osteoclast function and induce osteoclastapoptosis!s” 5758,

Other strategies focus on the improvement of the properties of the implant
materials themselves to reduce the generation of wear debris and resulting osteolysis
rather than attempting to mediate it after the fact. Ceramics[3359 and highly polished
metal headd3¥ have been introduced in an attempt to minimize the generation of wear
debris from UHMWRPE surfaces in joint replacements. There is also significant interest
in metal-metal and ceramic-ceramic TIR§239.59, To increase the wear resistance of
titanium alloys commonly used in TJRs, nitriding processes such as plasma and laser

nitriding as well as ion implantation have been used to enhance the tribological



properties of titanium and its alloys 9. Variations in the alloy compositions have also
been investigated to improve wear and corrosion resistance, decrease the modulus to

approach that of native bone, and improve biocompatibility (396062,

1.1.2 Self-healing materials
1.1.2.1What are self-healing materials?

Self-healing materials (SHM) are a rapidly emerging class of composites with
applications primarily designed for use in the civil, mechanical, electrical, and aerospace
industries. These materials hold the potential for significantly extending functional
lifetimes by preventing and repairing failures caused by accumulated microdamage. To
date, the majority of research conducted on selfhealing bulk materials has employed
composites, adhesives, and cements intended for tradiional engineering applications (6>
79, One of the most broadly reported self-healing schemes is that pioneered by White
and Sottos et al. in which a polymer matrix is co-embedded with a catalyst and
microcapsules containing a reactive healing agent(Figure 1.1). Once encountered by a
propagating microcrack, the microcapsule shell ruptures, releasing the healing agent
into the crack plane and exposing it to the catalyst embedded in the matrix. In situ

curing of the healing agent ensues, halting crack propagationl47.6365 71-73
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Although this field has been steadily growing over the past 10 years, very little
discussion of extension into biomaterials has taken place and none of the existing
systems employ materials acceptable forin vivo applications. Table 11 summarizes
some of the many systems proposed for SHM using the matrix repolymerization

material design approach7,
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Table 1.1: Summary of healing agents, catalysts, and matrix materials studied for

applications in SHM based on the matrix repolymerization scheme

Matrix material

Healing agent

Catalyst

References

Vinyl ester

HOPDMS and PDES (phase
separated in matrix)

DBTL in PUR
microcapsules

[71,74]

EPON 828 cured

DCPD in UF capsules

&UUEEUZ wWE' I

[75,76]

with DETA paraffin wax
microspheres
PMMA DCPD in UF capsules &UUEEUZz wE (771
EPON 828 cured | EPON 862 or 828 diluted with None [66]
with DETA cholorobenzene,

phenylacetate, ethyl
phenylacetate in UF capsules

EPON 828 cured

DCPD in UF capsules

&UUEEUZ wE

[63-65,78, 79

with DETA
YD-115 cured DCPD in UF capsules &UUEEUz wE (78,79
with KH -816
YD-115 cured ENB in UF capsules &UUEEUZz wE (78,79
with KH -816

Silver particle ink
lines on aPUR

Silver ink in acrylic capsules

Encapsulated hexyl
acetate that, when

(8]

substrate released, dissolves
acrylic capsuleto
release silver ink
EPON 828 cured EPON 815C in UF capsules EPIKURE 3274 (8]
with DETA polyamine
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1.1.2.2Challenges for extension into biomaterials

Numerous implants fail following the accumulation of damage and are potential
candidates for the introduction of self -healing to biomaterials. However, as there are
stringent requirements for materials used in clinical applications, any SHM proposed for
a biomedical application would need to be assessed frommechanical, biocompatibility,
and self-healing perspectives. There areseveral concerns associated with SHM based on
the repolymerization scheme depicted in Figure 1.1; these concerns along withsome

specific to biomaterials are summarized in Table 1.2147.

13



Table 1.2: Concerns associated with SHM and their extension to biomaterials

General Concerns References
Healing agent/catalyst consumption (63,69
Healing agent stability in microcapsules [64-66]
Microcapsule shell process survivability (65, 66]
Effective release of healing agent from capsule [65, 72
Capsule/matrix interfacial bonding [65, 66, 72]
Healing agent viscosity and volati lity (66,78 79]
Uneven healing agent/catalyst distribution or ratios within matrix 64,69, 75,82,83]

Concerns Specific to Biomaterials
Healing may require times not feasible with cyclically -loaded implants (64, 71]
Complex and variable loading patterns may limit healing opportunities (47
Functional lifetime of encapsulated healing agent (47
Toxicity of the healing agent/catalyst system (47
(47

Surgeon easeof-use dictates adoption of material

14




Due to its long history of use and significant potential for increased future use,
lack of post-polymerization modifications, and need for improvement, the development
of a sel-healing PMMA bone cement is a very attractive option for the first self-healing
biomaterial designed with the aforementioned embedded capsule and catalyst
approach”84. The projections and statistics included in section 1.1.1.1 indicate there are
a significant number of potential beneficiaries of any steps taken to improve existing

bone cement and extend implant functional lifetime .

1.1.2.3 Strategiescommonly used to assess selfhealing materials

Tapered and width -tapered double cantilever beam (TDCB and WTDCB,
respectively) testing protocols are currently the literature standards used to assess the
healing efficiency of existing systems in response to controlled crack propagation.

TDCB testing determines mode | fracture toughness (K) and the geometry is designed
such that the profile of the taper provides a constant value of K over a desired range of
crack lengthsi®d, The WTDCB geometry has been used to investigate the healing of
delamination and thin film failures and is similarly designed so that the energy release
rate remains constantover a desired range of crack lengthsi®4. Fracture specimens of
each type are tested under displacement control, applying a vertical load to induce crack

propagation within a grooved centerline region of the specimen 6483,
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specimen until a crack propagates through the center of the material; the separate pieces
are reapposed to allow the healing agent to react and bond the surfaces together and the
2T 1 EOI E» wUx1 EPOI OwEne ndstidésicabidiféatue bf EmOB e ® O 8 ww
WTDCB specimens is that the geometries exhibit a linear relationship between critical

load (Pc) and fracture toughness independent of crack length, allowing the healing

efficiency (B) to be expressed ashow in Equation 11658;

0

cq €2

While this equation holds for both geometries, the two methods have several
distinctions. For example, each TDCB sample must be molded separately whereas
numerous WTDCB samples may be machined from one larger sheet of material. TDCB
testing has been used to assess the healingfficiency of numerous systemslss 7474,
however, the WTDCB geometry is limited to describe delamination fracture toughness(®4
and self-healing for thin adhesive films (89,

Most studies utilizing these geometries to investigate healing efficiency have
induced crack propagation through a single, conti nuously applied load [¢57478, However,
given that SHM are designed to prevent accumulated damage, their healing efficiency
under cyclic loading has also been investigated#&8l, Brown et al. reported that wh en

healing agent was released into thecrack plane of a cyclically -loaded TDCB specimenit
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polymerized to form a polymer wedge, generating a crack tip shielding mechanis mlé7.88,
This shielding wedge resulted in temporary cr ack arrest and extended the fatigue
lifetime by 20 times. Hydrodynamic pressure crack -tip shielding due to viscous flow
was also found to retard crack growth 87, indicating that the initiation of healing agent
polymerization could act to slow crack growth before full polymerization and

subsequent polymer wedge formation. The forces required to squeeze a viscous fluid
from the crack plane during unloading provided crack-tip shielding.

While TDCB and WTDCB tests currently provide valuable information about the
healing efficiency of some systems, these methods introduce very large defects that are
not representative of damage likely to be sustained in vivo. A more clinically -relevant
and informative procedure would involve assessing the healing capabilities of a self-

healing bone cementsystem under in vivo conditions to repair microdamage.

1.1.3 Characterization of PMMA bone cement
1.1.31 Determination of vario us mechanical properties

Severalprotocols for PMMA testing have been developed over its long history of
usage in biomaterials. The total loading is a mixture of compressive, bending, tensile,
shear, and torsional forced®@ and as such, procedures to determine the mechanical

properties involve the application of various static or dynamic stresses.
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1.1.31.1 Compression testing
w O E U1 ultibaeQcpriaprassive strength (UCS)is the maximum stress it can

withstand before failure under compression. ASTM F451 describes compressive testing
protocols; it requires the time between the mixing of the cement and the measurement of
the compressive strength be no more than 24 + 2 h, with tests performed at 23 + 2C and
50 *+ 10% relative humidity. Deformation is applied at a crosshead speed of 2025.4
mm/min. Failure load is determined as the load at the 2.0% offset, upper yield point, or
fracture, depending on which occurs first. At least five samples must be tested and the
minimum acceptable compressive strength is 70 MPd%4.

1.1.31.2 Tensile testing
The ultimate tensile strength (UTS) is the maximum stress a material can

withstand before failure under tension. ASTM D638 describes a static, uniaxial tensile
test applicable for polymeric materials and requires at least 5 samples be tested at 23 + 2
°C on any universal testing machine. Prior to testing, the specimens must be measured
within 5 mm of each end of the gage length to confirm cross-sectional area. The
specimenis placed between the grips of the testing machine and tightened evenly and
firmly to prevent slippage during the test but without crushingt he sampl€®3. An
extension rate of 5+ 1 mm/min is used to deform the samples. Though there is no
minimum acceptable UTS dictated by standards, commercial bone cementshave

literature -reported values ranging from 25-70 MPal2%.90 93,
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1.1.31.3 Bending testing
Bending is a combination of tensile and compressive loading and is therefore a

OOUI wUIl EOPUUPEwWUI UOwOI invivol I6E33E3IdesEibe®do®@Uz Uwx UOx |
point bending protocol to determine the bending strength (B) and modulus (E) of
materials. The bending modulus is a ratio of stress to strain of the material within the
elastic range characterizing the relative stiffness of the materiall®¥. 1SO 5833 requires the
time between the mixing of the cement and the measurement of the bending strength
and modulus be no more than 24 + 2 h with tests performed at 23 £ 1 °C. The inner
loading points are separatedby 20 mm and the outer loading points separated by 60
mm. A cross-head speed of 5 = 1 mm/minis applied on the inner loading points and the
deflection of the specimen measured as a function of the applied force; the testingis
continued through specimen f ailure. At least five samples must be tested and the
minimum acceptable B and E of bone cement are 50and 1800 MPa respectively!®4.

1.1.3.1.4 Fracture toughness testing
Fracture toughnessisam EUUUI wOi wE wOE U istibstalderckdck EED OD U4 w!

propagation; crack initiation and propagation rates contr ibute to this property . Fracture
toughness can be determined using a variety of notched specimentypes, such as TDCB
samples; these samples ae tested24 * 2 hafter fabrication at 23 + 1 °Cunder applied
loads at various speeds. The variation of the testing geometries and protocols used

results in literature -reported values ranging from 0.882.58 MPa /2 [11.9598]
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1.1.31.5 Fatigue testing
Long-term strength under alternating loads determines the durability of bone

cement; therefore, fatigue testing provides information about the reliability of the
cement for in vivo applications 199, |If applied a sufficient number of times, the stress
required to produce fatigue failure is generally much lower than that required to

fracture the material under a single application 104, A variety of procedures can be used
to characterize the fatigue behavior of PMMA , including: four -point bending testing
following ISO 5833, pure tensile testing following 1SO 527, and uniaxial compression-
tensile testing following ASTM F2118[°9. In each of these tests, sinusoi@l cyclic loading
is applied until specimen failure or runout at a predetermined number of cycles.
However, due to the simplicity of the four -point bending testing configuration described
in ISO 5833 and the complexity of the preparation of samples following ASTM F2118,
four -point bending testing is the pref erred method of fatigue testing 12299100, A protocol
and setup identical to that used for bending testing is followed.

Five specimens must be tested to bending failure to determine the quasi-static
strength of the samples and to establish the average trength as a reference value
During fatigue studies, specimens should be submitted to cyclic loading at a
physiologically -relevant frequency (i.e. 1-5 Hzl8 102109) that is continued until failure
occurs. Various load levels ranging from 35-90% of the reference valueare selected as
testing conditions and at leastfive samples are tested at each load levelP 108, Under

load control, the upper limit of the applied cycling force is kept constant; the standard
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does not specify a value for R =bmin/bmax, although values ranging from -1 to 1 havebeen
used previously , depending on the test configuration 1100103, Tests should be performed
under load control as physiological strain is almos t exclusively dictated by force(® 109,
Displacement-controlled protocols are easier to perform9°193, but are less accurate than
load-controlled procedures and overestimate material lifetimes, subsequently under -
rating the risk of failure [90.99,108,

1.1.31.6 Other testing procedures
Shear strength plays a role in the debonding sometimes seen at the implant stem

bone cement interfaceand is assessed following ASTM D732; impact strength is assessed
using ISO 179, ISO 180, and DIN 53835. BecausePMMA is a viscoelastic material, creep
and stress relaxation may contribute to implant loosening 1 99; creep measurementsare
made using ASTM D2990.

1.1.31.7 Other considerations
The properties of bone cement vary widely depending on water absorption,

preparation variations and subsequent porosity differences (hand versus vacuum
mixing), sterilization protocols, composition variations and additives, temperature,
strain rate, etc.l'1. For example, hand-mixing results in a more porous matrix, generally
decreasing the overall strengthi®. 1190108 \/ariability in the preparati on and testing
protocols complic ate crosscomparison of results!'%3; however, for the purposes of this

research, commaecial and self-healing matrices will be manufactured under identical
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conditions and therefore similar levels of variability are expected across the
experiments.

1.1.31.8 Properties of PMMA bone cement
Commercial formulations of PMMA bone cement have widely varying

properties based on the aforementioned factors; the ranges of values for several

properties are summarized in Table 1.3:
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Table 1.3: Properties of PMMA bone cement

Property Reported value (s) References
Ultimate tensile strength 2570 MPa 11,21, 90,93,107
Ultimate compression strength 66-103 MPa (11,1089
Bending strength 62-77 MPa (50
8OUOT zUwWOOBEUOU 1.363.07 GPa 11,107,109, 110}

Fracture toughness

0.882.58MPa mi2

[11,9597,111]

Density

1.081.19 g/cn?

1y

Strain to failure

0.00860.01

[21]

/| 6PUUOOZ UwWUEUH

0.30.4

(112
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1.1.3.2In vitro assessments of PMMA toxicity

Due to its extensive usage in biomaterials, PMMA has been thoroughly
investigated for adverse biological effects. Primary concerns associated with PMMA -
based bone cements include localized cell death due to the exothermic reaction of the
MMA and leaching of residual monomer from the matrix [**3. An estimated 3-5% of the
MMA remains 15 minutes post -polymerization and is reduced to about 1 -2% over time
as the residues are elminated through the bloodstream 114119, N,N-dimethyl -p-toluidine,
which is present in small amounts (A2 of the liquid component)*1d and initiates
polymerization when it reacts with benzoyl peroxide, is very toxic at low concentrations
and is able to inhibit protein synthesis and cause chromosomal mutationsit!4.

MG63 human osteosarcoma cells have been used in many biocompatibility
studies 113114117120 hecause they share numerous features with normal human
osteoblasts including secretion of insulin -like growth factor, binding proteins, matrix
metalloproteinases, and osteocalcin. Similar to undifferentiated osteoblasts, MG63 cells
also synthesize collagen types | and Il and have a low basal expression of alkaline
phosphatase that is increased in response to 1,2%lihydroxyvitamin Dsl117.121,
Furthermore, because they are transformed, MG63 cells are readily obtained in large
numbers and are unlikely to show growth -related changes in antigen expression with

increasing passage§td. Other cell types, including fibroblast L -929 cell$!'? and TE85
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human osteosarcomacellsi’?- 122 have previously been used to assess bone cement
cytotoxicity, but MG63 cells more closely reproduce the qualities of human osteoblasts.
Numerous assayscan be used to determine the viability of cells. The 3-(4,5
dimethylthiazolyl -2)-2,5-diphenyltetrazolium bromide [113117122128 (MTT) assay, 3(4,5
dimethylthiazol -2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-sulfophe nyl) -2H-tetrazolium
(MTS) assay*?3, neutral red assayi?3, methylene assay'?3, and calcein-
acetoxymethylester (calcein-AM) studies 127 have all beenused to investigate cell
viability. These assays work invarious ways but cell metabolic activity is generally
detected through a response such as a color change or emergence of fluorescence
Bone proliferation is commonly used as a marker for biocompatibility;
techniques such asb-bromo- | -geoxyuridine (BrdU) 124, 5-ethynyl -2"-deoxyuridine
(EdU)228 and propidium iodide (PI) staining 13114129 hgve been used to determine if
cementleachables interfered with the progression of cells through the cell cycle. BrdU is
a halogenated analogue of thymidine and is incorporated into cells that are actively
synthesizing DNA during the period of BrdU exposure [114124130 A fluorescein
isothiocyanate (FITC)-labeled monoclonal antibody against BrdU can be used as a probe
for BrdU incorporated into DNA. EdU is a nucleoside analog containing an alkyne that
reacts with an azide in a copper-catalyzed reaction to form a covalent bond. These
proliferation assays are reported to be more accurate and consistent than BrdU assays,

without requiring DNA d enaturation or harsh treatments(*?8. PI binds by intercalation
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to double-stranded DNA and RNA and when used in combination with RNase
digestion, it serves as a probe formeasuring cellular DNA content*'4; during the G1
phase of cell proliferation, the DNA in a diploi d cell is 2n and, following the successful
replication of DNA during the S phase, cells in the G 2 phase are 4n, resultingin double

the fluorescence intensity detected by flow cytometry.

1.1.3.3Failure of PMMA bone cement

Bone cement is a brittle material that is weak in tension and strong in
compression. The material hasa low fracture energy through which cracks can
propagate at stresses below the UT&3; however, it is susceptible to crack initiation and
subsequent propagation resulting from the cyclic loading it experiences in vivo. Crack
initiation is generally associated with regions of high stress intensity, such as indusions,
voids, and other micro defects. When the stress concentration at the crack initiation site
exceeds the critical load R, propagation is initiated. The formation of microcrack s
causes debonding at the cement/bone and cement/implant interfaces as well as the
generation of PMMA wear debris that contributes to chronic inflammation and
osteolysis.

#UUDOT WEAEOPEWOOEEDOT OWEWOEUI UPEOzZUwWUI UDUUE
are strong determinants of fatigue strength and lifetime. It has been reported that in

bone cement, resistance to unstable crack propagation is a more important characteristic
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than resistance to crack formation(®d and in vivo, crack propagation behavior dominates
over crack initiation behavior 39, Crack growth rates previously observed during fatigue
testing of PMMA range from 102to 1 um/cyclel®®131, Various groups have found that
crack propagation rates are reduced in bone cement containing various fillers including
radiopacifiers and carbon fibers3¢ 133, Prior research has demonstrated thatpropagation
is slowed as a crack propagates from a brittle to ductile material (133, Slower crack
growth rates in studies of bone cements containing additives are attributed, at least in
part, to the longer crack path required for propagation as well as the number of cycles
required to transverse the distance of the additive. An decrease in the rate of cack
propagation results increased fatigue life [39,

Intrinsic factors of the bone cement as well as its preparation techniques dictate
the fatigue properties of the cured material 19, Properties such as the composition of the
bone cement, type of radiopacifying agent, and polymer molecular weight are intrinsic
to the brand of bone cement and contribute to the fatigue properties of the material.
Storage temperature, specimen fabrication and curing conditions, and mixing methods
are also highly variable and dictate the fatigue properties of the resulting bone
cement®d, Some of these preparation techniques may not be appropriae or feasible for
bone cement used clinically; for example, perfectly smooth samples are not

representative of the bone cement seen at the bone and implant interfacesn vivo.
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While microcrack formation contributes to implant loosening, PMMA is a
viscoelastic material: creep deformation and stress relaxation may also affect the
material and contribute to TJR loosening'%%9, Previous studies have found that bone
cement subjected to 1% compressive strain showed stess relaxation by 24% within 8 hi
133, Creep deformation of bone cement in response to an applied stress of 10 MPa was
also investigated; within the first 24 h, the creep strain varied between 55-709%4133.
Deformation of the cement mantle facilitates debonding at the cement/bone and
cement/stem interfaces to contribute to loosening.

In addition to the loosening caused by microcrack formation within the bone
cement, the generation of these cracks also releases PMMA wear debris. Wear particles
represent loss tothe original implant material and their presence is problematic as it
facilitates wear particle -induced osteolysis and contributes to third body wear
mechanisms within the TRJ3®3, Cement mantle defects havealso been shown to act as
preferential access pathways for wear debris, enabling the debris to infiltrate the
articulating space to further accelerate UHMWPE wear; this debris responsible for the
formation of granulomatous tissue that contributes to implant loosening , as discussed

previously 34,
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1.1.3.4 Biomimetic assessments of PMMA bone cement

1.1.3.4.1 Ex vivo fatigue testing
In addition to PMMA fatigue analyses utilizing simple specimen geometries and

loading patterns, avariety of testing set-ups and modified protocols have beenproposed
to examine the behavior of bone cement in contact with a cyclically -loaded metallic
stemf3438.135140 - These procedures allow for analysis of failure at the cement/stem and
cement/bone interfaces, which serve asinitiation sites for failure in vivo. Reported
systems vary drastically, from tensile loading of metal rods in contact with stationary
bone cement®® to complex devices that simulate the damage that occurs during gait and
stair climbing [135140,

Several investigators have examined simplified systems to mimic the cement
interfaces in TRJsby applying a load to a metallic rod encased in bone cement38 136 137,
Raab et al. used a cylindrical shear specimen to investigate fracture formation at or near
the cement/metal interface®; the metal was inserted into a mass of bone cement that
cured around it. The interfaces demonstrated fatigue properties that were far inferior to
the fatigue properties of bulk bone cement, particularly following 30 -60 d storage in
physiological saline at 37 °C34,

Other groups employed strategies that are combinations of more complex
loading and specimen geometry. For example, Jeffers et al. utilizeda simple modified
implanted femoral geometry surrounded by bone cement and polyurethane foam to

mimic the native bone tissue to investigate creep and cradking of the bone cement®4; this
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model enabled real-time observation of crack formation in the cement mantle. In their
system, a load horse applied joint reaction and abductor forces while a sinusoidal
compressive force was applied to the head of the horse to mimic gait. The metallic
stems were either bonded to the bone cement or fabricated such that the stems were in
contact with the bone cement but not bonded with it. Catastrophic cement mantle
fracture occurred in all unbonded samples at the distal end of the stem; however, dye
penetrant analyses revealed only microcracks with the use of a grit-blasted stem bonded
to the bone cement and no catastrophic damage was observe&4.

Race et al. examined crack formation resulting from the cement/stem interface,
cement/bone interface, and voids utilizing a custom -built stair climbing fixture in which
cadaveric femora implanted with commercial hip stems were tested. The system was
designed such that the load and a moment were applied via a cup cemented to the
upper part of the fixture to mimic the femoral head and abductor muscle movements in
vivolt3d, For the first 150,000 cycles, the load varied from 1680% of the peak loadto
mimic normal gait and for the next 150,000 cycles, the load varied from 18100% of the
peak load to mimic climbing stairs. This study also recorded stem/cortex micromotion
using steel reference spheres monitored by linear variable displacement transducers.
They found that significantly more cracks were associated with the cement/bone

interface than with the cement/stem interface and voids [139,
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Given the number of factors that could be varied in these tests, comparison
acrosssuch studies is difficult. The loading patterns, specimen geometry, implant
surface preparation, conditioning time, mixing time and rate, cement type, testing
conditions, pressure used during joining, and testing rates all contribute to the fatigue
lifetime of the bulk PMMA and of its interfaces. The general consensus from theseex
vivo studies is that failure at the cement interfaces dictates theoverall success of the
implant and that appropriate ex vivotesting is crucial to anticipate in vivo results.

1.1.3.4.2 In vivo animal models
Several animal studies have examined thein vivo responses to bone cement; these

include studies investigating tissue responsel'44, the effects of wear debris on the
immune response and subsequent osteolysid® 142, and load-bearing properties of new
formulations to be used in bone defect repait43 144,

Allen et al. examined the tissue response to thein situ polymerization of a two -
solution bone cement using a non-load bearing sheep model*41. For their studies, an 11
mm diameter hole was drilled into the trochlear groove of the femur and the bone
cement was injected into the void. A steel rod was inserted into the space to simulate
the presence of a metallic sten. The tissue responsefollowing 12 weeks was assessed by
guantifying histomorphometric parameters such as bone volume; the two -solution and

commercial bone cements produced similar tissue responses, but this model did not

consider the effects of loading on the material and OO wUT T wEOEaz UwUI Ux OQUI
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Other animal studies have investigated the immune response to TJR wear debris;
these models attempted to investigate the in vivo response to wear debris without a load -
bearing implant. Merkel et al. used a transgenicmouse model to examine the effects of
receptor gene has been deleted and one in which both the p55 and p75 TNF receptor
genes had been debted. PMMA bone cement particles were placed under the external
calvarial periosteum in direct contact with the sagittal aspects of both temporal bones for
7 d. Histological sections of the bonesfrom wild type mice revealed the presence of a
fibrous mem brane with mononuclear cells containing phagocytosed PMMA particles.
Additionally, this membrane contained humerous osteoclasts that resorbed the width of
the calvarial bone in just 1 week. An inflammatory membrane was not generated in
either transgenic mouse model, indicating that targeting TNF and/or its p55 receptor
may reduce wear debris-induced osteolysis!®9.

A load -bearing rabbit tibia model has beenused to investigate repair of
segmental bone defect$43144, Okada et al. inserted commercial PMMA and bioactive
bone cements into 15 mm defects in rabbit tibia; in this model, the biomaterial was
cyclically -loaded throughout the course of the study. Animals were sacrificed 12 and 25
weeks post-implantation and sections of the native tibia removed for tensile testing. The
tensile strength of the bone proximal to a defect repaired with a bioactive bone cement

was higher than that of bone near a defect repaired with PMMA bone cement. A similar
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study was performed by Hautamaki et al. in which a porous fiber -reinforced bone
cement was implanted and subsequent bone ingrowth over 8-20 weeks was
guantified '*4. These studies utilized load-bearing models, but the in vivo forces
experienced by rabbits and humans make it difficult to draw comparisons.

While the in vivo cytotoxicity of PMMA has been thoroughly documented over
its long history of use in cemented TJRs characterizing the biomaterial response in an
animal model is challenging but must be completed before new materials can progress
to human testing. In the case of responsive materials (such as SHM), the responsé vivo
could depend on changes in the material following loading and static implantation may
not provide the necessary and relevant information. Furthermore, to glean meaningful
information from load -bearing orthopedic implant studies, large animals would more
closely mimic the forces seen by TIRs in humansand therefore more accurately describe

the in vivo material response to cyclic loading.

1.2 Specific aims and h ypotheses

To assess the practicality ofa self-healing PMMA biomaterial concept, we will
examine the potential for encapsulating a biocompatible, FDA-approved water-reactive
tissue adhesive, 2octyl cyanoacrylate (OCA), commonly used as a substitute for sutures
in surgeriesi'43, By selecting a waterreactive monomer, the material design (Figure 1.1)

is simplified because a matrix-embedded catalyst is no longer required. Water present
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in vivo will polymerize OCA releas ed from ruptured microcapsules. In general, work
will focus on successfully encapsulating OCA, characterizing microcapsule properties,
investigating the effects of the capsuleson the bulk PMMA mechanical properties,
assessing the healing efficiency of the incorporated system, and examining the response
of cells to the capsule-embedded PMMA formulation. The specific aims and hypotheses

of this dissertation are as follows:

Specific Aim 1: Encapsulate 2octyl cyanoacrylate and thoroughly characterize the

physical and mechanical properties of the capsules. Interfacial polymerization of

toluene-2,4-diisocyanate (TDI) and 1,4-butanediol (1,4-BD) will be used to encapsulate
OCA within polyurethane (PUR) shells. Various properties of the resulting capsules
wil | be investigated, including their morphology, size distribution, shell thickness,
thermal degradation behavior, individual compressive strength, contents, and adhesive
functionality of the encapsulated agent. Once the capsules have been fully
characterized, preliminary PMMA incorporation studies will determine  capsule process
survivability and their potential to be used in a self-healing bone cement application.
Hypothesis 1An optimized i nterfacial polymerization procedure using TDI and 1,4-BD
will prod uce robust PUR capsules containing OCA tissue adhesive retaining its

reactivity.
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Specific Aim 2: Characterize the static mechanical properties of a microcapsule-

embedded PMMA bone cement when compared with a n unmodified commercial

formulation. Clinicall y-approved bone cements must undergo extensive testing to
characterize their mechanical properties. Although this project aims to develop a self-
healing bone cement, any new material proposed must also meet the standards set for
commercial formulations. The effects of the inclusion of capsules on the bone cement
will be investigated following various ASTM protocols . The capsule contentwill be
incrementally increased so an accurate assessment of matrix strength as a function of
capsule content can be determined.

Hypothesis 2The inclusion of an optimal weight content of capsul es will either (1)

maintain static mechanical properties within acceptable limits or (2) increase the

strengths to values greater than those seen with commercial bone cement

formulations, particularly at low capsule wt%.

Specific Aim 3: Assess thebending properties and fatigue lifetime extension of the

capsule-containing formulation when compared with the commercial material via load-

controlled cyclic testing. To obtain reference values and optimal capsule content for

fatigue specimens, the bending strength as a function of capsule content will be
measured. The effects of microcapsules on bulk matrix properties only represent one

facet of the composite testing - the healing ability of the matrix must also be
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characterized. Cyclic loading will be applied to commercial and capsule -embedded
specimensusing the 4-point bending configuration described in ISO 5833to determine if
fatigue lifetime is increased through the incorporation of encapsulated OCA . The
susceptibility of capsules to moisture intrusion will also be analyzed to determine the
potential duration o f the functional lifetime of the material.
Hypothesis 3The inclusion of an optimal weight content of capsul es will either (1)
maintain the bending strength above acceptable limits or (2) increase the strengths to
values greater than those seen with commercial bone cement formulations. The
number of cycles to failure at load levels that are defined percentagesof the reference
strength will be increa sed in specimens containing encapsulated OCA, indicating

repair of microcracks in response to cyclic loading.

Specific Aim 4: Perform preliminary evaluations of the in vitro cytotoxicity of the self -

healing PMMA formulation in comparison with commercial formulations. In this aim,

calcein AM and Hoechst 33342 stainingwill be used to asses viability of MG63 human
osteosarcomacells following exposure to commercial and capsule-embedded cement
extracts. Bone proliferation is also acommon marker for biocompatibility; therefore,
EdU staining will be used to determine if cement leachables interfere with progression
through the cell cycle. Response of cells tothe healing agent alone (OCA) will also be

investigated.
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Hypothesis 4Viability and proliferation of MG63 cells exposed to extracts from the
capsule-embedded formulation will not be significantly different from the viability
and proliferation of cells exposed to extracts from commercial PMMA bone cement
formulations. OCA may affect cell viability and proliferation but only at

concentrations much higher than what can be expectedfrom this composite in vivo.
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2. Chapter 2: Microencapsulation of 2 -octyl
cyanoacrylate tissue adhesive for self -healing acrylic
bone cement

The text and figures included in Chapter 2 were previously published in the
October 2012 edition of the Journal of Biomedical Materials Research Part B: Applied
Biomaterials. The full citation for the article is: Brochu Alice BW, Chyan WJ, Reichert
WM. 2012. Microencapsulation of 2-octylcyanoacrylate tissue adhesive for self-healing
acrylic bone cement. J Biomed Mater Res Part B 2012:100B:148472. John Wiley &
Sons Ltd. does not require permission for authors to reuse their own arti cles, but an

optional grant of license can be obtained and is included in Appendix B.

2.1 Chapter s ynopsis

This chapter describesthe first phase of developing a self-healing acrylic bone
cement: the preparation and characterization of polyurethane microc apsules containing
a medical cyanoacrylate tissue adhesive. Capsules were prepared by interfacial
polymerization of a toluene -2,4-diisocyanate-based polyurethane prepolymer with 1,4 -
butanediol to encapsulate 2-octyl cyanoacrylate. Various capsule characeristics,
including: resultant morphology, average size and size distribution, shell thickness,
content and reactivity of encapsulated agent, and shelf life are investigated and their
reliance on solvent type and amount, surfactant type and amount, temperature, pH,

agitation rate, reaction time, and mode of addition of the oil phase to the aqueous phase
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are presented. Capsules had average diameters ranging from 74 to 222 um and average
shell thicknesses ranging from 1.5 to 6 um. The capsule content was déermined via
thermogravimetric analysis and subsequent analysis of the capsules following up to 8
weeks storage revealed minimal loss of core contents. Mechanical testing of OCA
containing capsules showed individual capsules withstood compressive forces u p to a
few tenths of Newtons, and the contents released from crushed capsules generated
tensile adhesive forces of a few Newtons. Capsules were successfully mixed into the
poly(methyl methacrylate) bone cement, surviving the mixing process, exposure to

methyl methacrylate monomer, and the resulting exothermic matrix curing.

2.2 Introduction
37T w0l UOUW?RT T EOPOT »wWEQOEW?EDPOOEUI UPEOU~? wEUI u
tissue response to the presence of an implani“d, Ratner has coined the expression
PEDOOEUI UPEOUWUT EQwi 1 EO? wOOWET UEUPEI WEDOOEUI UD
opposed to those aimed at passivty or inertness41, While the biology and chemistry of
healing have significant impacts on biomaterial performance, biological healing does not
address the physical repair of biomaterials that experience mechanical and chemical
breakdown as they are subjected to loading and degradation effectsin vivo. Developing

synthetic biomaterials with the intrinsic ability to autonomously repair mechanical and
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chemical damage is particularly important for implants that replace tissues also capable
of self-repair48 149,

Self-healing materials are a rapidly emerging class of composites with
applications intended for use in the civil, mechanical, electrical, and aerospace
industries. These materials hold the potential for significantly extending material
lifetimes by preventing and repairing failures caused by accumulated micro -damage
due to microcrack formation. To date, the majority of the research conducted on self-
healing bulk materials has employed composites, adhesives, and cements intended for
traditional engineering applications 6379, The most broadly reported self-healing scheme
is that pioneered by White and Sottos et al. in which a polymer matrix is co -embedded
with a catalyst and microcapsules containing a reactive healing agent. Once
encountered by a propagating microcrack, the capsule shell ruptures, releasing the
healing agent into the crack plan and exposing it to the catalyst embedded in the matrix.
In situ curing of the healing agent ensues, halting crack propagation47.6365 7173

The fixation of total joint replace ments with acrylic bone cement is employed in
hundreds of thousands of patients each yeaf8. Poly(methyl methacrylate) (PMMA)
bone cement is a spacsilling matrix that forms mechanical interlocks between the stem
of the implant and the surrounding boney tissue 19, Bone cement consists of two
components: low molecular weight PMMA powder containing an initiator (e.g. benzoyl

peroxide), and liquid methyl methacrylate (MMA) monomer. Mixing the two
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components in situ forms a slurry that initiates polymerization yielding a workable
dough that is applied to the implant and hardens into a solid mass after the implant is
inserted into the boney tissue®. While broadly successful, cemented implants are
subject to failure following prolonged exposure to the harsh environment of the body as
well as the cyclic loading patterns seenin vivo. Microcrack formation and the generation
of wear debris from both the articulating surfaces and the bone cement itself serve to
accelerate wear that often leads to sisequent failure of the implant [1820.2528],

Due to its long history of use, lack of post-polymerization modifications, and
need for improvement, the development of a self-heaing PMMA bone cement is a very
attractive option for the first self -healing biomaterial designed with the aforementioned
embedded capsule and catalyst approach. However, none of the existing selfhealing
systems are suitable forin vivo deployment due to reagent toxicity and/or inability to
cure under aqueous conditions. The production of a clinically acceptable PMMA -based
acrylic bone cement containing a microencapsulated non-toxic healing agent is a logical
starting point.

2-octyl cyanoacrylate (OCA) tissue adhesive is waterreactive, FDA-approved,
and currently employed in sutureless surgeries and external wound closure systems 47
149 and is therefore a strong candidate for the biocompatible monomer healing agent in a
self-healing biomaterial. By selecting OCA as the healing agent of interest, the

aforementioned self-healing material design is simplified because no catalyst will need

41



to be embedded within the material matrix; the released cyanoacrylate would be
polymerized by ambient moisture permeating the bone cement matrix from the
surrounding tissue.

Polyurethane (PUR) is widely used in biomaterials due to its blood compatibility
and its ability to be engineered to have a wide range of mechanical properties through
the selection of various soft and hard segmentg'5¢153, Polyurethane capsules have
previously been generated via interfacial polymerization of a variety of isocyanates and
polyols using numerous emulsion characteristics. Encapsulated agents include
pesticides!>4 153, oils and organic solventsl*56161 drugs and proteins such as ibuprofen,
ovalbumin, and isoniazid 162164 and various dyesl'52. Microcapsules of toluene-2,4-
diisocyanate (TDI)-based polyurethane have been shown to be both robust and capable
of containing a water -reactive monomer for self-healing applications 1169, which we
found attractive.

In the current study we present the first phase of the development of a self-
healing PMMA bone cement: the encapsulation of OCA within PUR microcapsules. The
average capsule size and size distribution, capsule shell thickness, content and reactivity
of encapsulated agent, and shelf life of these capsules were studied and preliminary
experiments have been performed to incorporate these capsules into a bone cement
matrix to assess their process survivability for future testing of a biocom patible self-

healing composite.
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2.3 Experimental s ection

2.3.1 Materials

Unless otherwise specfied, materials were obtained from commercial suppliers
and used without further purification. OCA was generously donated by Ethicon, Inc.,
Raleigh, NC 27616. Acetone, methyl ethyl ketone (MEK), diethyl ketone (DEK), methyl
isobutyl ketone (MIBK), and cy clohexanone (Sigma Aldrich) were used as solvents and
TDI and 1,4-butanediol (1,4-BD) (Sigma Aldrich) were used to synthesize the
polyurethane prepolymer (pPUR) following the protocol outlined by Yang et al  [169,
Pluronic F-68 (Sigma Aldrich) was used as a surfactant. Para-toluenesulfonic acid
monohydrate (Sigma Aldrich, PTSA) was added to the organic phase as a monomer
stabilizer. Commercially available bone cement (Biomet Cobalt G-HV High Contrast

bone cement) was used in the preliminary bone cement matrix experiments.

2.3.2 Preparation of polyurethane prepolymer

A TDI prepolymer was prepared for use in the microencapsulation procedure by
scaling up the protocol reported by Yang et al*¢3, Briefly, TDI (109.25 g) was dissolved
in cyclohexanone (750 mL) in a 3necked round bottom flask. The mixture was
suspended in an oil bath at 80 °C and agitated with a magnetic stirrer. 1,4BD (20.315

mL) was slowly added to the stirring TDI/cyclohexanone solution at a rate of 2 mL/min
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and then the flask was purged with N 2 and allowed to react for 24 h. Following this
reaction time, the mixture was distilled at 100 °C under vacuum for 4 -5 h to remove the
excess cyclohexanone, water, and TDI from the system. A viscous yellow polyurethane
prepolymer remained in the flask fo llowing the completion of this process. Gel
permeation chromatography analyses were performed with a Varian Prostar Model 210
pump, a Varian Prostar Model 320 UV/Vis detector set to 254 nm detection, a Wyatt
Dawn EOS multi -angle light scatterer, Wyatt QELS (quastelectric light scattering),
Wyatt Optilab DSP Interferometric Refractometer (RI), and a series of two Agilent
Technology PL gel columns (7.5 X 300mm, 1 79911GB03 (16A) and 1 79911GR504 (10
A)) in tetrahydrofuran at 22 °C. Molecular weights w ere calculated using a dn/dc value
of 0.108 mL/g calculated from solutions of known concentration using the dn/dc
calibration mode of the Wyatt Technology ASTRA software version 5.3.2.16. The
polydispersity index of the prepolymer was found to be 1.23, wh ich was comparable to

the value of 1.33 reported by Yang et al'¢d,

2.3.3 Preparation of microcapsules

At room temperature, Pluronic F -68 surfactant (1.84 g) was dissolved in
deionized water (90 mL) in a 250 mL beaker. The solution was agitated for 1 h with a

digital mixer (VWR PowerMax Elite Dual -Speed Mixer) before beginning the
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encapsulation procedure. The aqueous phase was suspended in a hot water bath and
heated to 40 °C prior to the addition of the organic phase and chain extender.

To prepare the organic sdutions, the pPUR (3 g) was dissolved in MEK (10 mL)
at room temperature. OCA (4 mL) was dissolved in MIBK (8 mL) separate from the
pPUR solution. PTSA (1%) was dissolved in the MIBK phase to further stabilize the
OCA monomer. The pPUR and OCA solutions were added simultaneously to the
aqueous phase but not mixed prior to this addition. After the organic and aqueous
phases were combined, 1,4BD (3 mL) chain extender was added dropwise to the stirring
mixture via a syringe to form the segmented PUR shell material consisting of hard TDI -
based segments and soft 1,48BD segments. After a reaction time of 2 h, the agitator was
switched off, the suspension of microcapsules rinsed with deionized water, and vacuum

filtered.

2.3.4 Characterization of microcapsul es
2.3.4.1 Capsule morphology, size, and shell thickness

A vacuum sputter coater (Denton Desk V) was used to deposit a 10 nm layer of
gold onto the microcapsule samples for scanning electron microscope (SEM) imaging.
The surface morphology of the capsules was examined and average capsule diameters

and shell thicknesses were also measured.
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2.3.4.2. Characterization of capsule content and reactivity

Following the vacuum filtering and drying of the capsules, samples were taken
and examined under a stereoscope (Bausch & Lomb). Capsules were sliced open with a
scalpel and release of their liquid contents observed. Capsules were then crushed
between two glass coverslips to qualitatively assess their bonding ability.

Thermogravimetric analysis (TA Inst ruments Q500 v6.7, TGA) was used to
guantitatively analyze the capsule contents as well as the shelf life of the capsules. Small
amounts (< 10 mg) of each sample were heated from 25 to 650 °C at a rate of 10 °C/min
under N 2 environment until all of the ma terial was vaporized. Comparisons were made
between the decomposition rates of pure PUR shell, pure OCA healing agent, pure
MIBK solvent, and capsules containing healing agent fabricated under various
conditions to approximate the content of the capsules. Samples were also tested after

various storage times to assess capsule shelf life.

2.3.4.3 Compression testing of individual microcapsules

The compressive strength of single microcapsules was measured using a
dynamic mechanical analyzer (TA Instrumen ts RSA-G2 solid analyzer, DMA). This
approach was adapted from a procedure described elsewherd6s 164 that employed a
single capsule compression apparatus to examine the mechanical respose of

microcapsules. A single capsule was placed on the lower DMA compression plate and
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the presence of a single capsule on the testing plate was verified by performing sample
loading under a stereoscope. Displacement of the upper DMA plate was applied at a

constant rate of 5 um/s until shell compressive failure was observed.

2.3.4.4 Adhesion testing of crushed microcapsules

Microcapsules containing OCA were crushed between two aluminum plates (8
mm diameter) using a Tinius Olsen 1000 Universal Testing Machine. The contents were
allowed to cure at room temperature for 1.5 h, thus gluing the plates together. The
detachment force necessary to break the bond between the upper and lower plates was
recorded. The adhesive forces measured for Loctit&® Super Glue (ethyl 2-
cyanoactrylate), monomer OCA, monomer OCA dissolved in MIBK, crushed empty
capsules, and crushed empty capsules manually mixed with OCA were used as negative

and positive controls.

2.3.4.5 Incorporation of capsules into a PMMA matrix

Biomet Cobalt G-HV High Contrast bone cement kits were obtained from the
Duke University Medical Center. The powder component of the bone cement (10 g) was
OPRT EwbDUT wOT T wOPBUPEWOOOOOT UwpKE A wl AWEEEOQUEDO
PUR capsules (1 g) wee added to the PMMA dough and vigorously stirred to disperse

the capsules within the matrix material. The cement dough was shaped into small disks
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and cured for 1 h. Small samples of the resulting composites were broken from the
polymerized disks and analyzed under a stereoscope as well as via SEM to visualize the

embedded capsules and estimate the fraction that remained intact.

2.4 Results
2.4.1 Reaction conditions
2.4.1.1 Organic solvents

Numerous solvents have been used in PUR microcapsule formation to
encapsulate drugs, pesticides, oils, organic solvents, and various dyeg!59 160165167
Several organic solvents were considered for the organic phase. The majority of these
solvents were eliminated either because they faled to dissolve the pPUR (octanol,
valeric acid, hexane, cyclohexane, butanol, toluene, dichloromethane, ethyl acetate,
xylene, and ethyl ether) and/or had toxicity concerns (chlorobenzene, cyclohexanone,
and tetrahydrofuran). Acetone and acetic acid wer e eliminated for being too miscible
with water. Following these broad solvent eliminations, only MEK, DEK, and MIBK
remained from the original group of potential solvents. MIBK was selected as the
solvent for OCA and PTSA because its solubility in water is lower than that of MEK and
DEK. However, the pPUR was not soluble in DEK or MIBK; therefore, MEK was

selected as the solvent for pPUR.

48



2.4.1.2 Surfactants

Several emulsifying surfactants were also considered621¢4, Tergitol NP -10, Myrj
52, Brij 52, Tween 20, Tween 65, sodium dodecyl sliate, and poly(styrene -co-maleic
anhydride) were eliminated because they were unable to create a stable emulsion,
resulting in a solid mass of polymer. Poly(vinyl alcohol) resulted in the formation of
capsules, but was eliminated because it appeared to eact with the OCA monomer.
Gum arabic was eliminated because it resulted in the formation of both capsules and
solid spheres. Pluronic 68 was selected because it consistently yielded spherical

capsules of uniform size, density, and smooth surface morphology.

2.4.1.3 Temperature

Reactions carried out at room temperature (25 °C) and 40 °C produced capsules
with similar spherical morphology and smooth capsule characteristics, however,
increased temperature resulted in decreased average diameter andnarrower capsule
size distribution (342 £ 99 um at 25 °C versus 220 + 74 um at 40 °C at 500 rpm agitation
rate). Reactions performed at 70 °C yielded a polymer mass within the reaction vessel
rather than capsules. A reaction temperature of 40 °C was seleted because smaller
capsules are more ideal when considering the effects of their inclusion on the mechanical
properties of the matrix. Furthermore, the increased temperature should serve to

enhance the rate of interfacial polymerization.
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2.4.1.4 Controlling OCA reactivity

The reactivity of the OCA was reduced by adding 1% PTSA to the organic phase.
PTSA dissociates into H and a tosylate anion that is stable with the OCA monomer and
should not initiate anionic polymerization. The addition of PTSA elimin ated the
formation of residual polymer seen on the blades of the agitator, enhanced the adhesion
of capsules crushed between two glass slides, and resulted in capsules that were 1825%
smaller than those made without PTSA.

To minimize interactions between the OCA and the pPUR prior to encapsulation,
separate organic pPUR and OCA solutions were prepared and added to the aqueous
phase simultaneously at the same rate using 25 mL pipets. This mode of addition
resulted in increased uniformity of the size, shap e, and surface morphology of resulting

capsules.

2.4.2 Effect of agitation rate

The average diameters of the microcapsules were measured for a range of
agitation rates (impellor speed of 350-1100 rpm) while all other reaction conditions were
held constant. Figure 2.1A is a double-y plot of microcapsule diameter and shell
thickness as a function of agitation rate. Similar results were also reported for urea-
formaldehyde capsules containing dicyclopentadiene 268 and PUR capsules cantaining

isophorone diisocyanatel*®3. Increasing agitation rate from 350 to 1100 rpm decreased
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the average capsule diameter from 222 + 56 pm to 74 = 19 um, and decreased the capsule
shell thickness from 6.3 £ 2.6 um to 1.6 £ 0.5 um, although both appeared to reach
asymptotes with increasing agitation rate (numbers given as average + one standard
deviation of at least 200 diameter and 15 shell thickness measurements).Figure 2.1Bis

an SEM image of microcapsules made at 700 rpm. The ratio of shell thickness tcshell
diameter also remained remarkably consistent from 350 to 1100 rpm, ranging from 0.01

to 0.02.
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Figure 2.1: (A) Increasing agitation rate results in decreasing average capsule diameter
and average shell thickness; (B) smooth surface morphology of microcapsules made at
700 rpm is clearly visible under SEM.
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2.4.3 Capsule thermal properties

TGA was used to determine the composition of the OCA -containing PUR
microcapsules by comparing the thermal properti es of the intact microcapsules made at
various agitation rates with samples of the pure OCA monomer, pure MIBK solvent,
and pure PUR shell wall material . Figures 2.2A and 2.2B presentthe weight loss and
derivative of weight loss for these samples at increasing temperatures. MIBK and OCA
showed sharp vaporization curves, with samples completely vaporized by 78 °C and 255
°C respectively. The pure PUR shell wall material and OCA -containing microcapsules
demonstrated more prolonged and multi -phased vaporization curves. The pure shell
material rapidly loses about 50% of its weight between 200°C and 325°C while the
remainder was lost more gradually between 325 °C and 650°C. These two distinct
phases may be attributed to the degradation of the PUR soft (14-BD) and hard (TDI)

segments respectively.
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Figure 2.2: TGA results provide thermal degradation behaviors of capsules made
under various conditions. The weight loss curves of capsules as well as pure samples
of MIBK, OCA, and PUR shell material are shown in (A). Derivatives of the TGA
data for capsules, MIBK, OCA, and PUR shell material are presented in (B). All
experiments were conducted at a heating rate of 10 °C/min under N 2.
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The TGA graphs of the weight loss and derivative weight loss of OCA -
containing microcapsules fabricated at agitation rates ranging from 350 to 1100 rpm are
also shown in Figures 2.2A and 2.2B. Note that these traces exhibit the same multi-
phasic behavior of the pure shell material, but are initiated at lower temperatures due to
the presence of core OCA material. The weight percentages of the core and shell
components in the various capsule types were estimated based on analysis of the TGA
data as described previously*¢3. Figure 2.3 showsthe weight percentages of MIBK,
OCA, and PUR shell for the intact capsules as a function of agitation rate. The OCA
content in the core decreased from 58% in capsules made at 350 rpm to 46% in capsules
made at 1100 rpm while the shell content increased correspondingly from 37% to 47%.
Note: the presence of MIBK was consistently less than 7% in capsules made at all

agitation rates.
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Figure 2.3: TGA data analysis was used to determine the various weight fractions of
components of the microcapsules.
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Figure 2.4 showsthe TGA curves of OCA-containing microcapsules made at 700
rpm that were stored at room temperature for up to 8 weeks in sealed glass scintillation
vials. A 4.9% reduction in the core content was observed over a 14 day storage period

with a total reduction of 6.6% seen following 56 days of storage.
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Figure 2.4: TGA weight loss curves of microcapsules made at 700 rpm following 56
days of storage.
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2.4.4 Capsule mechanical properties

Stressstrain curves of individual OCA -filled microcapsules compressed at
constant rate of 5 um/s are shownin Figure 2.5. Forall samples, the load increased
monotonically in response to a constant compression rate until reaching failure at a
maximum load. The inset is an SEM image of a typical compression-failed microcapsule
post-fracture. The largest and thickest-walled microcapsules showed the greatest
malleability, and the thinnest -shelled capaules demonstrated the lowest compressive

strength.
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Figure 2.5: Stressstrain curves of microcapsules fabricated at various agitation rates.
All compressions performed at a rate of 5 pm/s. Following capsu le shell failure, the
capsule was removed from the lower DMA compression plate, transferred to carbon
tape on an SEM stage, gold-coated, and then imaged. (Inset) An SEM image of a
capsules post-DMA testing where the failure plane is clearly visible; the o riginal
capsule diameter was 180 um.
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Normalizing the DMA data shown in Figure 2.5 to microcapsule equatorial
cross-sectional area yields the compressive strengths listedin Table 2.1. As both the
shell and liquid contents contribute to the mechanical properties of the capsules,
variations in the percent fill of the capsules could play a significant role in the maximum
loads that can be borne by those capsules and account for some of the observed
variability. An increase in microcapsule stiffness with increasing compression rate used
during testing was also observed (data not shown), possibly due to viscous
contributions from the fluid -filled core. A decrease in the strain at failure was also

observed in capsules fabricated at higher agitation rates.
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Table 2.1: Mechanical properties of single capsules (data presented as average +one
standard deviation)

Agitation rate (rpm) t (um) bmax (MPa) QWEUwi ED(
500 2.88+1.5 13.63+1.44 20.8+0.2
700 1.42+0.3 6.71+0.79 10.4+3.1
900 1.65+0.5 9.38£1.95 10.6+£0.9
1100 1.60+0.5 8.33+2.25 8.1+0.8
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To quantify the adhesive properties of the encapsulated healing agent, capsules
fabricated at 700 rpm were crushed between two aluminum plates. The detachment
force necessary to separate the bonded upper and lower plates is presentedn Table 2.2
for micr ocapsules along with values for the pure adhesive positive controls and empty
capsule negative controls. Crushed empty microcapsules showed no detachment force,
while crushed OCA -containing microcapsules exhibited nearly the same detachment
force as crushed empty capsules manually mixed with adhesive, but considerably less

detachment force than the adhesives alone.
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Table 2.2: Detachment forces required to separate aluminum plates bonded by
various cyanoacryl ate (data presented as averaget one standard deviation)

Material Detachment force (N)

Adhesives

Loctite® Super Glue 546+112

Pure OCA 108+ 18

OCA dissolved in MIBK 40.8+1.7
Crushed microcapsules

Empty microcapsules 0x0

Empty microcapsules + Loctite® Super Glue 7.6+1.4

Empty microcapsules + OCA 5.1+0.4

OCA-containing microcapsules 4.4+0.8

64




2.4.5 Incorporation of capsules into the PMMA matrix

OCA -filled microcapsules fabricated at 500 rpm were added to Biomet Cobalt G-
HV High Contrast bone cement and mixed, cast, cured, and fractured as described
above. Figure 2.6A shows an SEM image of intact microcapsules distributed throughout
the PMMA matrix. The crack plane of a PMMA specimen containing 30 wt% capsules is
shown in Figure 2.6B; casules fractured by the damage event are clearly visible in this
plane as well asin Figure 2.6C, amagnified SEM image of a ruptured microcapsule. A
scan of fractured planes indicates that roughly 40% of the capsules remained intact

following the damage event.
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Figure 2.6: (A) An SEM image of PMMA bone cement containing intact
microcapsules, (B) a PMMA fracture plane in which ruptured capsules are visible, and
(C) a magnified image of a fractured microcap sule within the damage plane of the
matrix.

66



2.5 Discussion

The OCA-containing PUR capsules described here represent a new embedded
catalyst-free self-healing system with biomedical applications. The optimization of the
encapsulation protocol relied on t he identification of the proper emulsion conditions
with respect to variables such as solvent, surfactant, and temperature. The primary
concerns were improper solvent miscibility, insufficient stability of the o/w interface,
interaction between the OCA and other emulsion components, and reaction
temperature. While a number of options were considered and investigated, the final
conditions using MEK and MIBK as solvents, Pluronic -F68 as the surfactant, and a
reaction temperature of 40 °C were selected.

The average diameter of the microcapsules was influenced by various factors
including the fluid mechanics associated with the mixing apparatus, viscosity of the
emulsion, the characteristics of the surfactant used, the agitation rate, and the
temperature of the emulsion¢3. As the agitation rate was increased, the oil phase was
emulsified into smaller droplets upon its introduction to the aqueous phase. Variability
in capsule contents was observed though most can be attributed to variations in solvent
content. Capsules were all tested day 1 postfabrication and were thoroughly dried
before all TGA procedures were performed so losses in weight at less than 78°C are
most likely due to loss of MIBK rather than loss of surface moisture; the change in

weight between 78 and 100°C was minimal in capsules made at all agitation rates,
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suggesting little to no water is present in or on the capsules at day 1. Differences in the
shell content of the capsules determined from TGA (Figure 2.3) correlated with the small
variations in the ratio of shell thickness to capsule diameter for capsules made at higher
agitation rates; i.e. the slightly higher t/d values for capsules made at 900 and 1100 rpm
(0.02 versus 0.01) indicate that a larger weight percent of those capsules is composed of
shell material.

It is interesting to note that at 110 °C, the upper end of the PMMA
polymerization exotherm 1169, there is little mass loss seen in capsules with low MIBK
content (500 and 900 rpm), indicating that capsules will survive the temperatures
associated with matrix polymer ization (Figure 2.2A). This observation was later
supported by the successful incorporation of the capsules into a PMMA matrix ( Figure
2.6). However, temperature is not the only factor that will come into play when
assessing the process survivability of the capsuled*? and these observations merely
confirm the feasibility of the material design concept.

To be implemented successfully, these capsules must retain their selfhealing
capability for a significant percentage of the lifetime of the implant. Even though TGA
data showed a 4.9% decrease in core content over 2 weeks of storage time, this could be
partially attributed to the diffusion and subsequent evaporation of MIBK through the
capsule shell. At day 14, only 0.4% of capsule weight was lost prior to 78 °C, bolstering

the hypothesis that solvent evaporation is the main cause in the decrease of capsule core
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content during that time frame. Testing of the capsules after 56 days dry storage
indicates minimal change in the capsules over that time as a majority of the MIBK
evaporated during the first 2 weeks of storage. The rightward shift in the TGA curve
over time could be explained by slow polymerization of the encapsulated OCA
monomer by infiltrating moisture. In a previous study, Yang et al. reported a loss in
core contents of 7.9 and 8.6 wt% of PUR capsules containing isophorone diisocyanate
following 3 an d 6 months storag€e’®d. The decreases presented here are comparable to
these rates of mass loss. Future TGA analysis will be performed to determine if the loss
of core material continues to be marginal over longer storage times. Shelf life studies
following caps ule storage in water, an environment more relevant for this application,
are also underway.

Other groups have reported single microcapsule compression testing using a
modified load frame (165164 to gather information on the mechanical properties of the
shell material. In the current study, compression testing showed the larger
microcapsules to be more malleable; the compressive stress also decreased with
decreasing shell thickness. The strain at failure decreased with increasing agitation rate
and increasing PUR content, suggesting the OCA core contributes to the malleability of
the capsules. Loads born by smaller microcapsules made at 900 and 1100 rpm were very
similar (Figure 2.5) as expected given the similarities between the average diameters and

shell thicknesses of microcapsules made at these rates.
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Bulk polyurethane elastomers typically show MPa strengths and stiffnesses'79;
however, there is some uncertainty in the literature about how to calculate single
microcapsule strength and stiffness. When normalized to equatorial shell cross-sectional
area only, as reported previously 1'%, our microcapsules showed GPa strengths and
stiffnesses, which are extremely high for an elastomer such as 1,4BD-extended TDI.
When normalized to the full equatorial cross -sectional area of the shell plus the core, the
microspheres showed both MPa strengths and stiffnesses that are consistent with bulk
elastomers. This makes sense since both the OCA core material and the shell contribute
to microcapsule mechanical properties.

Detachment force studies were conducted to provide a quantitative me asure of
the adhesive capability of crushed OCA -containing microcapsules. Pure OCA tissue
adhesive exhibited a detachment force of approximately 100 N that was 20% that of pure
Loctite® Super Glue, indicating that OCA is a weaker adhesive. Dissolving OCA in
MIBK, as used in the encapsulation process, weakened the average detachment force to
approximately 40 N. Crushed OCA -containing microcapsules and crushed empty
microcapsules mixed with OCA or Loctite ® Super Glue exhibited detachment forces of
4-8 N. As expected, crushed empty microcapsules exhibited no detachment force.

The OCA-containing microcapsules clearly possessed bonding capability, albeit
much weaker than the pure adhesive. Samples of crushed OCAcontaining

microcapsules removed from between the aluminum plates were composite patties of
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bonded microcapsule fragments. This same patty formation was observed with crushed
empty microcapsules manually mixed with OCA or Loctite ® Super Glue; however,
crushing of empty capsules resulted in an unbond ed powder of broken PUR shell
fragments. This indicates that the released or added adhesive was more effective in
forming a composite of shell fragments and polymerized OCA than it was in bonding
the aluminum plates together. It should be noted, however, that compression testing
and detachment force testing are considerably different measures of microcapsule
functionality and not necessarily a good indicator of how microcapsules may perform in
halting the progression of microcracks within the PMMA matrix.

The next phases of this project will focus on (1) optimizing the microcapsule
preparation protocol and investigating the effects of capsule inclusion on the bulk
mechanical properties of PMMA, (2) characterizing the fracture toughness and self-
healing fu nctionality of the system, and (3) investigating the biocompatibility of the

microcapsule-embedded bone cement compared with commercial formulations.

2.6 Conclusions

This chapter summarizes the first report of encapsulated OCA with adhesive
capability, which supports the feasibility of our self -healing biomaterial design. OCA -
containing PUR microcapsules possessing regular, spherical morphology were created

via interfacial polymerization of a TDI-based polyurethane prepolymer with a small
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chain diol. Capsules with average diameters ranging from approximately 75 -220 pm
were made at agitation rates of 3531100 rpm. Average capsule diameter and shell
thickness both decreased with increasing agitation rate; however, a consistent wall
thickness to diameter ratio of 0.01-0.02 was observed throughout. Core content
comprised more than half of the microcapsule volume at all agitation rates with little
weight loss after 8 weeks of storage. Individu al capsule compression tests showed that
larger microcapsules were more malleable and microcapsule strength was influenced by
shell thickness. Crushed OCA-containing capsules possessed bonding capability that
was diminished due to the presence of capsuledebris that interfered with the ability of

the glue to bond between the two testing surfaces.
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3. Chapter 3: Mechanical testing of acrylic bone cement
embedded with micr oencapsulated 2 -octyl
cyanoacrylate

Sections of he text and figures included in Chapter 3 were recently accepted for
publication in the Journal of Biomedical Materials Research Part B: Applied
Biomaterials. The full citation for the article is: Brochu Al ice BW, Evans GA, Reichert
WM. 2013. Mechanical and cytotoxicity testing of acrylic bone cement embedded with
microencapsulated 2-octyl cyanoacrylate. J Biomed Mater Res Part B 2013This article
does not yet have a publication date; however, John Wiley & Sons Ltd. does not require
permission for authors to reuse their own articles, but an optional grant of license will be
obtained as soon as one is available Please note that thismanuscript described the work
for Specific Aims 2 and 4and was in to two chapters for this dissertation to maintain

parallel structure with the Specific Aims.

3.1 Chapter s ynopsis

The water-reactive tissue adhesive 2octyl cyanoacrylate (OCA) was
microencapsulated in polyurethane shells and incorporated into Palacos R bone cement.
The tensile and compressive properties of the composite material were investigated in
accordance with commercial standards and fracture toughness of the capsuleembedded
bone cement was measured using the tapered doublecantilever beam (TDCB) geometty.

Incorporating up to 5 wt% capsules had little effect on the compressive and tensile
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properties of the composite, but greater than 5 wt% capsules reduced these values below
commercial standards. Fracture toughness was increased by 13% through the
incorporation of 3 wt% capsules and eventually decreased below the toughness of the
capsule-free controls at capsule contents of 15 wt% and higher; fracture toughness
remained within the literature -reported range for all capsule contents tested. Overall,

the addition of lower wt% of OCA -containing microcapsules to commercial bone cement

was found to moderately increase static mechanical properties of the material.

3.2 Introduction

Self-healing materials (SHM) are a rapidly emerging class of materials that
prevent failure through the autonomous repair of microdamage in situ. One of the most
broadly reported SHMs is the matrix repolymerization scheme pioneered by White and
Sottos etal. in which a polymer matrix is co -embedded with catalyst and microcapsules
containing a reactive healing agenti4”.636571-73.171  Jpon encountering a propagating
microcrack, the microcapsule shell ruptures and releases the healing agent into the crack
plane, exposing it to the catalyst embedded in the matrix. In situ curing of the healing
agent ensues, halting crack propagation.

Numerous implants fail due to fatigue, wear, and environmental cracking
following the accumulation of microdamage 2747172179 marking these biomaterials as

potential candidates for the introduction of self -healing biomaterials; however, there has
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been very little discussion of extending SHM into biomaterials. Consequently, none of
the existing SHM systems currently under development employ materials and reagents
acceptable forin vivo load-bearing applications. Furthermore, no SHM have been tested
under conditions that simulate the in vivo environment.

Due to its long history of use, ease of fabrication, and susceptibility to fatigue,
acrylic bone cement is an attractive candidate for the first self-healing biomaterial based
on the matrix repolym erization approach to self-healing#” 7784174 Acrylic bone cement
is a spacefilling matrix that forms mechanical interlocks between the metallic stem of a
total joint replacement and the surrounding boney tissue 19, serving to transfer loads
from the prosthesis to the bonel'¥. Bone cement is a twecomponent thermoset
consisting of a low molecular weight poly(methyl methacrylate) (PMMA) powder
containing an initiator (e.g. benzoyl peroxide), and liquid MMA monomer.  In situ
mixing the two components initiates polymerization to yield a workable dough that is
applied to the implant and hardens into a solid mass after th e stem is inserteds 174,

The total loading experienced by bone cementin vivo is a mixture of
compressive, bending, tensile, shear, and torsional force®9 and as such, procedures to
determine the mechanical properties involve t he application of various static or dynamic
stresses. Bone cements must adhere to static mechanical standards for tensile,
compression, and fracture toughness testing before it is deemed suitable to investigate

more biomimetic cyclic testing 9.

75



Although the overall project aim is to develop a bone cement capable of self
repair in response to damage, any hew material proposed must also meet the standards
required for the static mechanical properties of commercial formulations. Werecently
reported the microencapsulation of OCA in polyurethane shells as well asthe successful
distribution and fracture of the capsules embedded in a commercial bone cement
matrix 171, Among candidate cyanoacrylates, OCA is an attractive healing agent for a
self-healing biomaterial because it is widely used clinically 145178 and because its use
would eliminate the need for the incorporation of a potentially toxic catalyst into the
matrix; the catalyst for OCA polymerization would be ambient moisture from the
surrounding tissue.

The current study presents the first mechanical characterization of a biomaterial
formula tion consisting of OCA -containing microcapsules embedded in commercial
PMMA bone cement. Incorporating up to 5 wt% capsules had little effect on the
compressive and tensile properties of the composite, but greater than 5 wt% capsules
reduced these valuesbelow commercial standards. Fracture toughness was increased
by 13% through the incorporation of 3 wt% capsules and eventually decreased below the
toughness of the capsulefree controls at capsule contents of 15 wt% and higher. Overall
the addition of lo wer wt% of OCA -containing microcapsules to commercial bone cement

was found to moderately increase static mechanical properties of the material.
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3.3. Experimental s ection
3.3.1 Reagents

Unless otherwise specified, materials were obtained from commercial suppliers
and used without further purification. OCA was generously donated by Ethicon, Inc.,
Raleigh, NC 27616. Methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK), and
cyclohexanone (Sigma Aldrich) were used as solvents and 2,4toluene diisocyanate (TDI)
and 1,4-butanediol (1,4-BD) (Sigma Aldrich) were used to synthesize the polyurethane
prepolymer (pPUR) following the protocol outlined by Yang et al. and reported by the
authors previously 165171, Pluronic F-68 (Sigma Aldrich) was used as a surfactant. Para
toluenesulfonic acid (Sigma Aldrich, PTSA) was added to the organic phase as a
stabilizer for the OCA monomer. Commercially -available Palacos R PMMA bone

cement (Zimmer) was used for all experiments reported herein.

3.3.2 Microcapsule preparation

Microcapsules were prepared and characterized as described previouslyi7d,
Briefly, at room temperature, Pluronic F-68 surfactant (1.84 g) was dissolved in
deionized water (90 mL) in a 250 mL beaker. The solution was agitated for 1 h with a
digital mixer (VWR PowerMax Elite Dual -Speed Mixer) before beginning the
encapsulation procedure. The aqueous phase was suspeded in a hot water bath and

heated to 50°C prior to the addition of the organic phase and chain extender.
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OCA (4 mL) was dissolved in MIBK (8 mL) and pPUR (3 g) was dissolved in
MEK (10 mL) separately at room temperature. PTSA (1%) was added to the OCAMIBK
solution to further stabilize the OCA monomer. The pPUR - and OCA-containing
solutions were then added simultaneously to the aqueous phase but not mixed prior to
this addition. After the organic and agueous phases were combined, the 1,4BD (3 mL)
chain extender was added dropwise to the stirring mixture via a syringe to form the
segmented PUR shell material consisting of hard TDI-based segments and soft 1,48D
segments. After a reaction time of 2 h at an agitation rate of 700 rpm, the mixer was
switch ed off and the suspension of microcapsules rinsed with deionized water and

vacuum filtered. Capsules were air-dried prior to use in the following experiments 174,

3.3.3 Preparation of capsule -containing bone cement samples

The powder and liquid component s of the bone cement were miked according to
UT 1T wOEOQUI EE UU UMYQOAwd@iting tepdtilEsmvér&ddded to the slurry,
and the resultant material was added to molds to form the desired specimen shape.
Samples were cured in the molds for at least 1 h, released, and smoothed with 240 mesh
silicon carbide to conform to the specified geometrical requirements. The wt% of OCA-
containing capsules in the bone cement composites ranged from 640 wt% where the

wt% of total particulates (OCA capsules plus PMMA powder) was held constant at 67

wt% in all specimens.
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3.3.3.1 Tensile testing of capsule -embedded bone cement
%OO000PDPOT w 23, w#t +t WOWEOODI wiel 01 OV0wUx1 EPOI OUu
shaped silicone rubber molds for 1 h and then smoothed, producing specimens with
midsection dimensions of 13 £ 0.5 mm by 3.2 + 0.4 mn(Figure 3.1A). 24 h post
manufacturing, specimens were subjected to uniaxial tensile testing at a crosshead
speed of 5 + 1 mm/min until failure using a Tinius Olsen 1000 Ultimate Testing Machine.
All tests were performed in air at RT. The ultimate tensile strength (UT S) was calculated

as the force at failure divided by the cross-sectional area measured for each sample.

3.3.3.2 Compression testing of capsule-embedded bone cement

Following ASTM F451, bone cement specimens were cured in a
polytetrafluoroethylene mold for 1 h and smoothed, yielding cylindrical specimens with
a diameter of 6 £ 0.1 mm and height of 12 + 0.1 mmFigure 3.1B). 24 h postfabrication,
specimens were subjected to uniaxial compression testing at a crosshead speed of 20
mm/min using a Ti nius Olsen 1000 Ultimate Testing Machine. All tests were performed
in air at RT. The ultimate compressive strength (UCS) was calculated as the peak load

divided by the pre -test crosssectional area measured for the specimen.
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3.3.3.3 Fracture toughnesstesting of capsule -embedded bone cement

Fracture toughness, K, of capsuleembedded PMMA samples was determined
using tapered double-cantilever beam (TDCB) specimens as described previously for
other self-healing systemg®58589178 (Figure 3.1C). Prior to mechanical testing, a razor
blade was used to create a precrack in the grooved centerline region of the TDCB
specimen, and specimen was loaded into a Test Resources Q series machine. The
specimen was subjected to vertical displacement at 5 um/s until the peak critical load, P,

was reached and crack propagation was initiated.
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Figure 3.1: Palacos R PMMA samples for (A) tension, (B) compression, and (C)
fracture toughness testing.
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3.4 Results
3.4.1 Capsule morphology

Capsules fabricated at an agitation rate of 700 rpm were shown to have
uniformly spherical morphology with average diameter and shell thickness of 121 + 24
pm and 3 £ 0.9 um, respectively, consistent with measurements obtained previously 174,

Capsules made at this agitation rate were used for all experiments.

3.4.2 Tensile testing of capsule -embedded bone cement

Capsule-free (unfilled) Palacos R bone cement used in the current study had a
432wOil wKhd! wpwhdk w, / EwepE Y1 Uddilds ofP.852+9.04BRO 4 k A wE OE
(average + SEM, n=5), both of which fall within the reported literature range of 25-70
MPal1190 107 gnd 1.36-3.07 GP&1 107109119 regpectively. The UTS of the capsule
embedded (filled) specimens decreased monotonically with increasing wt% capsules
(Figure 32AA0wb i 1 Ul EVUwWUOT T w8 O U O lcqntdinir@ Safnple dpea@d touE E x UU O
drop more sharply up to 5 wt% and then decreased more slowly thereafter ( Figure 3.2B).
The UTS of cements filled with 5 wt% was 29.1+ 1.1 MPa (average + SEM, n=5), which
lies above the lower limit of the literature -reported values; however, at this capsule
EOOUI OUOwWUT 1 w8OUOT ZUwWOOEUOUU Wi OUwWUT 1T wOEUI UPEOW

outside the range of values reported in the literature.
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3.4.3 Compression testing of capsule -embedded bone cement

Compressive tests of bone cement specimens fied with 5 wt% or fewer capsules
all exceeded the minimum standard for the compressive strength of 70 MPal®@ (Figure
3.3A); whereas specimens filled with 10 wt% or higher capsules all had compressive
strengths that declined steadily below this standard. Additionally, specimens
containing 10 wt% or fewer capsules deformed plastically upon failure whereas

specimens with higher capsule content fragmented upon fail ure (Figures 3.3B and C).
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Photographs of samples containing (B) 0 wt% and (C) 40 wt% capsules post -

compression testing.
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3.4.4 Fracture toughness testing of capsule -embedded bone cement

Figure 3.4A comparesthe load-vertical displacement curves for unfilled bone
cement (dashed line) and bone cement filled with 3 wt% capsules (solid line). The
unfilled specimen exhibited instantaneous crack growth to complete failure upon
reaching the peak critical load (~197N), whereas the specimen filled with 3 wt%
capsules exhibited slow and progressive crack growth beyond the peak critical load
(~211 N) prior to the initiation of rapid propagation leading to complete failure.

Fracture toughness, K, varies based on numerots factors, including the
molecular weight of the PMMA, sterilization methods, mixing techniques, storage
conditions, and specimen geometry. The fracture toughness of unfilled specimens was
found to be 2.11 + 0.09 MPa m2 and the effects of capsule incluson on K are shown in
Figure 3.4B. Theaddition of 3 wt% capsules resulted in a modest 13% increase in
average K while samples filled with 5 wt% and 10 wt% capsules yielded K values
approximately equal to that of unfilled control samples. Increasing caps ule content to 15
and 20 wt% resulted in decreases of 266 and 45% in K, respectively when compared
with unfilled controls, but remained within the literature -reported range of 0.882.58

MPa ml/2 [11, 959 ].
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Figure 3.4: Load with increasing vertical displacement is shown in (A) for samples
containing 0 and 3 wt% capsules. The effect of capsule content on fracture toughness
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microcracking are observed in SEM images of the side views of TDCB samples
containing (C) 0 wt% and (D) 3 wt% capsules. Direction of crack propagation is
indicated by arrows.

87



SEM images of the crack planes of unfilled (Figure 3.4C) and filled (3 wt%,
Figure 3.4D) specimens revealed a marked increase in the roughness of the crack plane
with increasing capsule content. In capsule-containing specimens, regions of slow,
progressive crack growth exhibited sub-fracture plane microcracking that was less

evident in capsule-free control specimens.

3.5 Discussion

This work describes the static mechanical testing of an acrylic bone cement
matrix embedded with OCA -containing microcapsules using well -established ASTM
and ISO mechanical standards for acrylic bone cements. Each test was designed to
examine how capsule incorporation affected the integrity of the bone cement relative to
the unfilled control.

Overall, composites containing up to 5 wt% capsules had compressive strengths
above the commercially acceptable minimum and tensile strengths and stiffnesses
within the reported ranges for commercial acrylic bone cements. Incorporation of
higher wt% capsules did however result in mechanical weakening. Under compression,
the composite began to fragment at high capsule contents (>25 wt% Figure 3.3C) and
could be attributed to the increased void space introduced by the capsules or possibly by
altering the PMMA powder:MMA monomer ratio that is well  -known to influence

polymerization rate, setting time, and mechanical properties of PMMA 1113, Compression
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testing of samples with powder:monomer ratios modified to correspond with those in
filled specimens found the UCS decreasel as the ratio became less than 2:1; a 20%
reduction in UCS with the ratio adjusted to that of samples containing 40 wt % capsules
(data not shown). This indicates that while varying the ratio contribute s to the observed
decrease in UCSjt is not the only factor dictating the mechanical property . The
decrease in UTS could be attributed to a reduction in the crosssectional area occupied
by bone cement matrix in samples containing higher capsule contents or to poor
shell/matrix interfacial bonding.

The weakening of a composite matrix through the addition of particulates
typically occurs when the particulate -matrix interf acial adhesion is poor and increasing
the particulate content provides a path for crack propagation. These observations are
consistent with the general trend of limiting the incorporation of encapsulated healing
agent to 510 wt% in self-healing polymeric compositesit’d. Evidence of capsule pull-out
following tensile tests as well as the fragmenting of the matrix under compression
observed at high capsule contents suggests poor interfacial bonding between the PUR
shell material and the PMMA matrix. In addition to chemical modification of the shell,
alterations to the physical properties of the capsule, such as changing the shell
material 18 or adding a coatingt6%179, could be investigated to further promote adhesi on

via increased surface roughnessand material interactions.
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The fracture toughness was relatively unaffected by capsule incorporation up to
10 wt% capsules, after which it also declined. For a specimen containing 3 wt% capsules
(solid line in Figure 3.4A), the load increased linearly with increased displacement
identically to the unfilled specimen (dashed line in Figure 3.4A) until reaching a load of
approximately 200 N, after which the crack in the unfilled specimen propagated
immediately to failure wh ile the crack in the 3 wt% sample advanced in short unstable
jumps, as reflected by the jagged loaddisplacement curve. This difference is also
reflected in the distinctly different morphologies of the crack planes of the two
specimens (Figures3.4C and D). Previous examinations of self-healing composites
observed similar stick-slip crack propagation in virgin load -displacement curvesl®4 189,

The addition of 3 wt% OCA -containing capsules only slightly increased the
fracture toughness when compared with capsule -free bone cement. In contrast, the
addition of microencapsulated dicyclopentadiene to an epoxy matrix was previously
demonstrated to increase fracture toughness up to 1279%78. As the acrylic bone cement
is already a highly filled composite of 60-70 wt% PMMA patrticles in a PMMA matrix,
the fracture toughness of the bone cement here (2.11 £ 0.09 MPa #) was already nearly
four times higher than that of neat EPON 828 epoxy!t78 (0.55 + 0.04 MPa ).
Consequently, the addition of 3 wt% capsules does not appear to have a significant

toughening effect on the bone cement composite.
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Finally, it is important to note tha t the testing described here examines OCA
containing capsule-filled acrylic bone cement strictly within the context of ASTM and
ISO commercial standards for the static mechanical properties of acrylic bone cement;
therefore these results do not speak to tre selfhealing capacity of the system. Dynamic
testing of the self-healing capacity of the system will be presented in a subsequent

manuscript.

3.6 Conclusions

The effects of capsule incorporation on the compressive, tensile, and fracture
toughness properties of bone cement showed that inclusion of greater than 5 wt%
capsules resulted in the decrease of UCS and UTS below the commerciallyrequired
levels; the fracture toughness was improved with the incorporation of 3 wt% capsules
but declined as content was increased above 15 wt%. These findingsuggest that an
optimal capsule content could be incorporated into PMMA bone cement while
maintaining its static mechanical properties and support the future promise of this

system.
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4. Chapter 4: Functional lifetime of acrylic bone cement
containing microencapsulated 2 -octyl cyanoacrylate

The manuscript describing the work presented in Chapter 4 is currently in

preparation and will be submitted for publication shortly .

4.1 Chapter synopsis

An FDA -approved, water -reactive tissue adhesive, 2octyl cyanoacrylate (OCA)
was encapsulated within polyurethane shells and incorporated into Palacos R
poly(methyl methacrylate) (PMMA) bone cement to assesshe bending strength and
fatigue lifetime of the capsule -embedded materials. The bending strength, bending
modulus, and fatigue lifetime of the materials were investigated in accordance with ISO
standards. To identify effects specific to encapsulated OCA, PMMA samples without
capsules and PMMA samples embedded with OCA -containing and OCA -free capsules
were prepared for bending and fatigue testing. To investigate c apsule susceptibility to
moisture intrusion , individual capsule compressive strength was examined over 50 d of
storage in air at room temperature (RT)YOw1 D OT 1 Uz RDEOEWIPODOWBZ WwUOOUL
37°C. The bending strength of OCA -containing specimens was maintained above the
minimum commercial limit at capsule contents below 5 wt% while th e minimum
bending modulus was exceeded regardless of capsule content. At low applied cyclic

loads, the index of fatigue performance of OCA-containing bone cementstored in air at
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RT was increased?2.5 and1.8times when compared to specimens containing OCA -free

capsulesand specimenswithout capsules, respectively. However, following 4 weeks of

UUOGUET | wbOwl b &7 9G lihe IFetirab@xddidibb dhEeméd thu@CA -containing

samples was lost. Studies of individual capsule compressive strength revealed increased

strength with increasing storage time; UUOUET | wbOw1HOT 1 Uz UwUOOUUDPOOW
most rapid increase in individual capsule compressive strength, suggesting the storage

conditions affected the mechanical properties and on the capsule contents.

4.2 Introduction

Self-healing materials (SHM) are designed to halt and repair microdamage
accumulated through repetitive loading. One of the most broadly reported self -healing
schemes is that pioneered by White and Sottoset al. in which a polymer matrix is co -
embedded with a catalyst and microcapsules containing a reactive healing agent. Once
encountered by a propagating microcrack, the capsule shell is ruptured and releases its
healing agent into the crack plane where it is exposed to a catalyst embedded in the
matrix. In situ curing of the healing agent ensues, halting crack propagation(47.636571-73
171, A majority of the systems proposed to date are for civil, mechani cal, aerospace, and
electrical engineering applications.

Although the SHM field has been steadily growing over the past 10 years, little

discussion of extension into biomaterials has taken place and current systems do not
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utilize materials that are acceptable for in vivo applications!* 173, Numerous implants
fail following the accumulation of damage and are potential candidates for the
introduction of self -healing to biomaterials. However, as there are stringent
requirements for materials used in clinical appl ications, any SHM proposed for a
biomedical application would need to be assessed from mechanical, biocompatibility,
and self-healing perspectives.

Bone cements are twecomponent materials consisting of a low molecular weight
poly(methyl methacrylate) (P MMA) powder containing an initiator (e.g. benzoyl
peroxide), and liquid MMA monomer containing an activator for the initiator. In situ
mixing of the liquid and powder initiates polymerization to yield a workable dough that
is applied to the metallic stem of a TJR implant and cures to form a solid mass after the
stem is inserted into the bone® 171, PMMA bone cement has a long history of use in
total joint replacement (TJR)surgeries, does not require postpolymerization
modifications, and there is significant need for improvement of the material. Bone
cement is a brittle material that is weak in tension and strong in compression and is
susceptible to crack initiation and subsequent propagation resulting from the loading
patterns experienced in vivo. For these reasonsthe development of a self-healing
PMMA bone cement is an attractive option for the first self -healing biomaterial designed

with the aforementioned embedded capsule and catalyst approach!4”.84,
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As bone cement is considerably weaker than bond and comes with its own set
of challenges, researchers have proposed composite designs to impree the mechanical
properties of the material; dispersed particulates and fibers have been investigated to
increase the toughness, impact strength, and wear resistance of the PMMA by absorbing
a greater fraction of the load, inhibiting pathways for crack pr opagation, and resisting
void formation. However, in spite of a long history of development in load -bearing
applications, very few composite devices have progressed to widespread clinical usel*?.

Previous research by the authors has demonstrated encapsulation of a water
reactive tissue adhesive, 2octyl cyanoacrylate (OCA), in polyurethane shells to be
investigated for applications in a self -healing bone cement'’. The successful
incorporation of these capsules into a commercial bone cement matrix was also
confirmed; tension, compression, and fracture toughness analyses suggested that 5 wt%
was the maximum capsule content that could be used in the material while still adhering
to commercial requirements and literature values 181, Furthermore, the addition of
OCA-containing capsules to the matrix was not found to affect the viability and
proliferation of MG63 human osteosarcoma cells treated with extract from the se
material si84,

While promising, the previous work examined OCA -containing capsule-filled
acrylic bone cement strictly within the context of ASTM and ISO commercial standards

for the static mechanical properties of acrylic bone cement. Therefore, those resiis did
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not speak to the selfhealing capacity of the system. Previous assessments of healing
efficiency successfully utilized tapered double cantilever beam (TDCB) specimens to
investigate fracture toughness and healing efficiency©> 74768789 Typijcally, the healing
111 PEPI OEawlOi wEw2' , wbUwWEI U1 UOPOI EwEa wUI UUDPOT wU
propagates through the center of the material; the separate pieces are reapposedo allow
Uil wi1 EOPOT wElT 1 O0wOOwUI EEVWEOEWEOOEWUT 1 wUUUI EE
then tested again.
Most studies using the TDCB geometry to investigate healing efficiency have
induced crack propagation through a single, continuously appli ed load!® 7478, However,
given that SHM are intended to prevent accumulated damage, their healing efficiency
under cyclic loading has also beeninvestigated(8&8l, While TDCB tests currently provide
valuable information about the healing eff iciency of some systems, they introduce very
large defects that are not representative of damage likely to be sustainedby a TJRin vivo.
Also, given the water -reactive nature of the OCA healing agent proposed for this
application, the time taken to induc e crack propagation in the TDCB specimen may
result in the polymerization of any released OCA by moisture in the air. A more
clinically -relevant and informative procedure would involve assessing the healing

capabilities of a self-healing bone cement systemunder in vivo conditions to repair

microdamage.
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Here we present analyses of the functional lifetime of both individual capsules as
well as fatigue analyses of capsulefree and capsuleembedded bone cemensin air at RT
andin1 ®OT 1 Uz UwU O Othese frdpertied) u hddlitiowtd e bending strength
of the material, are investigated to demonstrate the self-healing functionality of this
OCA/PMMA bone cementSHM system. Similar to the compressive and tensile
properties reported previously 183, bending strength decreased with increasing capsule
content; however, bending modulus was relatively unaffected by capsule inclusion up to
15 wt%. At low applied cyclic loads, the index of fatigue performance of OCA-
containing bone cementstored in air at RT was increased 2.5 and 1.8imes when
compared to specimens containing OCA-free capsules and specimens without capsules,
Ul Ux]1 EUPYI Oadww' ObI YI UOwi 6O0O0OPDPOT wKwki I OUwWOI wU
lifetime extension observed in OCA -containing samples was lost. Studies of individual
capsule compressive strength revealed increased strength with increasing storage time;
UUOGUET | wbOwlipOT 1 UzUwUOOUUPOOWEU Wt Aww" wx UBEUEIT E
capsule compressive strength, suggesting the storage conditions affected themechanical

properties and on the capsule contents.

98



4.3 Experimental s ection
4.3.1 Reagents

M aterials were obtained from commercial suppliers and used without further
purification. OCA was generously donated by Ethicon, Inc., Raleigh, NC 27616. Methyl
ethyl ketone (MEK), methyl isobutyl ketone (MIBK), and cyclohexanone (Sigma Aldrich)
were used as solvents and 2,4toluene diisocyanate (TDI) and 1,4-butanediol (1,4-BD)
(Sigma Aldrich) were used to synthesize the polyurethane prepolymer (pPUR) following
the protocol outlined by Yang et al. and reported by the authors previously [165171,
Pluronic F-68 (Sigma Aldrich) was used as a surfactant. Paratoluenesulfonic acid
(Sigma Aldrich, PTSA) was added to the organic phase as a stabilizer for the OCA
monomer. Ringl Uz U w U O Odiepdped Ditn re&gBnttgrade water (Sigma), sodium
chloride, potassium chloride, and calcium chloride (Sigma Aldrich). Commercially -
available Palacos R PMMA bone cement (Zimmer) was used for all experiments

reported herein.

4.3.2 Microcapsule preparation

Microcapsules were prepared and characterized as described previouslyit7,
Briefly, at room temperature, Pluronic F -68 surfactant (1.84 g) was dissolved in
deionized water (90 mL) in a 250 mL beaker. The solution was agitated for 1 h with a

digital mixer (V WR PowerMax Elite Dual -Speed Mixer) before beginning the
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encapsulation procedure. The aqueous phase was suspended in a hot water bath and
heated to 50 °C prior to the addition of the organic phase and chain extender.

OCA (4 mL) was dissolved in MIBK (8 mL ) and pPUR (3 g) was dissolved in
MEK (10 mL) separately at room temperature. PTSA (1%) was added to the OCAMIBK
solution to further stabilize the OCA monomer. The pPUR - and OCA-containing
solutions were then added simultaneously to the agueous phase but not mixed prior to
this addition. After the organic and agueous phases were combined, the 1,4BD (3 mL)
chain extender was added dropwise to the stirring mixture via a syringe to form the
segmented PUR shell material consisting of hard TDI-based segmens and soft 1,4BD
segments. After a reaction time of 2 h at an agitation rate of 700 rpm, the mixer was
switched off and the suspension of microcapsules rinsed with deionized water and
vacuum filtered. Capsules were air-dried prior to use in the followin g experimentsii73,
To manufacture OCA-free control capsules, the OCA was replaced with additional
MIBK (4 mL) and the agitation rate reduced to 450 rpm; all other aspects of the

encapsulation procedure were performed identically.

4.3.3 Preparation of capsule -containing bone cemen t samples

The powder component was mixed with the liquid component according to the

the resultant material was added to molds to form the desired specimen shape. Samples
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were cured in the molds for at least 1 h, released, and smoothed with 240 mesh silicon
carbide to conform to the specified geometrical requirements. The wt% of OCA -
containing capsules in the bone cement composites ranged from 040 wt% where the
wit% of total particulates (OCA capsules plus PMMA powder) was held constant at 67

wit% in all specimens.

4.33.1 Bending testing of capsule -embedded bone cement

Following ISO 5833, rectangular bone cement samples were cured in silicone
rubber molds for 1 h and then smoothed, producing specimens with dimensions of 10 £
0.1 mmby 3.3+0.1 mmby 75+ 0.1 mm. 24 h poshanufacturing, specimens were
subjected to 4point bending at a crosshead speed of 5 + 1 mm/min until failure using a
Test Resources 840LE2 Electrodynamic tensiorcompression-flexural fatigue machine.
All tests were performed in air at RT. The bending strength, B, was calculated using

Equation 1:

00w

where Fis the force at break (in N), bis the average measured width of the specimen (10
mm), his the average measured thickness (3.3 mm), andais the distance between the
inner and outer loading points (20 mm).

Equation 2 was used to determine the bending modulus, E:
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where fis the difference in the deflection under the loads of 15 and 30 N (in mm),
bis the average measured width of the sample (10 mm), his the average thickness (3.3
mm), | is the distance between the outer loading points (60 mm), s the load range
over which the deflection was measured (15 N), and ais the distance between the inner

and outer loading points (20 mm). The commercial requirements for B and E as

described in ISO 5833 are 50 and 1800 MPa, respectively.

4.33.2 Fafgue testing of capsule -embedded bone cement

Specimens were prepared as described for bending testing. Samples were either
tested 1 d after manufacturingor Ei Ul UwKwpkbi I OUwOi wUUOUET PwubOwl O
100, The samples were cycled to failure under load control using a Test Resources
840LE2 Electrodynamictension-compression-flexural fatigue machine. The bending
strength of capsule-free samples was used as the reference strength; during fatigue
analyses, various upper stress levels ranging from 50-90% of the reference value were
selected for testing and 10 samples werecyclically -loaded to each of thesemaximum

stresslevelst®d. AOOEED O1 wwkhEH)BIDI03 addierequency of 5 Hz were usedto
mimic normal gait [3499.100 105,

Just ascapsule-free control samples were tested to certain percentages of their

reference strength, specimens containing encapsulated OCA werecyclically -loaded at
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maximu m stresslevels that were 50-90% of their reference strength using R=0.05 and a
frequency of 5 Hz. Based on previous studies of the static mechanical properties of
capsule-containing PMMA samples 183, specimens containing 5 wt% capsules were used
for all fatigue experiments of capsule-embedded samples. To determine if an
encapsulated OCA system went beyond passive toughening to actively slow and repair
damage, samples containing 5 wt% of OCA-free capsules were testedunder the same
conditions.

The probability -of-failure, P(Nr), was obtained using the equation P(N¢) = (M-
0.3)/(G+0.4) where M and G are the failure order number and the total number of
specimens tested, respectivelyt0s183, The failure order number is defined as the number
assigned to anNrvalue to denote its position within a list of G values arranged in
EUEI OEDPOT WOUET UwoOi wOET OPUUEIT Ow, & Nr@ebulistweré 6 ww%O U w
fitted to the linearized form of the 3 -parameter Weibull equation , as shown in Equation

3:

s p s A oy
|l I ———s—— ol 10 U wl 1o 0] o
p LU

where Nois the minimum or guaranteed fatigue life, Nais the characteristic fatigue life,
and bis the Weibull slope. Nowas determined from the vertical asymptote of the plot of

In(N¢) versus In In[1/(1 -P(Nr))]“3 105183 this is the number of cycles below which all
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specimens havea 100% probability of survival. The Weibull slope, b, is a measure of the
spread of the data, and N4, the characteristic fatigue life, is the number of cycles below
which lie 63.2% of the Nr results. Both of these parameters are determined from the
linear fit of the plot of In(NNo) versusIn In[1/(1-P(N))]i#3 15183, The Weibull mean,
Nww, also called the index of fatigue performance, was calculated as shown in Equation
4.

0 0 Vo 4)

4.3.4 Capsule susceptibility to moisture intrusion

OCA-containing capsules were stored in glass scintillation vials in air at RT for
KYWEEAUwWOUWUOEOTI EwbPOw1bpOT T UzUwUOOUUDPOOWEU WL 3wl
samples of capsules were removed from each vial atvarious time point s, dried, and
subjected to compression testing using a dynamic mechanical analyzer (TA Instruments
RSA-G2 solid analyzer, DMA) as described previously 174, Displacement of the upper
DMA plate was applied at 5 um/s until shell compressive failure was observed. Capsule
compressive strength was determined by dividing the maximum compressive load by
the pre-test equatorial cross-sectional area measured for each capsule. A vacuum
sputter coater (Denton Desk 1V) was used to deposit a 10 nm layer of gold onto post-
compression samples for scanning electron microscope (FEI XL30 SEMFEG, SEM)

imaging to examine capsule morphology with in creasing storage time.
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4.3.5 Statistical analyses

Independent two -sample t-tests were used tocompare the average individual
capsule compressive strengthof samples taken from each treatmentat a given time

point. The level of statistical significance was set at p < 0.05.

4.4 Results
4.4.1 Capsule morphology

Capsules fabricated at an agitation rate of 700rpm were shown to have uniform
spherical morphology with average diameter and shell thickness of 132 £ 29um and 2 +
0.8um, respectively, consistent with measurements obtained previously 171181, Capsules
made at this agitation rate were used for all experiments with OCA -containing
specimens. OCAfree capsules made at 450 rpm were also shown to have spherical
morphology with average diameter and shell thickness of 89+ 15um and 3 + 0.7um,

respectively, resembling those containing OCA.
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4.4.2 Bending testing of capsule -embedded bone cement

Capsule-free Palacos R bone cement used in the current study had a bending
strength (B) of 74.9 + 1.2 MPa (average + SEM, n=5) and a bending modulus] of 3047 +
56 MPa (average + SEM, n=5); these values are well above those of 50 MPa and 1800 MPa
required for B and E of commercial bone cements and are similar to those reported in
the literature for Palacos R 9. B decreased monotonically with increasing OCA-
containing capsule content; however, E remained fairly constant regardless of capsule
content (Figures 4.1A and 4.1B). The average bending strengths d samples containing
fewer than 5 wt% capsules lie above the commercial minimum and the bending
modulus requirement was met at all capsule contents tested. Similar results were found
when testing samples containing OCA -free capsules;B was maintained at all contents

lower than 10 wt% while E always exceeded the commercial minimum.
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Figure 4.1: Relationship between capsule content and (A) bending strength and (B)
bending modulus (average + SEM, n=5)for specimens embedded with OCA -
containing and OCA -free capsules.
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4.4.3 Fatigue testing of capsule -embedded bone cement

The reference bending strengths and fatigue lives of the various specimen types
are summarized in Figure 4.2A. The referencestrengths, as determined by bending
testing to failure, were 74.9+ 1.2 63.7+ 22, and 44.2+ 1.5MPa for capsule-free
specimens and those embedded with 5 wt% OCA-free capsulesand 5 wt% OCA-
containing samples, respectively (Figure 4.2A). Fatigue testing 1 d post-manufacturing
at maximum cyclic stress levelsof 50, 70, 80, and 90% of the reference stresgas

performed to generate the SN relationships presented in Figure 4.2B.
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Figure 4.2: The reference bending strengths for each sample type are depicted in (A)
(n=10). The fatigue test results as applied stress versus the number of cycles to failure
for samples tested after 1 d storage in air are summarized in (B).

109



Fatigue life was increased with decreasing upper cycling load regardless of
specimen type; however, differences between the reference bending strengths
complicated the comparisons across sample type(Figure 4.2B). Although the reference
strength of OCA -containing samples was lower than thos e of the other specimen types,
the samples underwent more cycles prior to failure at lower load levels. Extrapolation
of the SN data suggested that at upper cycling loads less than 40 N(~22 MPa) OCA-
containing specimens would outperform the others, reg ardless of reference strength.
Samples of each type were cyclically loaded at a maximum force of 40 N at a frequency
of 5 Hz with R=0.05; the results of fatigue testing at this lower load condition are

presented in Figure 4.3,
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Figure 4.3: Number of cycles to failure in samples tested to a maximum load of 40 N
(n=10). OCA -containing specimens underwent approximately two times as many
cycles prior to failure at this lower load level.
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The numbers of cycles to failure were found to be significantly increasedin
samples containing OCA-filled capsules when tested to 40 Nwhen compared with
capsule-free controls and samples containing 5 wt% capsules without OCA . Table 4.1
summarizes the properties of the fatigue samples testedto upper cycling loads of 40 N

in air.

112



Table 4.1: Mechanical properties of capsule-filled and capsule-free bone cements

tested in air
Condition Capsule free | Capsules with OCA | Capsules without OCA
B (MPa) 749+1.2 442 +15 63.7+2.2
E (MPa) 3047 £ 56 3078 + 14 2902 + 41
Characteristic 410658 532698 284916
fatigue life, Na
(cycles)
Minimum fatigue 64786 84966 134427
life, No (cycles)
Weibull slope, b 0.5685 0.6025 0.5848
Weibull mean, Nww 309632 544661 217882
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cement was relatively unchanged, increasing slightly , but not significantly, to 75.3+1.4
MPa; the B of samples filled with 5 wt% OCA -containing capsules increasedto 51.6+ 1.6
MPa while B of specimens containing OCA-free capsulesdecreased slightly to 60.5+ 0.5
MPa (Figure 4.4A). Over the same period, the averageE of unfilled bone cement
decreased from 3047+ 56 MPa to 2806+ 36 MPa while the E of samples filled with 5 wt%
OCA-containing capsules decreased from 3078 + 14 MPa to 2689 + 38 MRad E of
samples filled with 5 wt% OCA -free capsules decreased from 2902 #1 MPa to 2566 * 26
MPa. However, all average values for E are substantially higher than the 1800 MPa
minimum commercial limit regardless of storage condition.
Fatigue testing was conducted at stress levelss0, 70, 80, and 90% of the specimen
reference strengthsto generate the SN relationship s shown in Figure 4.4B. As observed
in samples tested in air 1 d after fabrication, fatigue lifetime was extended as the
maximum applied stressesdecreased While the average number of cycles to failure was
found to be slightly increased in capsule-free sampleswhen compared to their
EOUOUI UxEUUUWUT ECwPIT Ul wo @igues 46 and £4B)pi@w 1 D OT 1 Uz Uw
number of cycles to failure was reduced followingsto UET 1T wbOw1HOT 1 Uz UwUOOUU
specimenscontaining either type of capsules(Figures 4.2B and 4.4B). Extrapolation of
the SN data revealed that there was no load level at which OCA -containing specimens

would outperform the others.
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Figure 4.4: The reference bending strengths for each sample type are depicted in (A)
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4.4.4 Capsule susceptibility to moisture intrusion

Figure 4.5summarizes the effects of storage time on the compressive strength of
DOEDPYPEUEOWEEXxUUOI UwUUOUI EwPOWEPUWEUwW1L3wWEOEWDO
period of 50 days. In all cases, capsule compressive strength increasedith days in
storage; te rate of strengthening was most rapid | OUWEEx UUOT UwUUOUI EwE U wt
UOOUUDOOOwWI 0000PT EwEawlbOT I Uz U aapduedrehenédO wE Uwl 3 0
apparent upper limits of ~16-ruA w, / Ewi OUWEExUUOI UwUUOUI EwbOw1ipoO
and ~14 MPa for capsulesU UOUT EWEU w1 3 wbOwl BUT [ ToaazetagewOU w1l D OT |
individual capsule compressive strengths for capsule stored in each condition were only
significantly different at days 5 and 15 between capsules stored at RT and those in

1DOT T Uz Uwr@adUUDPOOwWEUw
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SEM images of capsules fractured after 15 days of storage time clearly showed
increased capsule shell thicknessin the sample stored at37°Cin 1 DOT I Uz UwUuOOoUUDP OO

(Figure 4.6A) when compared to the specimenstored in air at RT (Figure 4.6B).
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Figure 460 w2 $, wDOET I UwoOi WwEExUUOI wOOUxT OOOT awbbUT wl I
at 37°C and (B) air at RT for 15 days of storage time. Note the increased shell
Ul PEOOT UUwWOI wUOT 1T wEExUUOI wUUOUI EwbOw1bHOT 1 Uz UwU(
stored in air.
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4.5 Discussion

One of the primary challenges associated with the development of SHMs is
identifying a proper balance between decreasing the mechanical strength of the material
while increasing its self-healing capacity; this was observed here as the addition of
capsulesgradually decreased the static bending strength of the PMMA. For OCA-
containing specimens, the required bending strength B was maintained at capsule
contents of less than 5 wt%; thiswas expectedas 5 wt% was also the maximum limit for
compression and tension properties!’®% and bending is a combination of thesetwo forces.
In specimens embedded with OCA -free capsules,B was maintained at capsule contents
of less than 10 wt%; this difference in maximum allowable wt% of capsulesis attributed
to the slightly decreased size of the OCA-free capsules when compared b the OCA-
containing capsules. The bending specimens were all smoothed prior to testing, but any
surface defects serve as initiation sites fa crack propagation. Capsules at or near the
surface of the material could act asinitiation sites and contribute to the decrease in
bending strength observed in samples containing either type of capsule; with increasing
capsule content, the number of defects at or near the surfaceincreased, resulting in more
initiation sites and subsequently a decreasedB. Even though the bending strength of the
PMMA is decreased through capsule inclusion (Figure 4.1A), these strengths are still
much higher than the physiologically -relevant values at which the material will

ultimately be used.
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Interestingly, the bending modulus E remained remarkably consistent regardless
of capsule contentin samples embedded with OCA -containing and OCA -free capsules
Based on Equation 2, the deflectionf is the only variable that could change between the
sample types and/or with increasing capsule content; consistent f regardless of
increasing capsulewt% suggests thatwhile increasing capsule content increased the
crack initiation, crack propagation rate s were unchanged. Crack propagation rates in
OCA-free capsules may be influenced by the size of the capsules as well as differences in
the mechanical properties of the individual capsules, leading to the slightly lower E
observed in samples with OCA -free capsules (Figure4.1B).
Higher cycling stresses resulted in a decreased number of cycles prior to failure
regardless of sample type or reference bending strength (Figure 4.2). Differences
between the reference strengths make comparisons difficult across sample type;
however, at lower applied cyclic stresses, specimens containing encapsulated OCA
underwent more cycles prior to failure than the other sample types (Figure 4.3). For the
Uauul0il OzUwbOUI OETl EwExx OPEEUDOOOWEI T EYDPOWWEODwWOOP
vivo environment; a SHM of this design is not intended to repair damage that occurs
Ol EUwUT 1 wUxx1T UwoObOPUOUWOI wOT T w/,, zUwOI ET EOPEEO
The addition of particulates to PMMA has previously been found to retard
fatigue failure through increasing the fracture toughness, impact strength, and wear

resistanceof the material by absorbing a greater fraction of the load, inhibiting pathways
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for crack propagatio n, and resisting void formation . The fatigue life in samples
containing OCA -free capsules and no capsules were approximately equal at the lowest
load level tested (Figure 4.3); as it was hypothesized that additives would contribute to
lifetime extension, these findings support previous data suggesting the need for
improvement in the interfacial bonding between the capsule shell and PMMA matrix [181,
From this fatigue data, it can be inferred that other factors are contributing to the
increased number of cycles to failure observed in OCA-containing samples.

Brown et al. reported that when healing agent was released into the crack plane
of a cyclically -loaded TDCB specimen, it polymerized to form a polymer wedge,
generating a crack tip shielding mechanismlé7.88, This shielding wedge resulted in
temporary crack arrest and extended the fatigue lifetime by 20 time s. Hydrodynamic
pressure cracktip shielding due to viscous flow has also beenfound to retard crack
growth 87 indicating that the initiation of healing agent polymerization could act to slow
crack growth before full polymerization and subsequent polymer wedge formation. The
forces required to squeeze a viscous fluid from the crack plane during unloading
provided crack -tip shielding. Testing with TDCB specimens introduce s macrocracks far
larger than those intended to be repaired by these SHMs in their usage environments,
but it is hypothesized that similar mechanisms are contributing to the increased fatigue

lifetime observed in PMMA samples containing encapsulated OCA.
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Analyses using the linearized 3-parameter Weibull model indicated that both the
characteristic life (Na) and guaranteed fatigue life (No) were increased in OCA-containing
specimens when compared to the other specimen types(Table 4.1). The Weibull slope is
an indicator of the likelihood o f specimen failure; distributions with higher slopes
indicate samples that are approaching failure. Additionally , the slopedescribes the
variability or degree or scatter inthe cycles to failure datal*®3; an increased slope
indicates a reduction in scatter, meaning that the samples fail at more consistent cycle
numbers. A decreasein the Weibull slope, as seen with the lower stress levelstested
here, indicates a broader range ofNr; this is to be expected whenthe PMMA is tested at
lower stresses and the crack propagation behavior dominates over the crack initiation
behaviori?d, The Weibull mean (Nww), or index of fatigue performance, describes the
overall fatigue performance as a function of both the magnitude of the fatigue life and
the variability of the cycles to failure [184; specimens containing encapsulated OCA had a
Weibull mean that was more than double those of specimenswithout capsules and with
OCA-free capsules(Table 4.1)

Given the multitude of variables involved with fatigue testing, such as the
sample preparation methods and geometry, the testing procedure, the storage and
testing conditions, etc.it is difficult to make meaningful cross-study comparisons to
determine how capsules specifically improve fracture toughness and fatigue lifetime of

bone cement when compared with other additives. Furthermore, to our knowledge, no
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previous studies investigating how the incorporation of encapsulated materials into
bone cement affects fatigue life have been undertaken. However, this work represents a
new avenue of PMMA research and confirms the potential of a self-healing biomaterial
based on PMMA and OCA.

For more physiologically -relevant information, PMMA specimens were storedin
1 D O1 $olutipifor 4 weeks to allow for 95% saturation of the material to mimic the
behavior of the material in vivol*® 109, Capsule-free UE Ox O1 UwUOEOI EwbPOw1 DOT 1
moderately increased lifetimesover their counterparts stored in air at RT (Figures 4.2B
and 4.4B); this is supported by numerous studies investigating the effects of storage
conditions on the properties of bone cement(® 183, Other researchers have previously
reported extended fatigue life in samples soaked in saline during testing at room
temperature!83 which was attributed to the plasticizing effect of the saline at the crack
tip (185 189,

Capsule-containing samples displayed reduced fatigue lifetime following storage
b O w1l b O BT °Cwhehwdimpared with their counterparts stored in air at RT . While
the fatigue life of OCA -free samples was reduced only slightly after storage, OCA -
containing specimens displayed a marked reduction in fatigue life following s torage in
1 D01 1 Uz Ufard @eeks (FRied di2B and 4.8). The slight reduction in fatigue life
in OCA -free specimens is attributed to the infiltration of 1 B O1 $olutip hetween the

capsule and PMMA matrix, further reducing adhesion between the two and
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encouraging propagation around rather than through the capsule. Testing with OCA -
containing specimens suggests that the encapsulated OCA gradually polymerizes over
storal 1 wWODOI wbOwl b OT oc,thgsredutibgits heality@apacidyahdA w
resulting in a material with similar fatigue characteristics as one containing OCA -free
capsules.

Investigation of the effects of storage conditions on capsule compressive strangth
reveal clear trends suggesting capsule strength was increased following exposure to
physiological conditions; it is hypothesized that polymerization of the core OCA
material resulting from water infiltration increased capsule shell thickness (Figure 4.6).
Significant differences in compressive strength were only observed betweencapsules
stored atRT andin 1 B OT | Bxafiend akhdul5 d of storage, suggesting thatthe
capsules aremost susceptible to moisture right after fabrication . The strengthening of
capsules exposed only to moisture from the surrounding air also indicates that capsule
IFTTUOI UPEPUAWOUUUWET wbOxUOYI Ewl OUwlifrlwlauvulil 6z U
periods of time prior to material implantation

These resultsin combination with the fatigue studies on post -1 B O1 $petiméns
indicate the need to further shield the core material to extend the reactive lifetime of the
encapsulated OCA. Individual capsules stored in air at RT reached maximum strength
after 50 days of storage and exhibited increased compressive strength following only 15

d of storage time, suggesting the shelf life of the capsulescould be improved . While the
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rate of moisture infiltration may have been altered somewhat by the presence of the
PMMA matrix, various capsule modification s could minimize water infiltration and
extend capsule shelf life. Increasing the hydrophobicity of the shell material may be a
promising approach to reducing water infiltration and extending the reactive lifetime of
the OCA. Ongoing work is focused on modifying the PUR soft segments toincrease
shell hydrophobicity. Improvements to capsule/matrix adhesion could simultaneou sly
increase the maximum allowable wt% of capsules to increase fatigue lifetime while
reducing moisture infiltration to extend the functionality of the encapsulated agent.

In addition to maximizing adhesi on at the shel/lPMMA interface while
minimizing water infiltration , visualization of healing agent release in the crack plane
would enable better understanding healing agent releasein response to fatigue damage.
Encapsulation of dyed OCA is currently in progress to be used for this application.
Given the modes of bone cement failure in vivo, more complex loading strategies should
be employed to investigate the ability of this system to minimize crack initiation at the
cement/bone and cement/stem interfacesthe response of the material following variable

amplitude loading, as well as a reduction in wear debris generation.

4.6 Conclusions

Capsule inclusion above 5 wt% resulted in the decrease ofB below the

commercially -required levels while E was maintained at all capsule contents tested.
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OCA-containing bone cement displayed superior fatigue properties at physiologically -

relevant load levels when compared with control specimens and those containing OCA -

free capsules. However, ollowing storage of PMMA samp O1 Uwb Qw1 b OT 1 Uz UwUOOU
oC for 4 weeks, thereparative function of encapsulated OCA was diminished.

Individual capsules demonstrated susceptibility to moisture intrusion, as indicated by

increasing capsule compressive strength resulting from increased shell thickness after 50

d of storage under various conditions . These results supportthe need to investigate

methods of reducing permeability of the capsule shell but also support the future

promise of a self-healing bone cementbased on OCA and PMMA.
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5. Chapter 5. Cytotoxicity testing of acrylic bone cement
embedded with microencapsulated 2  -octyl
cyanoacrylate

Portions of the text and figures included in Chapter 5 were recently accepted for
publication in the Journal of Biomedical Materials Research Part B: Applied
Biomaterials. The full citation for the article is: Brochu Alice BW, Evans GA, Reichert
WM. 2013. Mechanicaland cytotoxicity testing of acrylic bone cement embedded with
microencapsulated 2-octyl cyanoacrylate. J Biomed Mater Res Part B 2013This article
does not yet have a publication date; however, John Wiley & Sons Ltd. does not require
permission for authors to reuse their own articles, but an optional grant of license will be
obtained as soon as one is available. Please note that this manuscript escribed the work
for Specific Aims 2 and 4 and was in to two chapters for this dissertation to maintain

parallel structure with the Specific Aims.

5.1 Chapter s ynopsis

2-octyl cyanoacrylate (OCA), an FDA -approved, water -reactive tissue adhesive,
was microencapsulated in polyurethane shells and incorporated into Palacos R bone
cement. Extracts from Palacos R bone cement, capsukembedded Palacos R bone
cement, and OCA were prepared in complete culture medium. Viability and
proliferation of MG63 human osteosarcoma cells cultured with theseextracts were

investigated over 24-72 h; viability was determined with live/dead staining and
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proliferation was assessed using EdU staining. The effects on cell proliferation and
viability in response to extracts prepared from capsule -embedded and commercial bone
cements were not significantly different from each other, whereas extracts from OCA

were moderately toxic to cells.

5.2 Introduction

Poly(methyl methacrylate) (PMMA) bone cement is commonly used to anchor
the metallic stem of a total joint replacement to native bone and serves touniformly
transfer the body weight from the implant to the tissue. Bone cements are generally
two -component material s consisting of a low molecular weight PMMA powder
containing an initiator (e.g. benzoyl peroxide), and liquid MMA monomer  containing an
activator for the initiator . In situ mixing these materials initiates polymerization to yield
a workable dough that is applied to the implant and curesto form a solid mass after the
stem is inserted to provide stability to the implant in vivol8 171,

In addition to the comprehensive testing procedures required to determine the
mechanical properties of bone cement, these materialsare also subgct to cytotoxicity
and tissue compatibility standards. Primary toxicity concerns associated with PMMA -
based bone cements include localized cell death due to the exothermic reaction of the
MMA and leaching of residual monomer from the matrix 113, An estimated 3-5% of the

MMA remains 15 minutes post -polymerization and is reduced to about 1 -2% over time
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as the residues are eliminated through the bloodstream('4 119, N,N-dimethyl -p-toluidine,

PT DET wbUwx Ul Ul O0wb OwU OE OO wEneh) @@ thiiateqodMA G wOT wUT |
polymerization when it reacts with benzoyl peroxide present in the powder component,

is very toxic at low concentrations and is able to inhibit protein synthesis and cause

chromosomal mutations 14,

Previous groups have investigated strategies to reducethe toxicity of bone
cement; theseprimarily include the use of other monomers, such as ethyl
hexylacrylate(t13 187188 2-ethylhexyl methacrylate, and trimethylolpropane
trimethacrylate [189, to reduce the toxicity of any residual monomer and/or decrease the
curing temperature to minimize cytotoxicity and heat -induced tissue necrosis. Use of
these materials have also been proposed to improveE O O1 wE 1 bdactvity and
mechanical strengthité” 188,

The current study presents the first characterization of the cytotoxicity of a
biomaterial formulation consisting of OCA -containing microcapsules embedded in
commercial PMMA bone cement. Extracts from Palacos R bone cement, capsule
embedded Palacos R bone cement, and OCA weregrepared in complete culture
medium. Thoseprepared from the capsule-embedded and commercial bone cements
had little effect on cell proliferation and viability and were not significantly different
from each other, whereas extractsprepared from OCA alone were moderately toxic to

cells. Overall the addition of 10wt% of OCA -containing microcapsules to the
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commercial bone cement was found to have in insignificant effect on the toxicity of the

material.

5.3 Experimental s ection
5.3.1 Reagents

Unless otherwise specified, materials were obtained from commercial suppliers
and used without further purification. OCA was generously donated by Ethicon, Inc.,
Raleigh, NC 27616. Methyl ethyl ketone (MEK), methyl isobutyl ketone ( MIBK), and
cyclohexanone (Sigma Aldrich) were used as solvents and 2,4toluene diisocyanate (TDI)
and 1,4-butanediol (1,4-BD) (Sigma Aldrich) were used to synthesize the polyurethane
prepolymer (pPUR) following the protocol outlined by Yang et al. and repo rted by the
authors previously 165171, Pluronic F-68 (Sigma Aldrich) was used as a surfactant. Para
toluenesulfonic acid (Sigma Aldrich, PTSA) was added to the organic phase as a
stabilizer for the OCA monomer. Commercially -available Palacos R PMMA bone
cement (Zimmer) was used for all experiments reported herein. Loctite® Super Glue
and copper sheetswere also purchased and used as received.

Minimum Essential Medium Eagle (Sigma), heat-inactivated fetal bovine serum,
sodium pyruvate, non -essential amino acids, and penicillin-streptomycin ( Gibco) were

used for cell culture. Calcein AM, Hoechst 33342, ClickiT EdU Alexa Fluor 488 kit
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staining procedures.

5.3.2 Microcapsule preparation

Microcapsules were prepared and characterized as described previouslyi*73,
Briefly, at room temperature, Pluronic F-68 surfactant (1.84 g) was dissolved in
deionized water (90 mL) in a 250 mL beaker. The solution was agitated for 1 h with a
digital mixer (VWR PowerMax Elite Dual -Speed Mixer) before beginning the
encapsulation procedure. The aqueous phase was suspeded in a hot water bath and
heated to 50°C prior to the addition of the organic phase and chain extender.

OCA (4 mL) was dissolved in MIBK (8 mL) and pPUR (3 g) was dissolved in
MEK (10 mL) separately at room temperature. PTSA (1%) was added to the OCAMIBK
solution to further stabilize the OCA monomer. The pPUR - and OCA-containing
solutions were then added simultaneously to the agqueous phase but not mixed prior to
this addition. After the organic and agueous phases were combined, the 1,4BD (3 mL)
chain extender was added dropwise to the stirring mixture via a syringe to form the
segmented PUR shell material consisting of hard TDI-based segments and soft 1,48D
segments. After a reaction time of 2 h at an agitation rate of 700 rpm, the mixer was
switch ed off and the suspension of microcapsules rinsed with deionized water and

vacuum filtered. Capsules were air-dried prior to use in the following experiments 173,
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5.3.3 Biocompatibility of capsule -containing bone cement
5.3.31 Preparation of bone cement and OCA extracts

The powder component was mixed with the liquid component according to the
OEOUI EEUUUI U 27 @@ACconiabibgcappui@were added to the slurry, and
the resultant material was added to rectangular silicone rubber molds to form the
desired extraction specimens (Figure 5.1A). Samplescontaining 0 or 10 wt% OCA -
containing capsules were prepared; the total particulates (OCA -containing capsules plus
PMMA powder) in the composites were held constant at 67 wt%. Samples were cured
in the molds for 1 h, released, cured at RT for an additional 23 h and then autoclaved at
120 °C for 30 minutes. Each samplevas then immersed in a 50 mL conical tube

containing sterile complete culture medium and incubated for 24 h at 37 °C[113 (Figure

5.1B. A ratio of 0.2 g bone cement to 1 mL extract medium was maintained*®d.
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Figure 5.1: (A) Rectangular specimens were prep ared and (B) extracted into complete
culture medium in a 50 mL conical tube .
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To prepare OCA extracts, 15 uL OCA was added to 5 mL culture medium and
incubated at 37 °C for 24 h in a 15 mL conical tub&9*%3; the OCA polymerized
immediately upon contact with the culture medium. As the OCA was not received
sterile, the media was then filtered prior to use in these experiments. Loctite® Super
Glue (ethyl cyanoacrylate) and copper sheet$'d were selected asliquid and solid
positive controls for these studies To prepare the Super Glue extracts, 15 uL of Super
Glue was added to 5 mL culture medium and incubated at 37 °C for 24 hin a 15 mL
conical tube; the Super Glue polymerized immediately upon contact with the culture
medium. Copper samples were immersed in a 15 mL conical tube and incubated at 37
°C for 72 h; a ratio of 0.2 g copper to 1 mL extract medium was maintained*®d, Extracts

from the Super Glue and copper were both filtered prior to additio n to cells.

5.3.32 Cell viability and proliferation

MG63 human osteosarcoma cells have been used in numerous biocompatibility
studiesli13 114117120 hecause they share several features with normal human osteoblasts,
including secretion of insulin -like growth factor, binding proteins, matrix
metalloproteinases, and osteocalcin. Similar to undifferentiated osteoblasts, MG63 cells
also synthesize collagen types | and Il and have a low basal expression of alkaline

phosphatase that is increased in response to 1,2%lihydroxyvitamin D 3l120.193,
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MG63 human osteosarcoma cells were cultured in Minimum Essential Medium
Eagle supplemented with 10% heatinactivated fetal bovine serum, and 1% each of
sodium pyruvate (100 mM), non -essential amino acids (100x), and penicillin-
streptomycin (10,000 units/mL penicillin and 10,000 pg/mL streptomycin). The cells
were routinely passaged and incubated at 37 °C in a humidified environment of 5% CO 2
in air.

Cells were passaged and plated in 96well plates at a density of 2000 cells/well
and allowed to attach for 24 h. After 24 h, the growth media was replaced by the same
volume of treatment media. Media was also changed in the control wells so that cells in
all wells were exposed to a media change 24 h after plating. For all experiments, cells in
3 different wells received each treatment and the experiments were performed 4 times
with new extract media prepared from different material samples for each trial.

To investigate the effects of bone cement extract, four treatment groups were
studied: an undiluted ext ract from capsule-free PMMA ; undiluted extract from capsule-
embedded PMMA (10 wt% capsules ); and extractfrom capsule-embedded PMMA (10
wt% capsules) diluted to 50 and 25% using fresh medid!!3. To investigate the effects of
OCA extract, three treatment groups were studied: OCA extract diluted to 50, 25, and
10% using fresh medid®®¥. A negative control of cells not treated with any material
extract and positive controls of cells treated with extract prepared from Loctite® Super

Glue and copper sheetswere also investigated.
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Cell viability was assessed by a combination of staining with calcein AM and
Hoechst 33342. After 72 h culture, the various treatment media were removed and cells
rinsed twice with DPBScontaining calcium chlo ride and magnesium chloride (1X), then
incubated at 37 °C in calcein AM in DPBS (0.75 pL/1.5 mL) for 20 minutes. The DPBS
containing calcein AM was removed and the cells were rinsed twice with DPBS and
incubated an additional 20 min at 37 °C in DPBS containing Hoechst 33342 (1.5 puL/1.5
mL). The DPBS containing Hoechst 33342 was removed and the cells were rinsed twice
with DPBS, and then imaged using a Nikon Eclipse TE2000U inverted fluorescence
microscope and NIS Elements software (Nikon). Images were analyzed with ImageJ.

Cell proliferation was investigated with EdU staining following the
OEOQOUI EEUUUI Uz Uwb OUUUUE dtr GUNernGlEHoDABEKitETd D UT wUT 1 w
stain was performed following 24, 48, and 72 h of culture with the treatment extracts to
examine potential effects of extract dilution and exposure time on proliferation. The

plates were imaged using a Nikon Eclipse TE2000-U inverted fluorescence microscope

and NIS Elements software (Nikon). Images were analyzed with ImageJ.

5.3.4 Statistical a nalyses

Statistical analyses were performed to compare the results of treatment cultures

with respect to the negative and positive controls using a one-way analysis of variance
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with the significance of individual differences established by Tukey post -hoc test. Inall

cases the level of statistical significance was set at p < 0.05.

5.4 Results
5.4.1 Capsule morphology

Capsules fabricated at an agitation rate of 700 rpm were shown to have
uniformly spherical morphology with average diameter and shell thickness of 121 + 24
pm and 3 £ 0.9 um, respectively, consistent with measurements obtained previously 7%

181, Capsules made at this agitation rate were used for all experiments.

5.4.2 Cytotoxicity testing of OCA and capsule -embedded bone
cement

5.4.2.1 MG63 viability

The cytotoxic effects of leachates extracted from unfilled bone cement, bone
cement filled w ith 10 wt% capsules, and OCA tissue adhesive were assessed after 72 h
exposure using calcein AM staining to detect live cells and Hoechst 33342 staining to
detect all cells. Cells cultured in media containing no material extract served as negative
controls. Loctite® Super Glue (ethyl cyanoacrylate) and copper sheet§1d were used as
positive controls. Microscope images revealed thatwhile cells in the treatment groups
were still surviving at 72 h, the viable cells coveredarea less of the wellwhen compared

with controls that received no extract (Figures 5.2 and 5.3. Viability was assessed as the

138



total area covered by live cells in the treatment groups compared to coverage by live

cells observed in control samples not tr eated with any extract[*%4.
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Figure 5.2: Viability of MG63 cells following 72 h exposure to  (A) control media, (B)
undiluted extract prepared from unfilled and (C) filled bone cements. Green ¢
calcein; blue + Hoechst 33342
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Figure 5.3: Viability of MG63 cells following 72 h exposure to (A) control media and
media containing OCA extract diluted to (B) 50%, (C) 25%, and (D)10% using fresh
medium. Green ¢ calcein; blue 4 Hoechst 33342
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Extracts from all bone cement specimens exhibited significantly reduced cell
viability compared to the negative control but not with respect to each other; a slight but
not significant dose-dependent response was also observed Figure 5.4A). In contrast,
extracts from OCA -containing medium showed a significant reduction in coverage by
live cells for all dilutions with respect to control samples and a significant dose -
dependent dilutio n effect was observed Figure 5.4B). No live cells were present
following 72 h culture with extract from either the copper or Super Glue positive

controls.
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Figure 5.4: Viability of MG63 human osteosarcoma cells after 72 h exposure to (A)

PMMA bone cement and (B) OCA extracts (average £+ SEM n=4). Coverage by live

cells in the positive controls, Cu and Loctite ®, were significantly different from all
treatment groups though significance is not indicated on the figures.
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5.4.2.2 MG63 proliferation

The effects of bone cement and OCA extracts on MG63 cell proliferation over 24,
48, and 72 h are shown inFigures 5.5-5.8. Compared to extract-free negative controls,
cell proliferation was significantly reduced upon exposure to undiluted extracts from
unfilled and filled bone cement and to 50% diluted extracts from OCA at all time points,
but proliferation trended upwards with increased dilution of the extracts.

Overall, microscope images revealed thatcell proliferation in undiluted extracts
from unfille d and capsule filled bone cements were nearly indistinguishable (Figure 5.5),
indicating that the addition of capsules to the bone cement did not significantly affect
proliferation of cells at 24, 48, or 72 h Figures 5.8A-C). However, the dose-dependent
dilution effect for capsule -filled bone cement was significant only at 48 h between

undiluted extract s and extract diluted to 25%.
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Figure 5.5: Proliferation of MG63 cells after 24 h exposure to (A) control media and
undiluted extracts prepared from (B) unfilled and (C) filled bone cements . Green ¢
EdU; blue {+ Hoechst 33342.
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In contrast, extract obtained from OCA had a more substantial effect on
curtailing cell proliferat ion, thus requiring that 50% dilution be the least diluted extract

tested (Figure 5.6).
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Figure 5.6: Prolifer ation of MG63 cells following 24 h exposure to (A) control media
and media containing OCA extract diluted to (B) 50%, (C) 25%, and (D) 10% using
fresh medium. Green ¢ EdU; blue ¢ Hoechst 33342.
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A significant decrease in the proliferation of cells exposed to OCA extract-
containing medi um diluted to 50% was observed at each time point with respect to the

negative control, with the largest decrease observed after 48 h(Figure 5.7).
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Figure 5.7: Proliferation of MG63 cells exposed to OCA extract media diluted to 50%
for (A) 24 h, (B) 48 h, and (C) 72 h. Note the recovery of proliferation between 48 and
72 h, suggesting the effects of OCA on MG63 cell proliferation may be transient.
Green ¢ EdU; blue ¢ Hoechst 33342.
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The dose-dependent dilution effect for OCA extract was significant between all
dilutions at 48 h and between 50% and 10% at 72 HFigures 5.8D-F). Treatment with
extract from Super Glue and copper sheets eliminated proliferation at every time point.

Additionally, cells in all groups exhibited decreased proliferation over time.
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Figure 5.8: Proliferation of MG63 human osteosarcoma cells in response to growth in
extract from (A,B,C) bone cement and (D,E,F) OCA after (A,D) 24 h, (B,E) 48 h, and
(C,F) 72 h(average + SEM, n=4. Proliferation of cells in the positive controls, Cu and
Loctite ®, were significantly different from all treatment groups though significance is
not indicated on the figures.
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5.5 Discussion

This work i s an assessment of basic biocompatibility measuredor the first bone
cement based on a sekhealing material. Each test was designed to examine how
capsule incorporation affected the cytotoxicity of the bone cement relative to the unfilled
control as well as how cells responded to the healing agent alone.

Numerous investigations of the cytotoxicity of various bone cement formulations
have been reported!13 114117195197 Ag the toxicity associated with bone cement has been
primarily attributed to the MMA monomer and its activator (113119 poth of which are
unchanged in the capsule-embedded formulation, the similar cellular responses
observed between the filled and unfilled bone cements were anticipated (Figures 5.2,
5.4A, 5.5, and 5.8AC).

Similar to the results presented here, previous studies found the prolife ration of
MG63 cells to be reduced as the exposure time to bone cement extracts was increaséd?.
However, these results also indicate the addition of capsules did not significantly affect
cell proliferation or viability in response to PMMA bone cement. Itis also acceptedthat
the toxic effects of bone cement on cells and tissue primarily occurs before and during
polymerization in vivoll14198: potential evaporation of residual MMA during the curing
and autoclaving procedures may have reduced its presence in the bone cement extracts.
As MMA is a major toxicity concern associated with bone cement[113119 the added

opportunities for its removal influenced the in vitro survival and continued proliferation
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of cells. Thesein vitro analysesdo not fully reflect what happens to the cells as the
PMMA cures in vivo but do support the pot ential promise of the system.

There arealso numerous studies dedicated to analyses of toxicity of
cyanoactrylate adhesives for clinical applications(191 192199209 glpeit not in the context of a
self-healing material. Cyanoacrylate adhesives degrade into formaldehyde and
cyanoacetate, which may cause tissue iritation [192199203 - Shorter chain cyanoacrylate
adhesives such as the Loctie® positive control used here are known to be more toxic
than longer alkyl chain adhesives such as OCA[192 199204,

Proliferation and viability testing of OCA extracts ( Figures 5.3, 5.4B5.6, 5.7 and
5.7D-F) clearly showed the OCA had a toxic effect onthe MG63 cells in culture, and
extracts from the Loctite® positive control killed virtually all of the cells. Similar to the
work of others with various cyanoacrylates, these results showed both time - and dose-
dependent effects on cell proliferation and viability 1192200, While OCA extract diluted to
50% and 25%significantly decreased proliferation with r espect to the negative control,
there was no significant decrease in proliferation of cells treated with 10% OCA extract,
suggesting the effects of the extract were mediated through the dilution of the extract.
Therefore, it is hypothesized that some effects of both PMMA and OCA on surrounding
cells may be mediated through clearance (e.g. dilution) of the released leachatesn vivo.
Furthermore, as the OCA is intended polymerize within the PMMA matrix upon contact

with moisture, limited exposure to cells is anticipated.
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Although cell death was visualized with viability staining , in areas where the
cellsgrew in large aggregatesit was difficult to identify single cells to get an accurate
measure of cell number and determine which cell nuclei were associated with each
cytoplasmic calcein stain indicating a live cell. Therefore, viability was determined as
the total area covered by live cells in the treatment groups compared to coverage by live
cells observed in control sampleg®4. Quantifying viability as a measure of cell coverage
allowed for slight changes in cell morpho logy to be taken into account (Figure 5.3B), but
depends on the effects of extract on cell proliferation. As some cells were still living
after treatment with various extracts but their number and area coverage was
diminished , the inhibition of proliferat ion may be a more sensitive marker for
biocompatibility than viability stains; reduced proliferation could account for the

significantly reduced coverage by live cells observed in more concentrated extracts/194,

5.6 Conclusions

The effects of extract from a capsuleembedded bone cement on the proliferation
and viability of MG63 human osteosarcoma cells indicated the addition of capsules did
not significantly affect the viability and proliferation of the cells in response to the
PMMA. The effects of both capsule-embedded bone cement and OCA extracts were
found to be mediated somewhat through dilution of the extract. Even though an

extensive and comprehensive cytotoxicity analysis was not the goal of these
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experiments, these findings support the future promise of this system and indicate its

toxicity is similar to existing commercial formulations.
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6. Chapter 6: Dissertation summary and future w  ork

6.1 Dissertation s ummary

This project was motivated by the clinical need to improve the functional lifetime
of cemented TIJRs. The following hypotheses were tested:(1) reactive OCA can be
successfully encapsulated and the resulting capsules thoroughly characterized; (2) the
static mechanical properties of the PMMA composi te can be improved or maintained
through inclusion of an optimal wt% of OCA -containing capsules; (3) PMMA containing
encapsulated OCA hasa prolonged lifetime when compared with a capsule-free PMMA
control as measured by the number of cycles to failure; ard (4) the addition of capsules
to the PMMA does not significantly alter the biocompatibility of the material.  The
specific aims of the project were to: (1) use interfacial polymerization techniques to
encapsulate reactiveOCA healing agent and characterize the properties of the resulting
capsules;(2) determine the effects of capsule content on the tensile, compressive, and
fracture toughness properties of PMMA to identify a n optimal maximum allowable
wt%; (3) examine the fatigue lifetime of capsule-embedded and capsule-free commercial
samples to assess the functionality of the selfhealing system; and (4) investigate the
viability and proliferation of MG63 human osteosarcoma cells when treated with
extracts from capsule-containing bone cement as aprelimi nary assessment of

biocompatibility.
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In Chapter 2, the optimization of the encapsulation of OCA within PUR capsules
and subsequent capsule characterizationwas presented. Interfacial polymerization of
PUR and 1,4BD in an oil -in-water emulsion was used to encapsulate OCA. Average
capsule diameter and shell thicknesswere dictated by agitation rate though the ratio of
thickness/diameter remained fairly consistent, ranging from 0.01 -0.02regardless of the
rate used during capsule fabrication. TGA analyses revealed the multiphasic thermal
degradation behavior of OCA -containing capsules; from this data, it was determined
that the OCA content of the capsules ranged from 46-58% depending on the agitation
rate used. The compressive strength of individual capsules made at different speeds
ranged from 8.3 to 13.6 MPa; this variability was attributed to variations in percent fill of
the capsules as well as the shell thickness in capsules fabricated a different agitation
rates, with thicker shells observed at slower agitation rates. To investigate the
functionality of the encapsulated OCA, capsules were crushed between two plates and
the detachment force necessary to separate the bonded plates was recorded. Finally,
capsules were incorporated into a PMMA matrix as a preliminary assessment of process
survivability. Results from Chapter 2 supported the hypothesis that reactive OCA could
be encapsulated and the resulting capsules thoroughly characterized; the results also
supported progression to mechanical testing of capsule-embedded specimens

Various mechanical properties of PMMA specimensembedded with

encapsulated OCA were determined and presented in Chapter 3. The tensile and
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compressive properties of the PMMA/ capsule composite were maintained at capsule
contents up to 5 wt%; above this content, the required strengths were no longer
sustained. Compression samples containing 10 wt% or fewer capsules deformed
plastically upon failure whereas specimens with higher capsul | WEOOUIT OUU wma wl k wh |
fragmented upon failure. Fracture toughness was increasel slightly by the inclusion of
3 wt% capsulesand remained within the range of literature -reported values for fracture
toughness of PMMA at all capsule contents tested(0-15 wt%). Increased fracture
toughness suggeststhe ability of capsules to slow crack propagation rates to contribute
to material lifetime extension. The results in Chapter 3 confirmed the hypothesis that
the static mechanical properties of a PMMA composite could be maintained or
improved through the inclusion of an optimal wt% of OCA -containing capsules, in this
case, up to 5 wt%.
In Chapter 4, studies investigating the functional lifetime of capsules, the
bending strength of capsule-containing specimens, and the effects of capsules onPMMA
fatigue lifetime were presented. Capsules demonstrated some susceptibility to moisture
intrusion as evidenced by the increase in shell thickness and subsequenly in individual
capsule compressive strength. Similar to UTS and UCS, bending strength was decreased
with increased capsule wt% while the bending modulus remained largely unchanged
regardless of the capsule content. FOOOOP P OT wUUOUET | wpbOwitedi 1 Uz UwU

bending strengths of unfilled specimens was virt ually unchanged while B of samples
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filled with 5 wt% encapsulated OCA was increased by 17% The bending moduli of

unfilled and filled specimens were reduced slightly following UUOUET | wbB w1l BDOT 1 Uz |
decreased by 7.9% and 12.6%, respectively for unfilled ad filled samples. This decrease

is attributed to reduced deflection undergone by samples prior to failure post-storage in

1DOT 1T UzUwUOBOUUDPOO

Qu

Fatigue lifetime was increased in samples containing capsuleswhen compared
with unfilled controls ; the effect of the OCA was confirmed through cyclic testing of
PMMA specimens containing OCA -free capsules At low applied cyclic loads, the index
of fatigue performance of OCA-containing bone cement stored in air at RT was
increased 2.5 and 1.8times when compared to specimens containing OCA-free capsules
and specimens without capsules, respectively. However, when samples were tested
i O0O0OPPOT WUUOUET T wbOwipOT 1 UzUwUOOUUPOOOWUT T Ul w
lifetime of samples filled with encapsu lated OCA while the number of cycles to failure
Of wUOI POOTI EWUEOXx Ol UwUUOUTI EwbOw1pOT 1 Uz UwPEUwWDOE
EAEOPEWOOEEDOT wl O w®WI -OU Duw UAWEIT u @up@aam\Od -1 Uz UL
containing samples could undergo an increased number of cycles to failure with respect
to the other specimen types. The results of the experiments performed in Chapter 4

support the hypothesis that PMM A containing encapsulated OCA has a prolonged

functional lifetime as measured by the cycles to failure but that the capsules may be
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susceptible to moisture infiltration, and therefore have adiminished functional lifetime,
in their intended in vivo environment.

Biocompatibility analyses of the components of the self-healing system were
presented in Chapter 5. Extracts from all bone cement samples were found to
significantly reduce the viability of MG63 human osteosarcoma cells when compared to
the negative control but not with respect to each other; additionally, a slight but not
significant dose-dependent response was observedthrough extract dilution . In contrast,
extracts from OCA alone showed a significant reduction in coverage by live cells for all
dilutions with respect to control samples as well asa significant dose-dependent
dilution effect. Compared to extract -free controls, cell proliferation was significantly
reduced upon exposure to undiluted extracts from capsule -free and capsulecontaining
controls; however, overall MG63 proliferation in undiluted extracts from capsule free
and capsule embedded bone cemens were nearly indistinguishable. This indicates that
the addition of capsules did not signi ficantly affect proliferation after 24, 48, or 72 h.A
dose-dependent dilution effect for capsule -containing specimens was significant only at
48 h between undiluted extract and extract diluted to 25%.

OCA was observed to have a more substantial effect on curtailing proliferation,
thus requiring that a 50% dilution to be the least diluted extract tested; widespread cell
death was observed in studies performed with undiluted OCA extract. Proliferation

was significantly decreased in cells exposed to OCA extract diluted to 50% with respect
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to the negative control at every time point and the largest decreasewas observed after 48
h. Modest recovery after 72 h suggests that proliferation may not be permanently
reduced by this extract. There wasalso a significant dose-dependent effect for OCA
extract for all dilutions at 48 h and between 50% and 10% at 72 hThe results in Chapter
5 confirmed that the addition of capsules to the PMMA did not significantly alter the
proliferation and viability of cells exposed tothe bone cement While OCA displayed
some cytotoxic effects they were decreased through extract dilution, sugg esting that
clearancein vivo may mediate any cell toxicity .

Overall the results presented in this dissertation support the feasibility of a self-
healing bone cement system based on OCA Specifically, we found that functional OCA
could be encapsulated within PUR shells and successfully incorporated into PMMA
bone cement. Lower wt% of capsuleswas found to maintain the tensile, compressive,
fracture toughness, and bending properties of the PMMA. T he inclusion of 5 wt% of
OCA-containing capsules in the matrix increased the number of cycles to failure when
compared to unfilled specimens and those filled with OCA -free capsuleswhile
maintaining material biocompatibility. It was also determined that OCA -containing
samples had superior fatigue performance at lower loads more relevant to those
observed in vivo. Storage of capsule® Ow 1l B OT 1 U 370Cudsi€xihinbréaded
individual microcapsule compre ssive strength; 1 D OT 1 Uz Umoddbetely affbote®the

bending strength and modulus, and increasedthe number of cycles to failure in unfilled
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specimens. In OCA-filled samples, the number of cycles to failure was decreased
i OOO0OPDPOT WUUOUET | wb O wl BaypestidgcapauleOapelsuseeftidletd O U wK wb

moisture infiltration and subsequent OCA polymerization .

6.2 Future work to complete current s  tudies

In Chapter 3, the fracture toughness of TDCB samples of capsulefree and
capsule-embedded PMMA was determined and presented in Figure 3.4. Inthe work
presented in Chapter 4, samples of PMMA containing OCA -free capsules were used to
assess the effects of the capsules themselves on the fatigue properties of the material.
The fracture toughness of samples of PMMA containing OCA -free capsules could also
be determined to complete this study.
Similarly, moisture infiltration into OCA -free capsules could also be investigated
to help investigate UT 1T wi I I T EVOU WOl wibOT 1 Uz UwOOWURshalil OEE x U
itself. The increase in capsule compressive strengh observed in Figure 4.1was
attributed to polymerization of the core OCA contents and swelling of the PUR shell
itself; similar analyses with OCA -free capsules could provide information that would
support or negate thehypothesis that the PUR swelling ® Ow U1 1 usbl@tiéniolet) 7 U w
time contributed to increased shell thickness. Additionally, fatigue testing of PMMA
samples filled with OCA -l Ul 1 wEEx UUOI Uwi 6O00OPDPAOT wUBEIWET 1 wbOu
4 weeksis also in progress.
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To gain a better understanding of the mechanisms of OCA release in response to
fatigue damage, dye visualization studies could aid in determining capsule distribution
and healing agent release in response to damage Given the lower wt% of capsules used
in these experiments and the opacity of the PMMA, dyes with high contrast in the green
Palacos R material, such a®il Red, Sudan Black B,and D&C Violet, are all currently
under investigation for this application (work not shown) . It is hypothesized that the
inclusion of dye would not alter the mechanical or release properties of the capsules, but
visualization of the released contents would enable assessments of the effectiveness of
the system. Information on capsule distribution as well as quantification of healing

agent releasewould provide valuable insights into the limits of the system.

6.3 Implications of thisr esearch

This work represents the first introduction of a matrix repolymerization -based
SHM to a biomedical application. As discussed in Chapter 1, over 1 million TIR
procedures are estimated to be performed in 2013, with the numbers projected to
increase significantly as the population ages and patients require TJRs at youngerand
more active ages All primary and revision procedures have the potential to fail as a
result of accumulated material microdamage; any action taken to extend the functional
lifetime of cemented implants could translate to years of improved patient quality of life,

as well as reduced hospital costs.
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The promising fatigue lifetime results presented in Chapter 4 support the
progression of testing into more biomimetic in vitro analyses and to assessments oih
vivo biocompatibility and functionality.  The presence ofencapsulated OCA increased
PMMA fatigue life more than the addition of capsules alone(Figures4.4, 4.5, and 4.8
suggesting that encapsulation of various liquids and oils, even those not meant to react
upon release, could be used to increase the fatigue life of other composites used across
numerous engineering applicati ons.

In the most straightforward sense, this project demonstrates the encapsulation of
cyanoactrylate that retains its functionality post -encapsulation. This technique, or
modified versions of it, could have applications across many engineering discipline s,
particularly those in which toxicity of the system is less important than the water
reactivity of the encapsulated agent. The removal of this constraint could allow for more
effective encapsulation procedures through the use of more toxic, though less water
miscible, solvents and shell materials.

The potential benefits from and enormous growth in the area of self-healing
biomaterials are evident. Although bone cement was selected as the focus of this
dissertation, numerous other implants fail followin g years of cyclic usage and new
designs for such implants should also be considered for additional self -healing
applications. These implants include artificial heart valves, load -bearing surfaces of

TJRs.dental implants, orthopedic nails and screws, and vertebral disc replacements,
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among othersl*7. By being the first to enter this nascent field, we hope to encourage
other biomedical engineers to utilize SHM strategies for existing applications and to
inspire current self-healing researchers to identify uses for their techniques within

biomaterials.

6.4 Future directions for the self-healing bone cement p roject

This project was intended to investigate the feasibility of a SHM based on OCA
and PMMA bone cement. While the results within this dissertation are promising, a t
this stage there are numerous directions in which the project could go to develop a bone
cement that could be clinically -implemented to reduce the likelihood of TJR failure and
the need for revision procedures. Future work should focus on improving the
functional lifetime of the encapsulated material and gaining a more comprehensive
understanding of the mechanisms of OCA release andrepair within the PMMA. More
complex fatigu e testing strategies will need to be investigated in addition to in-depth
and clinically -relevant assessments ofU I 1 w O E (hivithdbaBdry vivaibiocompatibility.

The results in Chapter 3 indicate that bonding at the capsule/matrix interface
could be improved; capsule pull -out and crack propagation around (rather than
through ) capsuleswere observed in some specimens. As presented in Chapter 4, the
capsulesalso demonstrated susceptibility to moisture intrusion, thus limit ing their

storage and functional lifetimes. Capsule mechanical strength increased following
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exposure to physiological conditions and was attributed to polymerization of the core
OCA material and swelling of the PUR shell material, each of which is undesirable for
long-term stability and functionality of this self-healing system. Potential solutions to
these problems may require the selection of a new capsule material ormodification of
the current PUR material to increase adhesion between the capsule shell and PMMA
matrix and to incr ease capsule hydrophobicity to minimize water infiltration

Preliminary studies were performed to functionalize the PUR shell to improve
capsule adhesion to the matrix and increase capsule hydrophobicity. An alkene bond
was introduced into the small diol used as the chain extenderduring capsule fabrication

(Figure 6.1).
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Figure 6.1: The structure of the 1,4-BD chain extender currently used in encapsulation
procedures is shown in (A) while the structure of a proposed potential chain extender,
2-allyl -1,3-propanediol, is shown in (B).

167



Alkene bonds can be used to react with any number of chemistries to tailor the
surface properties of the capsulesbut is not anticipated to react with the OCA monomer
duri ng encapsulation or over long storage periods. The modified diol, 2 -allyl -1,3
propanediol (PD), has beensuccessfully utilized in the encapsulation procedure. As a
proof -of-concept study to determine whether or not this modified diol could be used to
increase PUR hydrophobicity, thin films were made by reacting the pPUR with a chain
extender of either 1,4-BD or PD during a spin -coating process. The filmswere covered
in a 1:1 solution of 1H,1H,2H,2H-perflu orodecanethiol:isopropyl alco hol and exposed to
UV (254nm) light for 60 min; this particular thiol was selected becauseits high
hydrophobicity allow ed for easy detection via contact angle measurements Following
the thiol reaction, the films were rinsed with isopropyl alcohol and F -toluene. A
goniometer was used to measure contact angle of films made with various combinations

of the chain extenders treated with the thiol (Table 6.1).
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Table 6.1: Effect of thiol functionalization on contact angle of PUR films

Sample type Functionalization Contact angle

PUR +1,4BD None 77.3+£0.3
PUR + PD None 76.4+1.3

PUR +1,4BD Perfluorodecanethiol 78.1+0.6
PUR + PD Perfluorodecanethiol 96.7+£2.2
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This data suggests thatfabricating films with different the chain extenders did
not significantly affect the PUR hydrophobicity, as indicated by the contact angles of
77.3+0.3 and 76.4+ 1.3 Furthermore, the thiol was observed only to react with the
alkene present on films made with PD while the contact angle was relatively unchanged
in films made with 1,4 -BD treated with the thiol from the untreated controls .

While apromising future direction for this project , infinitely many factors could
be changed to tilor the properties of the PUR + PD, including: the concentration of the
thiol solution, the type of thiol used, the UV exposure time, the solvents used forrinsing,
etc. Additionally, the PUR used in these experiments was fa bricated using 1,4-BD as the
soft segment; varying the ratio of 1,4-BD to PD in the pPUR itself could also play a role
in the functionalization of the PUR material. Other thiols, such as 6 mercapto-1-hexanol
and (3-mercaptopropytrimethoxysilane could be investigated for their hydrophobicity
and potential interactions with the PMMA matrix. However, there are significant
challenges to this approach, most notably, the ability to evenly functionalize the
rounded surfaces of capsules.

In addition to chemical modifications of the PUR already used for the OCA
encapsulation, alterations to the physical properties of the capsule, such as changing the
shell materiall*¢8 or adding a coatingt6%179, could be investigated to further promote
adhesion via increased surface roughness. Polyethylene and silica could be investigated

as potential capsule materials given that MMA does not affect these materials and

170



therefore the capsules could beexposed to the monomer for a longer period of time,
improving the mixability and workability of the  capsule-containing PMMA. This would
simplify the sample preparation procedure and reduce the potential for voids and
defects in the final capsule-embedded samples. It may also be worthwhile to investigate
other solvents to improve encapsulation. In Chapter 2, data was presented indicating
that solvent comprised less than 7% solvent'’; given the small volume of solvent that
remains in the final capsules, perhaps the use of a more bxic solvent would improve
encapsulation efficiency without increasing the overall material toxicity. Use of such
solvents could expand the number of materials able to be used for the encapsulation
procedure. Previous work has also indicated the potential of encapsulations based on
oil-in-oil -in water emulsions utilizing paraffin oil for the encapsulation of OCA [2%l; this
POUOWEOUOEWE] wEbOUPOUI EwPOwUT T wi O Ul wUOOWET U1 U
embedded into a PMMA matrix .

Any strategies to improve shell/matrix adhesion may allow for incorporation of
more capsules while sustaining the commercially -required static mechanical properties.
Greater increasesin fracture toughness could also be achieved from these modifications.
Because the healing capabilities of these systems are limited by the supply of healing
agent, the incorporation of more capsuleswould s erve to further increase the functional
lifetime of the SHM. Improvement to the capsule/matrix adhesion is crucial to

improving the static mechanical properties and perhaps to obtaining more efficient
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healing. Additionally, if interfacial bonding is impr oved, it may be possible to optimize
the size and wt% of capsules used in the matrix to maximize the volume of available
healing agent.

The fatigue studies described in Chapter 4 are promising and indicate that the
presence of OCA, not merely the addition of capsules,is contributing to lifetime
extension, particularly at clinically -relevant loads. If adhesion between the capsule and
matrix could be improved, the effects may become even more pronounced. Theresults
presented heresupport the extension of fatigue testing to more complex models that
mimic the loading of TJRsin vivo. Variable amplitude loading strategies have
previously been used to mimic the loads experienced by joints during normal activity,
such as walking, standing, sitting, and climbin g stairsi2°d; such strategies could also be
investigated for this project to more accurately reflect both the loading in vivo as well as
the periods of rest that might be conducive to matrix repair. Interfacial wear has been
shown to be responsible for considerable generation of PMMA wear debris [6 38 135 137,207,
therefore, testing that specifically examines the ability of this SHM to repair fatigue
damage generated from bonding defects at the cement/stem and cement/bone interfaces
would provide valuable information about clinically -relevant failure modes.

EEPUDPOOEOOaAaOWUI UUDPOT woOi wU Ef 4 vdeKs inditérdd GhiatE wb Qw1 B O
fatigue life was increased in unfilled specimens and decreased in samples containing

encapsulated OCA; future work should investigate strategies to protect the capsule core

172



contents. Other work could focus on expanding the testing to be performed while
samplesare immersedin 1 B O1 $olltiptJaui37 <, as this would also influence the
fatigue properties and would more accurately reflect the behavior of the material in vivo.
Although an encouraging initial study , the biocompatibility analysespresented
in Chapter 5 should be expanded in order to make definitive claims about the suitability
of this self-healing composite in vivo. Given the toxicity observed with OCA extract,
future studies should focus on growth of cells in extract medium obta ined from fatigued
samples in which encapsulated OCA has presumably been released into the PMMA to
Ul T Ol EQwUT 1T wOE Uin ub;Edg stioul& 456 be@tovininmiceé aontact
with the materials. Use of primary cells, like human osteoblasts and osteoclasts, would
provide more relevant in vitro information than that obtained from the immortalized
MG63 human osteosarcomalinelt23208 209, Fyrthermore, in vitro analyses of cells grown
in direct contact with the material rather than with its extract could better indicate the
responses to be expectedn vivo. Given the osteolysis associated with wear debris and
subsequent TJR failure, experiments designed to quantify wear debris generation from
unfilled and filled specimens could determine if the self -healing approach actually
noticeably reduces material loss by minimizing crack propagation. Investigations of
macrophage response particularly the production of key cytokines ( TNF-alpha, IL-1,

and IL-6) associated with osteolysid3”.56.21, to wear debris generated from capsule-
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embedded bone cement would provide valuable information about the potential for
reducing osteolysis in vivo.

Finally, an animal model is necessary to look atin vivo responses in terms of the
biocompatibility of the material as well as its functionality [5614+144, |t is possible that cell
response ®ould be different if the material were undergoing in situ loading; for example,
OCA release and subsequent polymerization may have different effects on cellsthan
those resulting just from contact with the static material or extracts from the static
material. Results presented in Chapter 5 suggest that exposure to OCA released during
material loading may result in cell death 283, although the OCA should polymerize
inside the PMMA matrix, minimizing direct contact with cells and the interstitial fluid.
Even though PMMA toxicity in humans is well -documented, an appropriate (i.e. load-
bearing) animal model should be identified to eR EOD O1 wUT 1 wOEUIT UaddE Oz Uwi UO
subsequent cytotoxicity in vivo.

| believe that the work presented in this dissertation is promising and supports
the feasibility of developing a self -healing PMMA bone cement/OCA SHM that could
significantly exten d the functional lifetime of TJRs and minimize the number of revision
procedures that are required. There are still many exciting avenues to pursue that could
yield even more information about this material design and potentially lead to an

improved and m ore robust system.
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Appendix A : Glossary of Terms

Abbreviation Term

1,4BD 1,4-butanediol

ASTM American Society for Testing and Materials

B Bending strength

b Weibull slope

BrdU 5-bromo-l -geoxyuridine

DBTL Di-n-butyltin dilaurate

DCPD Dicyclopentadiene

DEK Diethyl ketone

DETA Diethylenetriamine

E Bending modulus

EdU 5-ethynyl -2zdeoxyuridine

Epon 682 Diglycidyl ether of bisphenol -F

Epon 828 Diglycidyl ether of bisphenol -A

FITC Fluorescein isothiocyanate

HOPDMS Hydoxyl end-functionalized polydimethylsiloxane

ISO International Organization for Standardization

K Fracture toughness

KH-816 Cycloalipathic amine

MEK Methyl ethyl ketone

MIBK Methyl isobutyl ketone

MMA Methyl methacrylate

MTS 3-(4,5dimethylthiazol -2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-
sulfophenyl) -2H-tetrazolium

MTT 3-(4,5dimethylthiazolyl -2)-2,5diphenyltetrazolium bromide

E Healing efficiency

No Guaranteed/minimum fatigue life

Na Characteristic fatigue life

Nt Number of cycles to failure

Nwwm Weibull mean

OA Osteoarthritis

OCA 2-octyl cyanoacrylate

Pc Critical fracture load

PD 2-allyl -1,3-propanediol

PDES Polydiethoxysilane

PMMA Poly(methyl methacrylate)
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Abbreviation

Term

Pl

Propidium iodide

PTSA Para-toluenesulfonic acid

PUR Polyurethane

RANK/RANKL | Receptor activator of nuclear factor-d ! * OPT EQE
RT Room temperature

pPUR Polyurethane prepolymer

SHM Self-healing material

TDCB Tapered double-cantilever beam

TDI Toluene-2,4-diisocyanate

TIR Total joint replacement

TNF Tumor necrosis factor

Ucs Ultimate compressive strength

UF Urea formaldehyde

UHMWPE Ultra high molecular weight polyethylene
UTS Ultimate tensile strength

WTDCB Width tapered double -cantilever beam
YD-115 Butyl diglycidyl ether of bisphenol-A
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this Agreement. You agree that you own no right, title or interest in or to the Materials or.
any of the intellectual property rights therein. You shall have no rights hereunder other than
the license as provided for above in Section 2. No right, license or interest to any trademark,
trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto.

5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS,
IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE
ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
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INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF e
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT

AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.

6. WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

7. You shall indenmify, defend and hold harmless WILEY, its Licensors and their respective |
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

8. INNO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY
OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL,
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH :
THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS
REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR
OTHERWISE (INCLUDING, WITHOUT LIMITATION, DPAMAGES BASED ON LOSS
OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD
PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED
REMEDY PROVIDED HEREIN,

9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
neatly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be
affected or impaired thereby.

10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of
this Agreement. No breach under this agreement shall be deemed waived or excused by
either party unless such waiver or consent is in writing signed by the party granting such
waiver or consent. The waiver by or consent of a party to a breach of any provision of this.
Agreement shall not operate or be construed as a waiver of or consent to any other or
subsequent breach by such other party,

11. This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt
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13. These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes all ’
prior agreements and representations of the parties, oral or written. This Agreement may not.
be amended except in writing signed by both parties. This Agreement shall be binding upon -
and inure to the benefit of the parties' successors, legal representatives, and authorized
assigns.

14. In the event of any conflict between your obligations established by these terms and -
conditions and those established by CCC's Billing and Payment terms and conditions, these o
terms and conditions shall prevail,

15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the .
license details provided by you and accepted in the course of this licensing transaction, (i) =
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type
was misrepresented during the licensing process.

17. This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any legal
action, suit or proceeding arising out of or relating to these Terms and Conditions or the
breach thereof shall be instituted in a court of competent jurisdiction in New York County in
the State of New York in the United States of America and each party hereby consents and
submits to the personal jurisdiction of such court, waives any objection to venue in such
court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

Wiley Open Access Terms and Conditions

Wiley publishes Open Access articles in both its Wiley Open Access Journals program
[http://www.wileyopenaccess.com/view/index.html] and as Online Open articles in its
subscription journals. The majority of Wiley Open Access Journals have adopted the
Creative Commons Attribution License (CC BY) which permits the unrestricted use,
distribution, reproduction, adaptation and commercial exploitation of the article in any
medium. No permission is required to use the article in this way provided that the article is
properly cited and other license terms are observed. A small number of Wiley Open Access
journals have retained the Creative Commons Attribution Non Commercial License (CC
BY-NC), which permits use, distribution and reproduction in any medium, provided the
original work is properly cited and is not used for commercial purposes.

Online Open articles - Authors selecting Online Open are, unless particular exceptions
apply, offered a choice of Creative Commons licenses. They may therefore select from the
CC BY, the CC BY-NC and the Attribution-NoDerivatives (CC BY-NC-ND), The CC
BY-NC-ND is more restrictive than the CC BY-NC as it does not permit adaptations or
modifications without rights holder consent.
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Wiley Open Access articles are protected by copyright and are posted to repositories and ~ *
websites in accordance with the terms of the applicable Creative Commons license

referenced on the article. At the time of deposit, Wiley Open Access articles include all
changes made during peer review, copyediting, and publishing. Repositories and websites;
that host the article are responsible for incorporating any publisher-supplied amendments or
retractions issued subsequently. R
Wiley Open Access articles are also available without charge on Wiley's publishing

platform, Wiley Online Library or any successor sites.

Conditions applicable to all Wiley Open Access articles:

* The authors' moral rights must not be compromised. These rights include the right of
"paternity” (also known as "attribution" - the right for the author to be identified as -
such) and "integrity" (the right for the author not to have the work altered in sucha =~ ~
way that the author's reputation or integrity may be damaged). )

* Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content. :

If article content is copied; downloaded or otherwise reused for research-and other---
purposes as permitted, a link to the appropriate bibliographic citation (authors, journal,
article title, volume, issue, page numbers, DOI and the link to the definitive published
version on Wiley Online Library) should be maintained. Copyright notices and
disclaimers must not be deleted.
o Creative Commons licenses are copyright licenses and do not confer any other
rights, including but not limited to trademark or patent rights.

e Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of an
article that appeared in a Wiley publication. The publisher has not endorsed this
translation."

Conditions applicable to non-commercial licenses (CC BY-NC and CC
BY-NC-ND)

For non-commercial and non-promotional purposes individual non-commercial users
may access, download, copy, display and redistribute to colleagues Wiley Open
Access articles. In addition, articles adopting the CC BY-NC may be adapted,
translated, and text- and data-mined subject to the conditions above.

Use by commercial ""for-profit” organizations

Use of non-commercial Wiley Open Access articles for commercial, promotional, or
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