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ABSTRACT

Percutaneous osseointegrated prosthetics are a promising limb prosthetic
alternative for amputees. Similar to other percutaneous devices that have permanent
residence in host tissue, their success is dependent on an impassable attachment between
skin and the device. Anincomplete attachment greatly increases risk of infection and
subsequent device removal. A common failure mechanism of percutaneous devices is the
epidermis migrating internally, called “epidermal downgrowth,” creating a pocket
between the skin and the device. This pocket serves as an access point for
microorganisms, contributing to infection and device failure. Thus, there is a need to
improve the skin integration with the percutaneous device such that microbial access and
infection is prevented.

This first portion of this dissertation work sought to investigate infection
vulnerability of porous titanium and smooth titanium percutaneous implants with
subcutaneous flanges. In this work, a more relevant small animal model of percutaneous
device infection was established. It was demonstrated that porous surfaces significantly
decreased risk of infection of percutaneous implants. However, due to epidermal
downgrowth in the majority of implants, there was an absence of skin integration with the
percutaneous component, thus contributing to increased infection susceptibility and

device failure.



It is suggested that epidermal downgrowth may occur because of poor
vascularization and/or inadequate soluble signaling factors. To prevent downgrowth and
improve the skin-implant seal and integration, the remaining portion of the dissertation
work evaluated the contributions of mesenchymal stem cells, as they are known to
increase vascularization in wound healing environments and to stimulate tissue repair
through paracrine signaling mechanisms. It was demonstrated that mesenchymal stem
cells accelerated tissue integration and improved the healing response to porous titanium
percutaneous implants. This work also demonstrated that in a bacterial challenged
environment, porous titanium percutaneous implants treated with mesenchymal stem
cells did not develop infection, attesting to the establishment of a more robust barrier to
infection compared to that in untreated implants.

The work described herein provides encouraging data that, upon further
evaluation and optimization, could potentially be translated to the clinic to improve tissue
integration and reduce infections of percutaneous implants, specifically, percutaneous

osseointegrated prosthetics.
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CHAPTER 1

INTRODUCTION

1.1 Prosthetic Technology for Amputees

Currently, the majority of amputees use a socket-type device to connect their
prosthetic limbs to their bodies. These socket prostheses are designed to fit snugly
around the residual limbs and are held in place mechanically through the use of belts,
cuffs, or suction. Over the years, technological advancements with socket prostheses
have greatly improved the lives of amputees, allowing them to be more mobile and to
better engage in an active lifestyle. However, socket prostheses are not without
limitations, including, but not limited to overload and irritation of the adjacent soft tissues
[1-6], disuse osteoporosis in the residual limb [7], difficulty in ongoing socket fit due to
weight fluctuations and muscular atrophy [2, 5, 6], and challenges in fitting individuals
with short residual limbs [8].

To overcome these limitations, percutaneous osseointegrated prosthetics are being
developed as an alternative to socket-type devices [9-17]. Similar to dental implants,
percutaneous osseointegrated prosthetics are anchored to the bone and pass through the
skin, resulting in an abutment to which a limb prosthetic attaches (Figure 1.1) [9, 11, 15,

18, 19]. These unique prosthetics are not for every amputee. Rather, the primary



amputee population to use these prosthetics includes those that have good vascular
supply, appropriate bone density, normal wound healing abilities, and overall are healthy
individuals. In Europe, patients receiving these implants report improvements in
mobility [20, 21], activity levels [20, 21], gait performance [20, 21], and
“osseoperception,” a sensory feedback in the amputated limb from the surrounding
environment [9, 21, 22]. While percutaneous osseointegrated prostheses show great
promise for a select amputee population, they permanently disrupt the skin barrier and are

at constant risk of infection [15, 21].

1.2 Percutaneous Implant Infection Rates

It is well established that medical device implantation is accompanied by an
increased risk of infection [23, 24]. Percutaneous osseointegrated prosthetics currently
have a reported 18% infection rate, with most infections developing within the first 3
years of implantation [15, 21]. Similarly, other percutaneous devices, such as central
venous catheters, have a reported 3-8% infection rate; heart assist devices, a 25-50%
infection rate; and dental implants, a 5-10% infection rate [23]. Bone-anchored hearing
aids (BAHAS) have a 23.9% failure rate, including both device infection and other soft
tissue problems that typically present within the first year of implantation [25, 26].

The cost for treating these infections is considerable, ranging $40,000 - $70,000
per patient [27]. Treating infections of percutaneous implants typically requires a
regimen of antibiotic therapy, and if that is unsuccessful, the next treatment strategy is
surgical removal of the device and infected peri-implant tissue [28]. Concerns arise

regarding antibiotic therapy as it is well known that once a biofilm is formed on the



implant, it is extremely difficult, if not impossible, for an antibiotic regimen to eradicate
the chronic inflammation and subsequent infection [29, 30]. An additional concern is
that overuse of antibiotics increases the ability of bacteria to develop resistance to these
antibacterial interventions, thus encumbering treatment strategies and perpetuating

implant infection [31].

1.3 Cause of Percutaneous Device Infections

Several factors are involved that may determine if and when a percutaneous
device will get infected. For example, some more obvious factors include improper
surgical implantation, introduction of microorganisms during surgical procedures, poor
healing abilities, lack of routine cleaning of the device, misuse of the device, etc.
Additional modes of failure as described by Andreas F. von Recum include
marsupialization, permigration, mechanical avulsion, and infection unrelated to the other
modes of failure [32]. These percutaneous device failure modes will be discussed in
more detail later.

All failure mechanisms of percutaneous devices ultimately result in a poor seal
between the skin and the device. The interrupted skin-implant seal provides an access
point for commensal and noncommensal microorganisms, which, after migration and
colonization, will most likely lead to chronic inflammation and/or infection of the peri-
implant tissue. Studies evaluating microorganism colonization at the skin-implant
interface of percutaneous osseointegrated prosthetics report that Staphylococcus aureus
and coagulase-negative staphylococci are the most commonly isolated microorganisms

[15].
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The ideal situation is that the skin with underlying soft tissues acts as the primary
barrier to infection through a complete integration and attachment with the percutaneous
implant. Numerous studies over the years have acknowledged this, and as such, have
presented data addressing potential improvements of skin-implant attachment. Yet, when
reflecting over the last 40+ years of studies, development of an infection-free, long-term

skin-implant integration has still proved to be a challenge.

1.4 A Walk through the Decades of Percutaneous Implant Studies
In reviewing literature at what has been done to improve percutaneous device
residence in host tissue, much of the work that is of relevance to our ultimate goal of
infection-free percutaneous osseointegrated prosthetics is that pertaining to dental
implants and bone-anchored hearing aids. These devices are typically composed of metal
and are implanted for the lifetime of the individual. Thus, this section will primarily

review that literature, though with some exceptions.

1.4.1 Related work from the 1800s

Beginning in the mid 1800s, Malgaigne was reported to be the first to use external
fixation for fractures [33]. External fixators are similar to percutaneous osseointegrated
devices in that they are inserted into the bone and proceed to exit through the skin. With
fairly good success, he and others concluded that inflammation and infection around
these percutaneous devices were most likely to occur if there was repeated gross motion
of the skin around the external fixation pin [33]. Eugene Murphy makes a very

interesting statement in his review of Malgaigne’s work, regarding positive outcomes of



the percutaneous devices despite aseptic technique and antibiotics. He states,
“...infection-free passage through the skin for weeks or months is not completely

impossible, even with unsophisticated materials and absence of aseptic surgery and of

antibiotics... Malgaigne made a point of avoiding relative motion between skin and

device” [33].

1.4.2 Previous work in the 1900s

In the early to mid 1900s, there were many attempts of prosthetic skeletal
attachment for amputees, especially during and after World War 11 [33]. In 1946, Dr.
Dummer, a general surgeon in Pinneburg, Germany, fitted four human subjects with
prostheses attached to the skeleton. These prostheses were later removed (length of time
not mentioned) from all individuals as a result of one individual, termed “a dirty man”,
that developed implant infection [33]. Note though, that the other three individuals did

not develop infection.

1.4.2.1 The 1950s

In 1952, Per-Ingvar Branemark discovered the phenomenon of
“osseointegration,” and in the mid 1960s, he and his team in Sweden combined this
concept with that of a percutaneous device and developed the dental implant as a tooth
replacement [9]. Since then, they have used this technology for bone-anchored hearing
aids [9], plastic reconstructive surgery applications [19], thumb replacements [9], and

limb prosthetics [9]. In the 1990s, they began fitting trans-femoral amputees with



osseointegrated limb prosthetics; and, to this day, they have treated over 100 amputees

with osseointegrated prosthetics [9, 15].

1.4.2.2 The 1970s

In the 1970s, George D. Winter performed some preliminary experiments in a pig
model to study the skin reactions around porous and nonporous implants “sticking” out of
the skin surface [34]. His team harvested implant specimens at several time points up to
10 weeks post implantation. Winter concluded that the epidermis will migrate internally
along a nonporous implant, creating an unstable skin-implant junction that becomes
infected; thus, he concludes that the percutaneous component of a prosthesis should be
porous to allow ingrowth of fibrous tissue that results in a stable skin-implant attachment
[34]. C.W. Hall also looked at several materials exiting the skin in a goat model that
were implanted up to 14 months [35]. Out of the materials evaluated, a nylon velour on
the percutaneous component allowed soft tissue ingrowth which eliminated problems of
marsupialization and created a “bacteriostatic” seal with the skin [35].

In the late 1970s, Mooney and colleagues investigated stainless steel
osseointegrated percutaneous prosthetics with an unpolished carbon surface on the
percutaneous component [36]. Three human amputees received these prosthetics;
unfortunately, six months later, the prosthetics were removed due to chronic infection
[36]. They reported that a good seal at the skin-implant interface never developed, which
resulted in serous drainage and/or infection [36]. They concluded that mechanical factors
and poor vascularization in the tissue were primarily responsible for percutaneous device

failure [36].



1.4.2.3 The 1980s

Now moving into the 1980s, Squier and Collins evaluated soft tissue attachment
and epithelial downgrowth as a response to the pore size of Millipore filters (cellulose
ester material) using a porcine model [37]. The following pore sizes were analyzed over
an 8 week period: 0.025 pm, 0.65 pum, 1.0 um, 1.2 ym, 3.0 pm, 2.2 pm, 7.0 um, and 8.0
pm. Though the rate of epidermal downgrowth was more rapid during the first 2 weeks
of implantation, it was significantly decreased with larger pore sizes (3.0-8.0 um),
compared to smaller pore sizes (< 3.0 um) [37]. Their explanation for this observation
was that the larger pore sizes allowed for a greater amount of soft tissue ingrowth which
acted as a restrictive barrier to any further downward migration of the epidermal tissue
[37].

Also in the 80s, some excellent reviews were written on percutaneous device
failures and device design parameters [32, 38]. As mentioned previously, Andreas F. von
Recum described five principle failure modes of percutaneous implants: marsupialization,
permigration, mechanical avulsion, infection and abscess formation, and, lastly, failure
due to a combination of mechanisms [32]. He describes these mechanisms based on his
research of Dacron velour percutaneous implants in dogs, rabbits, and goats. Briefly,
marsupialization is when the epidermis grows internally along the percutaneous
component (this process is often called “epidermal downgrowth) creating a sinus tract or
a gap between the skin and the implant surface (Figure 1.2). Thus marsupialization is
epidermal downgrowth with a sinus tract between the tissue and percutaneous element.

Permigration is similar to marsupialization and epidermal downgrowth, but is specific to



completely porous percutaneous elements. Permigration is when the skin migrates
inward and then completely through a porous percutaneous component. The completely
porous percutaneous component fills with keratinized, non-viable epidermal cells, which
over time, leads to extrusion of the implant filled with cell debris. Mechanical avulsion is
the extrusion of the device due to mechanical forces. Infection and abscess development
at the skin-implant interface is a separate occurrence unrelated to the above described
failure modes. And lastly, it is generally agreed upon that percutaneous implant failure is
typically a result of a combination of these described mechanisms.

Grosse-Siestrup and Affeld wrote an interesting review on design of percutaneous
devices, highlighting the importance of stress reduction at the “three-phase junction,”
which is the point at which the air, artificial material, and skin tissue meet [38]. Based on
their investigations of some naturally found percutaneous devices such as antlers, horns,
hair, feathers, fingernails, hoofs, and teeth, they suggested a few implant design
parameters intended to reduce stress at the skin-implant interface. For example, one such
design was to modify the percutaneous component at the “three-phase junction” by
adding a cone or cylinder cuff, or a corrugated elastic cuff. The purpose of these cuffs
was to place the skin attachment site at a distance from the central percutaneous
component, thus shifting interfacial mechanical stresses [38]. They also suggested that
the subcutaneous component should be a flange design that could accommodate tissue
ingrowth and impact of external forces. Some designs or geometries of a subcutaneous
flange included circular discs with small and large holes, discs with meshwork, discs that
appeared as a spoked wheel, discs in the shape of a leaf, and flanges designed like a

snowflake [38].



A few years later, Von Recum published his work investigating species-related
differences in percutaneous device healing [39]. He examined a Dacron® mesh
percutaneous implant in dogs, goats, and rabbits, and found that there were no substantial
differences in the tissue response between the three animals, though no statistical
evaluations were performed on the histology data. Regarding epidermal downgrowth, he
concluded that the rate of downgrowth was significantly increased in the rabbit as

opposed to that observed in dogs or goats [39].

1.4.2.4 The 1990s

The field expanded in the 1990s with more groups entering the scene, particularly,
John A. Jansen’s group at the University of Nijmegen in the Netherlands. A selection of
their percutaneous device studies are as follows: evaluations of percutaneous implant
location (cranium vs. bone-anchored in tibia) and implant coating (i.e., hydroxyapetite,
titanium, and carbon) in a rabbit model [40]; comparisons between a subcutaneous
titanium mesh flange and a Dacron velour flange [41, 42]; comparisons between a one-
stage surgery (subcutaneous and percutaneous components implanted in a single surgery)
versus a two-stage surgery (subcutaneous component in one surgery, allow time for
healing, then in second surgery attach percutaneous component to subcutaneous
component) [43]; investigations of percutaneous implant tissue reactions in normal and
diabetic goat and rabbit models [44-46]; and studies of microgrooved surfaces on
percutaneous implants to improve tissue attachment [47]. Though many of these studies
were relatively simple and similar, some take home messages are that (1) a sintered

titanium mesh as a subcutaneous flange proved to allow better tissue ingrowth with
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decreased inflammation compared to a Dacron velour flange [42, 48]; (2) two-stage
surgeries had better outcomes than one-stage surgeries [43]; (3) severe, uncontrolled
diabetes resulted in increased infection rate and poor healing around soft tissue-anchored
percutaneous devices, though, interestingly, bone-anchored percutaneous devices healed
uneventfully in both normal and diabetic animals [45, 46]; and (4) microgrooves on
catheter-like implants did not inhibit epidermal downgrowth, with similar tissue reaction
to both grooved and smooth surfaces [47].

In the 1990s, K.M. Holgers from the Branemark group in Sweden published a
couple articles looking at the microbial flora and the inflammatory cell repertoire at the
skin-implant interface of percutaneous implants in humans [49-51]. They showed that
the main bacterial isolate was coagulase-negative Staphylococci [51]; and, as one would
expect, inflammatory cell infiltrates, specifically lymphocytes, were greater around
clinically irritated percutaneous implants compared to nonirritated implants, and were
more pronounced around the implant interface compared to distant skin sites with no
implant [49, 52]. Like previous groups, they also acknowledged that percutaneous
implant success was increased when interfacial motion between the skin and implant was
reduced [9, 19].

Chehroudi, Brunette, and colleagues evaluated surface topography of both the
subcutaneous and percutaneous components, showing that micromachined grooved
surfaces can promote tissue integration and can inhibit epithelial downgrowth; and
further, a two-stage surgery improves device performance compared to a one-stage
surgery [53-55]. The difference between these studies and the Jansen studies mentioned

above are that Chehroudi et al. had very different implant designs, and they studied the
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effect of textured surfaces separately on the percutaneous and subcutaneous components
(meaning percutaneous component was textured while the subcutaneous was not, and
then vice versa) [53-55].

The field kept progressing in the 90s. Fine trabecularized carbon was compared
to Dacron concluding the epidermal seal was better around a carbon material than
Dacron, though the seal was not durable enough to withstand shear forces at the interface
[56]. Knabe et al. highlighted epidermal downgrowth as a failure mechanism by
demonstrating downgrowth in all continuous ambulatory peritoneal dialysis catheters that
were explanted from humans [57]. Heaney evaluated marsupialization in a murine
model, and demonstrated variable data regarding epidermal downgrowth and sinus tract
formation, concluding that it reaches its maximum migration distance at 1 week post-
operation (note this is contrary to above data from Squier and Collins and many others),
and that underlying muscle or granulation tissue can act as a barrier to the migrating
epidermis [58]. Okada and Ikada evaluated collagen-immobilization on silicone
percutaneous implants. They showed that the tissue pull-out force was much greater for
collagen-immobilized implants compared to untreated, and infection and epidermal

downgrowth rates were decreased for collagen-treated percutaneous implants [59].

1.4.3 Previous work in the 21% Century

From the year 2000 and on, studies began to be a bit more elaborate. Pendegrass,
Blunn, and colleagues studied hydroxyapetite coatings, diamond-like carbon, grooved
and porous implants, and percutaneous osseointegrated implants with subcutaneous

flanges [10, 60]. They concluded that (a) surface texturing did not have significant
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effects on epidermal downgrowth, (b) a subcutaneous flange was important in reducing
epidermal downgrowth and interfacial motion, and (c) diamond-like carbon may
potentially reduce biofilm formation on percutaneous implants [10, 60]. More recently,
they evaluated covalently attached laminin, fibronectin adsorbed to silanized titanium,
and fibronectin adsorbed to hydroxyapetite on implants in subcutaneous tissue. They
demonstrated that dermal tissue attachment is enhanced around implants with fibronectin
adsorbed to silanized tianium and in implants in which fibronectin was adsorbed onto a
hydroxyapetite coating [61-63]. Very recently in 2010, Pendegrass, Blunn, and
colleagues published a 2-year follow-up report on their first human patient who received
a transhumeral bone-anchored prosthesis with a porous subcutaneous flange that was
coated with hydroxyapetite [64]. The hydroxyapetite coating, they believed, encouraged
soft tissue attachment to the implant achieving what they have coined “osseocutaneous”
integration [64].

Over the last few years, Olerud and Fleckman at the University of Washington
have produced some work in a murine model evaluating porous poly(HEMA)
percutaneous devices, with the goal of establishing an optimal pore size that maximizes
epidermal and dermal tissue integration [65-67]. Most recently, they concluded that a 40
pm pore size was the most optimal for skin integration, and that the epidermis halts
migratory behavior after 3 days, with no further epidermal downgrowth,
marsupialization, or permigration [67]. As a side note, neither larger pore sizes or longer
implantation times over 14 days were investigated, among other limitations in the study

design [67].
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Locally in Salt Lake City, Bloebaum and colleagues have evaluated animal
implant infection models and the use of antimicrobials in preventing infection of
percutaneous osseointegrated implants, though they have met with minimal success [12,
14, 68]. Bachus and colleagues have demonstrated that porous surfaces can reduce
infection rate in a small animal model [16]; and further, they have established a large
animal model to study long-term limb compensation of animals with percutaneous

osseointegrated prosthetics [17].

1.4.4 Literature summary

In summary, a few recurrent themes are that motion at the skin-implant
interface is not conducive to development of an impenetrable seal, porous surfaces appear
to improve the likelihood of a functional barrier to form between the skin and implant,
and biological coatings are a promising treatment in creating a skin-implant seal.
However, it still seems as though progress in research and technological advancement
from the early 1900s until now has been slow. Perhaps this is due to extreme variance in
study designs, such as use of different animal models, incorporation of various implant
designs and diverse materials, different implant placement locations in animal models,
and various outcome measurements that are rarely similar between studies. All of these
variables create difficulty in formulating concrete comparisons and contrasts between
studies. Subsequently, this creates challenges in establishing conclusions regarding
improvements of percutaneous device functionality and residence in host tissue. On the
other hand, perhaps an incomplete knowledge of the precise reactions and mechanisms

involved between the host skin tissue and the implant surface limits development of an
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optimal implant design or optimal treatment for successful percutaneous device residence
in host tissue.

In any event, while the previously discussed strategies show moderate
improvements, most of these modifications consist of a static treatment with little
interaction or direct involvement in host tissue healing and integration with the implant
surface. A treatment or modification that dynamically interacts with host tissue is an
approach that has not yet been pursued. One such strategy is to utilize the body’s own

wound healing cells to stimulate tissue repair and integration with the implant surface.

1.5 Skin Physiology

It is important to review basic cutaneous physiology, and the general processes
that occur during wound healing to fully appreciate the complexity of the dynamic in vivo
environment that hosts percutaneous implants. Because in vivo studies are typically
performed in small and large animal models, as opposed to humans, this section will also
briefly discuss relevant differences in skin structure between common animal models and
humans.

The skin is composed of three basic layers: the epidermis, dermis, and the
hypodermis. Beginning from the bottom, the hypodermis is mainly composed of adipose
tissue, with the adipocyte being the primary cell. The hypodermis contains blood vessels,
nerves, lymphatics, and epidermal appendages. It functions to insulate the body, serve as
an energy source, cushion and protect the skin, and aid in skin mobility over underlying

structures [69].
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The dermis functions to protect, provide elasticity and tensile strength, and aid in
thermal regulation, among many other functions. The main types of connective tissue in
the dermis are collagen and elastin, with collagen accounting for 75% of the dry weight
of skin [69]. The primary cell of the dermis is the fibroblast. The dermis is divided into
two parts, the papillary dermis and the reticular dermis. The papillary dermis is adjacent
to the basement membrane, hosts the highest concentration of fibroblasts, and is
characterized by small-diameter collagen fibrils [69]. Between the papillary dermis and
the reticular dermis lies the subpapillary plexus which is a horizontal plane of blood
vessels. The reticular dermis is characterized by large-diameter collagen fibrils with
elastic fibers surrounding the collagen bundles [69].

Between the epidermis and dermis is the basement membrane, which is important
in regulation of cell adhesion, differentiation, cell motility, and in the transmission of
extracellular signaling factors [70]. Since the epidermis is avascular, the basement
membrane, with vasculature residing just underneath it in the papillary dermis, is a source
of oxygen and nutrients for the very active epidermis [69].

The epidermis is a stratified, continually renewing epithelium that is composed of
approximately four cell layers characterizing differentiation stages of keratinocytes,
which account for 90-95% of all epidermal cells [69]. Adjacent to the basement
membrane is the stratum germinativum, or the basal cell layer, consisting of mitotically
active keratinocytes and other cells such as melanocytes, Langerhans cells, and Merkel
cells. Keratinocytes from the basal layer then differentiate into cells of the stratum
spinosum, which then differentiate into keratinocytes of the stratum granulosum, or the

granular layer. From the granular layer, keratinocytes terminally differentiate into a
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cornified cell of the stratum corneum. The stratum corneum is composed of multiple
layers of non-viable corneocytes, the largest cell in the keratinocyte family. The time it
takes for keratinocytes in the basal layer to transition to the corneum is termed the
“transit time.” In normal human skin the transit time is approximately 14 days [69]. The
epidermis functions to prevent dehydration and absorbance of environmental substances,
and acts as the first layer of mechanical protection [69]. This effective barrier function of
the stratum corneum is due to its “brick and mortar” structure in that the corneocytes
(bricks) are surrounded by an extracellular lipid matrix (mortar) [69].

Even with this simple, brief review of skin morphology, we can see that the skin
IS quite complex. So how does human skin morphology differ from other animal skin
morphology? Most studies evaluating skin wound healing or percutaneous implant
behavior in skin are performed in small animals or other larger vertebrates. This makes it
necessary to not only appreciate human skin, but also appreciate the differences in small
and large animals.

In Table 1.1, the major differences in skin physiology between humans and other
vertebrate animals are outlined. An important difference between man and other
vertebrates is that man, and to a certain extent pig, does not have a panniculous carnosus.
As a result, man and pigs heal by an epithelialization mechanism as opposed to a
contraction mechanism found in small animals [71-73]. This has an impact on wound
closure rate as contraction is a faster mechanism of closing wounds compared to
epithelialization [74]. In addition, humans and pigs are considered “tight-skinned”
mammals as their skin tissues are well attached to underlying fascia and muscles. On the

other hand, “loose-skinned” small animals lack attachment between the skin layers with



17
underlying fascia and muscle, and thus rely on the panniculus carnosus and skin
contractility to produce skin closure when wounded. In full thickness wounds, as
opposed to partial thickness wounds, wound closure is relatively similar in humans and
animals as it is by epithelialization, contraction, and filling of granulation tissue in the
void space, though keep in mind that small animals additionally have the assistance of the
panniculus carnosus [74].

To further understand the in situ environment of percutaneous implants, the next
section will discuss general mechanisms involved in the wound healing process, with

focus on human skin.

1.6 Basic Overview of Wound Healing and Foreign Body Response

The skin is the largest organ in the body, and serves as our first line of protection
against the environment. When the skin barrier is breached, what follows is an intricate,
complex orchestration of many cell types and soluble factors working in synchrony to
bring wound closure. Wound healing of the skin can be divided into three overlapping
phases: inflammation, new tissue formation, and tissue remodeling.

During the first phase of healing, tissue injury causes blood vessel disruption and
extravasation of blood components. A blood clot provides a provisional extracellular
matrix for cellular migration; and platelets, through release of alpha granules, secrete
multiple wound healing signaling factors that attract cells to the site. Neutrophils are
recruited to begin cleaning, and they in return recruit macrophages to assist in debriding
the wound of bacteria and cellular debris through phagocytosis [75]. Within hours of

injury, keratinocytes through expression of integrin receptors begin to migrate over the
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wound bed, interacting with extracellular matrix proteins, such as fibronectin, vitronectin,
and type | collagen [76].

The second stage of wound repair begins 2-10 days after injury and is
characterized by increased cellular proliferation and migration of a variety of cells [77].
The epidermal cells behind the migrating margin continue to proliferate and produce
extracellular matrix components, including typeV collagen, type VII collagen, and
laminin, all of which will reconstitute the basement membrane zone, the source of
oxygen and nutrients for the epidermal cells [69]. The exact mechanism behind
epidermal cell migration is not fully understood, but in simplicity is thought to be
attributed to (a) the “free edge” effect and the need to be in contact with neighboring
cells; and (b) a response to chemotactic factors, such as epidermal growth factor (EGF),
keratinocyte growth factor (KGF), and transforming growth factor a (TGF-a) [69, 75, 78-
81]. Epidermal cells eventually transform back to their original phenotype and
reestablish their connection with the basement membrane and dermis [75]. The second
stage of healing is also characterized by replacement of the fibrin matrix with granulation
tissue, which is composed of many capillaries, macrophages, and fibroblasts [75, 77].
Macrophages release growth factors that stimulate fibroplasia and angiogenesis;
fibroblasts synthesize, deposit, and remodel the extracellular matrix; and blood vessels
provide the oxygen and nutrients to sustain cellular activity [69, 75].

The third stage of healing, beginning 2-3 weeks after injury, is characterized by
the transformation of granulation tissue into mature scar tissue [69]. The fibroblast is the
primary player in the third phase, producing fibronectin, hyaluronic acid, proteoglycans,

and collagen, all important in cellular migration and tissue support [69]. The fibroblast
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also changes phenotype to a myofibroblast configuration which influences contraction of
the wound edges [69, 75, 77]. After the collagen matrix is deposited, endothelial cells,
macrophages, and myofibroblasts undergo apoptosis and a number of newly formed
blood vessels disintegrate, leaving behind an acellular, reduced vasculature stroma [75,
77]. Final wound closure is a synchrony between re-epithelialization and myofibroblast
contraction of the wound region, and over time, the acellular matrix which mainly
consists of type 11 collagen is remodeled back to type I collagen [69, 75, 77].

In summary, during wound repair, immune cells (e.g., macrophages, lymphocytes,
polymorphonuclear cells, etc.), fibroblasts, keratinocytes, endothelial cells, and stem cells
interact with the extracellular matrix. These cells secrete and respond to growth factors,
cytokines, chemokines, and proteinases; and together they bring skin closure and tissue
restoration [82]. Among the key growth factors present are basic fibroblast growth factor
(bFGF), EGF, platelet-derived growth factor (PDGF), vascular endothelial growth factor
(VEGF), and transforming growth factor (TGF-B1) [75, 77]. These soluble signaling
factors are critical in angiogenesis; and in recruiting mesenchymal stem cells,
macrophages, and fibroblasts. Soluble signaling factors stimulate fibroblasts to
synthesize collagen matrix, epidermal cells to migrate over the wound bed, and
macrophages to debride the wound tissue and release additional signaling factors.

In addition to understanding the general mechanisms of wound healing, it is also
necessary to appreciate the tissue response that evolves when a biomaterial is implanted
in the body. When a medical device is implanted, mechanisms of the wound healing
cascade occur; however, in addition, a foreign body response will develop. In the first

few seconds of device implantation, proteins adsorb to the implant surface and cells
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subsequently adhere to this adsorbed protein layer [83]. Protein adsorption is greatly
influenced by the surface characteristics of the material. Surface chemistry,
hydrophobicity, and charge all influence adsorbed protein structure [84]. When
inflammatory cells reach the implant, they will react to the adsorbed proteins and will
release signaling factors in response to the protein configurations [85]. The signaling
factors that are released may recruit more cells, or may increase phagocytosis attempts of
the implanted biomaterial [85, 86].

During the second stage of wound repair, a chronic inflammation develops, which
is characterized by macrophages, monocytes, foreign body giant cells, and lymphocytes
at the implant surface. Further, there is an increase in vasculature and connective tissue
in the surrounding stroma [85, 86]. Following the granulation phase and chronic
inflammatory phase of healing, a fibrous capsule will form around the biomaterial. The
purpose of which is to isolate the foreign material from the in vivo tissue environment
[87]. The fibrous encapsulation is accompanied by macrophages and foreign body giant
cells that line the implant surface [87]. The shape, surface texture, and surface chemistry
of the implant will determine the extent of the foreign body reaction and fibrotic
response. For example, porous materials will typically have an increased presence of
macrophages and foreign body giant cells, but often will have decreased fibrous
encapsulation compared to smooth surface implants [85, 87].

To this day, our understanding of the exact details involved in wound repair and
the foreign body response is limited. Nonetheless, it is important to appreciate what is

known and apply this knowledge to improvement of the healing process involved with
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percutaneous implants. The field of wound healing therapeutics provides many examples

of applying wound healing biology to assist the body in restoring the skin as the barrier.

1.7 Wound Healing Therapeutics

Chronic, nonhealing wounds present challenges in the clinic. Wound healing
therapeutics are intended to treat chronic wounds by stimulating the wound tissue bed
through appropriate biological cues to bring restoration of the skin barrier. Some of the
more commonly used therapeutics include occlusive dressings (Tegaderm™, 3M™ St.
Paul, MN), antimicrobial dressings (Silvercel®, Systagenix, Quincy, MA), collagen
dressings (Skin Temp 1™, Human BioSciences, Gaithersburg, MD), bioengineered skin
grafts composed of fibroblasts, collagen, and a synthetic scaffold (Dermagraft®,
Advanced BioHealing, La Jolla, CA), bioengineered skin grafts composed of fibroblasts
and keratinocytes seeded on a collagen scaffold (Apligraf®, Organogenesis, Canton,
MA), gels containing PDGF-BB (Regranex®, Johnson and Johnson, New Brunswick,
NJ), vacuum-assist devices, honey treatments, and laser therapies, among many other
therapeutics [88, 89]. Because of the necessity for growth factors to be present in order
for a wound to heal properly, growth factor delivery is a prime candidate as a
regenerative therapeutic for chronic wounds. Currently, PDGF-BB is the only FDA-
approved growth factor to be used as a therapeutic (Regranex®, Johnson and Johnson
Wound Management-Ethicon; GEM 21S°®, Osteohealth®) [90]. Unfortunately, use of
growth factor treatments has proved to be discouraging in the remedy of chronic wounds.

This is most likely due to the complex set of interactions among many (not just one)
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growth factors and cytokines, blood elements, extracellular matrix components, and
multiple cell types [75, 77].

A relatively newer market in regenerative medicine and wound healing
therapeutics is that encompassing adult mesenchymal stem cell therapy [91-93]. Adult
mesenchymal stem cells (MSCs) can be derived from bone marrow, adipose tissue,
umbilical cord blood, placenta, among many other niches in the body. Due to their
immunomodulatory properties, MSCs are attractive in that they can be an autologous,
allogeneic, or even a xenogeneic source [94]. In addition to the treatment of chronic
wounds, MSCs are currently being investigated for treatment of other clinical pathologies
in the fields of cardiology (myocardial infarction, heart failure [95]), orthopaedics
(critical-size bone defects, cartilage regeneration [96-98]), gastroenterology (Crohns
disease [99]), and nephrology (acute kidney injury[100]). The stem cell therapeutic
market, though in its infancy, is expected to be a viable, growing market. Currently, sales
of stem cell therapeutics are ~$21.3 million and are likely to have an annual growth rate

of 29.2% reaching more than $11 billion by 2020 [89].

1.8 Mesenchymal Stem Cells
Why would MSCs be an attractive therapeutic for wound healing, and even
further, for percutaneous device applications? First, for wound healing applications,
MSCs are fundamental in the wound repair process [82], and they have been shown to
contribute significantly to re-establishing the dermal tissue barrier [101]. Studies
through the years have published very promising results regarding the ability of MSCs to

accelerate wound healing [92, 102-104], increase vascularization [92, 103, 104], increase
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cellularity [92, 103, 104], and increase collagen content and wound strength [102, 104,
105]. It is suggested that MSCs produce these effects through two possible mechanisms:
(1) through paracrine signaling mechanisms, releasing soluble signaling factors,
including EGF, KGF, insulin-like growth factor-1 (IGF-1), VEGF-a, angiopoietin-1
(Ang-1), macrophage inflammatory protein (MIP-1a and MIP-1b), PDGF-BB, FGF,
among others [106-108], and/or (2) through differentiation into resident cells [103, 109].
Though in early stages, mesenchymal stem cell therapy holds great promise for chronic
wound healing conditions and diverse tissue repair applications, including applications

that involve implants, devices, or scaffolds.

1.9 Mesenchymal Stem Cell Treatments for the Improvement
of the Skin-Implant Interface
Mesenchymal stem cells are an attractive therapeutic for improving the skin-
implant interface of percutaneous devices because of the above stated properties in that
they are an important native cell in the wound healing process, and they are a source of
biochemical signaling factors important in skin tissue growth, repair, and closure.
Specifically, for the epidermis to close, it needs proper wound signaling cues, appropriate
cellular proliferation and activity, and sufficient blood supply to provide nutrients and
oxygen [75, 77]. MSCs are capable of providing the soluble signaling factors, of
stimulating resident cells, and of promoting vascularization [110]. Results from recent
studies looking at the application of MSCs to influence healing around biomaterials [111-
114] are encouraging and suggest that these cells stimulate vascularization and decrease

the foreign body response around implanted biomaterials. Thus, MSCs possess potential
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to stimulate neovascularization for the migrating epidermis and dermis, and to promote a
rapid restoration and integration of the epidermal and dermal tissues with a percutaneous
device.

As mentioned in sections 1.3 and 1.4 above, it is thought that epidermal
downgrowth, marsupialization, and poor vascularization are attributed to percutaneous
device failure and increased infection risk [10, 32, 34, 48, 57, 115]. The explanations for
these phenomenons are not entirely clear. Possible explanations could include
insufficient wound healing signaling cues and lack of cell contact inhibition in the
epidermal and dermal tissues [78, 80, 116]; in addition to insufficient vascularization of
the dermal tissues in providing nutrients for the restoration of the epidermal and dermal
barrier [32, 34, 69]. To address these possible mechanisms, the proven results of
mesenchymal stem cells in wound repair applications may transfer to this situation in
which the epidermal and dermal tissues need appropriate cellular activity, biochemical
signaling cues, and vascular supply to produce a timely closure and seal between the

device and the skin.

1.10 Conclusions
In summary, the motivation for this dissertation work is to improve tissue
integration with percutaneous devices such that a durable, formidable seal is created
between the implant and host tissue thereby preventing infectious complications. The
long-term motivation for this work is to develop a strategy that could potentially be used
to improve the long-term residence of percutaneous osseointegrated prosthetics in human

patients.
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To briefly recapitulate what this introduction has covered, first, the concept of a
percutaneous osseointegrated prosthetic was presented, followed by a discussion of
elevated infection risks of percutaneous devices. Second, a selection of relevant research
studies and their contributions to the field of permanent percutaneous devices were
highlighted. From this review, it was emphasized that previous work has focused
primarily on static treatments to implants. Third, basic skin physiology and wound
healing mechanisms were reviewed to better understand the dynamic, complex
environment that hosts percutaneous devices. The goal of this review was to learn from
what the body does so well to develop a strategy that could improve tissue integration
with perctuaneous devices. It was highlighted that a very important cell in wound
healing and routine skin maintenance is the mesenchymal stem cell. Because of key roles
MSCs play in tissue repair and regeneration, they are highly sought after in treating
several clinical conditions, in addition to improving tissue response to biomaterials. Then
lastly, it was proposed that MSCs may possess the capacity to prevent epidermal
downgrowth and, overall, improve tissue integration with percutaneous implants.

Based on the material presented in the previous sections, the following
dissertation work was governed by two primary aims: (1) determine infection
susceptibility of porous and smooth titanium percutaneous devices in an appropriate
implant infection animal model, and (2) evaluate the efficacy of MSCs in improving the

skin-implant seal to prevent infections of porous metal percutaneous devices.
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1.11 Dissertation Chapter Overview
Each following chapter, excluding Chapter 6, is an individual published
manuscript or is pending publication. An overview of the subsequent chapters are
provided below, including the study question, study rationale, the hypothesis or aim that

was tested, the experimental model, and the publication information.

1.11.1 Chapter 2

1.11.1.1 Study question: Can porous coatings as opposed to smooth surfaces on
percutaneous implants with subcutaneous flanges create a more effective dermal barrier
to infection?

1.11.1.2 Rationale: It is unclear from previous published studies if porous or
smooth titanium surfaces on percutaneous and/or subcutaneous components are effective
in preventing infection of percutaneous implants. This lack of clarity is due in part to the
absence of strong implant infection signals in previously published small animal studies.

1.11.1.3 Hypothesis: “...the incidence of infection of metal percutaneous devices
will be lowest when both the percutaneous and the subcutaneous components have a
porous coating; whereas, the incidence of infection will be highest when both the
percutaneous and the subcutaneous components have a smooth surface...” [16].

1.11.1.4 Experimental model: Four percutaneous implants with smooth and
porous surfaces were implanted on the dorsum of a rabbit. The implants received weekly
inoculations of Staphylococcus aureus creating an infectious environment to allow

assessment of implant infection risk.
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1.11.1.5 Publication: Isackson D, McGill LD, Bachus KN. Percutaneous
implants with porous titanium dermal barriers: an in vivo evaluation of infection risk.

Medical Engineering and Physics, 2011. 33(4): p. 418-426.

1.11.2 Chapter 3

1.11.2.1 Study question: Does the solution that is used to deliver MSCs on a
porous titanium implant have an effect on cellular adherence and cytotoxicity prior to in
vivo transplantation?

1.11.2.2 Rationale: There are a couple commonly reported solutions used to
deliver MSCs for in vivo applications, these include serum-supplemented cell culture
medium, basal culture medium (serum-free), and phosphate buffered solutions. Thus,
before studying the in vivo contribution of MSCs in promoting tissue integration with
percutaneous implants, this study sought to examine effects of these commonly reported
solutions on MSCs. The end objective was to select the solution most appropriate for our
future in vivo transplantation studies.

1.11.2.3 Study aim: The aims for this study were to determine (a) the effect the
cell delivery solution had on MSC adherence to porous coated titanium surfaces, and (b)
the effect the cell delivery solution had on MSC cytotoxicity when seeded on porous
coated titanium surfaces over a 24-hour period.

1.11.2.4 Experimental model: In vitro cell culture techniques were used to
quantify cellular adherence and cyotoxicity when MSCs were seeded on porous titanium
surfaces in serum-supplemented cell culture medium, basal cell culture medium, and

phosphate buffered saline solutions.
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1.11.2.5 Publication: Isackson D, Cook KJ, Bachus KN. In Vitro Investigation of
Mesenchymal Stem Cell Cytotoxicity and Adherence to Porous Titanium Surfaces in
Various Delivery Solutions for In Vivo Transplantation Studies. Cytotechnology. Under

Review.

1.11.3 Chapter 4

1.11.3.1 Study question: Can MSCs improve the quantity, quality, and rate of
tissue integration with porous metal percutaneous implants?

1.11.3.2 Rationale: Our previous work in a rabbit model showed that porous
surfaces decreased infection risk of percutaneous implants. However, in most implants
there was an absence of skin integration into the percutaneous component as a result of
epidermal downgrowth. Due to the contribution of MSCs in wound healing and in
stimulating tissue repair, this study sought to evaluate the contribution, if any, of MSCs
to stimulate epidermal and dermal ingrowth into the porous percutaneous implant such
that epidermal downgrowth was eliminated. Further, this study evaluated if MSCs
increased the rate of tissue integration, and if the overall quality of the tissue integration
was improved.

1.11.3.3 Hypothesis: MSC-treated implants will have a more rapid and mature
tissue integration compared to untreated implants.

1.11.3.4 Experimental model: An in vivo rat model was used to study the tissue
ingrowth of MSC-treated and untreated implants placed on the rat dorsum. Histology

analyses were performed at 0, 3, 7, 28, and 56 days after transplantation to assess the
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quality of tissue integration and the rate of integration between the treated and untreated
implants.

1.11.3.5 Publication: Isackson D, Cook KJ, McGill LD, Bachus KN.
Mesenchymal Stem Cells Increase Collagen Infiltration and Improve Wound Healing
Response to Porous Titanium Percutaneous Implants. Medical Engineering and Physics.

2011. Under Review.

1.11.4 Chapter 5

1.11.4.1 Study question: Is the infection risk decreased when percutaneous
implants are treated with MSCs?

1.11.4.2 Rationale: In our original rabbit study, the primary objective was to
create an infection-prone environment such that percutaneous implant infection risk could
be realistically assessed. The rationale for this study was similar, though infection risk of
MSC- treated porous titanium percutaneous implants was assessed in a rat model.

1.11.4.3 Hypothesis: MSC-treated implants will present with a reduced risk of
infection compared to untreated implants.

1.11.4.4 Experimental model: Using a rat model, we tested this hypothesis by
challenging MSC-treated and untreated implants with weekly bacterial inoculations two
weeks after implantation to determine if the MSC-treatment prevented infection
development. Staphylococcus aureus was used for inoculations of the implants to create
an infection-prone environment. Implant infection was confirmed through clinical
symptoms of infection, positive bacterial cultures, and histology evidence of tissue

infection.
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1.11.4.5 Publication: Isackson D, Cook KJ, McGill LD, Bachus KN.
Mesenchymal Stem Cell Therapeutics Improve Tissue Integration with Porous Metal
Percutaneous Implants and Decrease Infection Risk. Journal of Tissue Engineering and

Regenerative Medicine. 2011. Under Review.

1.11.5 Chapter 6

In Chapter 6, overall conclusions will be drawn regarding the presented research
work that sought to investigate the use of porous titanium coatings and mesenchymal
stem cell treatments to improve the tissue barrier to percutaneous implants, thus
preventing risk of infection. Research challenges and direction of future work will be
outlined with respect to percutaneous device studies and mesenchymal stem cell

therapies.
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Table 1.1. Comparisons in vertebrate skin physiology. Staphylococcus aureus (S.
aureus); Staphylococcus epidermidis (S. epidermidis). *Discrepancy in literature.

Human Miniature Pig Rat Rabbit Mouse
[69, 74, 75, [71, 74, 117, [72, 74, [74,117,121,  [118, 121]
117-119] 118, 120] 117-121] 122]

Epidermis Yes (50-120 Yes (30-140 Yes (~ 32 Yes Yes (~ 29

pm) pm) pm) pm)
e Yes Yes Yes Yes Yes
Membrane
Dermis Yes Yes Yes Yes Yes
Hypodermis Yes Yes Yes Yes Yes
Whole skin
thickness (mm) 2.97 2 2.09 1.3 0.70
Transit Time 14 28-30 _ _ _
(days)
Hair density ~793-
(follicles per 0.63-32* ~20-50* 6400% Unknown Unknown

2

cm’)
Panniculus Yes and no

No (location Yes Yes Yes
carnosus

dependent)

Skin closure:

contraction or
epithelialization

Epithelialization

Epithelialization

Contraction

Contraction

Contraction

Skin layers

attached to

underlying Yes Yes No No No

muscle and

fascia?

Lrg&l::teiocr:]ell I_—|eterophi|

(different from - - instead of -
neutrophil

humans)

(I?c:’%mn?gsal S. aureus, S S. aureus S. aureus S. aureus S. aureus

epidermidis

microorganisms
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Figure 1.1. Amputee with percutaneous osseointegrated prosthetic. An artificial limb
can be attached to the metal component that is exiting the skin. It is critical that a seal is
developed at the skin-implant interface (arrow).
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Figure 1.2. Epidermal dowgnrowth and marsupialization. (A) Arrow points to epidermis
that has migrated downward creating a sinus tract (asterisk) between the skin and the
percutaneous post (P). There is an absence of skin integration into the porous coating
(PC) on the percutaneous post, but there is tissue integration into porous coating of
subcutaneous flange (S) (macroscope 2x magnification). (B) Histology photo
demonstrating epidermal downgrowth (arrow) resulting in marsupialization.
Degenerative neutrophils (N) and keratin (K) fill the sinus tract (H&E; 4x magnification).
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CHAPTER 3

IN VITRO INVESTIGATION OF MESENCHYMAL STEM CELL
CYTOTOXICITY AND ADHERENCE TO POROUS TITANIUM
SURFACES IN VARIOUS DELIVERY SOLUTIONS FOR

IN VIVO TRANSPLANTATION STUDIES

3.1 Abstract

Percutaneous medical devices often fail in the host tissue due to poor skin and soft
tissue attachment. To improve tissue integration with porous titanium percutaneous
implants, it is suggested that delivering mesenchymal stem cells (MSC) could be
effective due to their proven tissue repair and regenerative capacities. Prior to in vivo
delivery, we sought to determine the effect the cell delivery solution had on cellular
viability and adherence to porous titanium surfaces over 24 hours. MSCs were seeded on
porous titanium surfaces in the following delivery solutions: complete cell culture
medium, basal cell culture medium without serum, and phosphate-buffered saline (PBS).
Cellular adherence and cytotoxicity levels were analyzed in each solution over 24 hours.
Cellular adherence slowly increased over time in all delivery solutions, with significant
differences between basal cell culture medium and PBS at 8 hours after cell seeding.
Furthermore, cytotoxicity slowly increased within the first 12 hours for all solutions, but

increased significantly for PBS between 12 and 24 hours. MSC adherence and viability
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on the porous titanium surfaces was similar between basal culture medium and serum-
supplemented medium; however, significance in cell adherence and cytotoxicity was seen
with PBS solutions following 8-12 hours after cell seeding. To avoid an immunogenic
response often associated with serum-supplemented media, while still providing
sufficient nutrients for cellular adherence and viability, our results suggest one can use a

basal culture medium if delivery is performed within 24 hours following cell seeding.

3.2 Introduction

Direct skeletal attachment of an artificial limb replacement, also referred to as an
osseointegrated percutaneous prosthetic, is an alternative solution for a subset of
amputees [1, 2]. Though promising in many ways, these percutaneous devices are
vulnerable to infection at the interface between the skin and the implant [3]. Thus,
current research endeavors are focused on improving integration of the skin with the
percutaneous component to create a long-term seal from invading pathogens.

Our previous work has shown that a commercially pure porous coated titanium
surface when compared to a smooth polished surface was effective in decreasing
infection susceptibility of percutaneous implants in a bacterial challenged animal model
[4]. However, a porous coating was not sufficient in completely preventing epidermal
downgrowth, a phenomenon suggested to provide an avenue for microbial invasion and
subsequent infection [5, 6]. To address the epidermal downgrowth phenomenon, we
believe that if a sufficiently vascularized soft tissue bed and appropriate wound healing
cues are provided, the downward migration of the epidermis could be prevented and

tissue integration improved. An area of research that can address this need to improve
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vascularization and provide wound healing cues for the migrating epidermis is that of
regenerative medicine and the delivery of adult mesenchymal stem cells (MSCs) [7].

Mesenchymal stem cells serve a very important role in wound healing and repair
[7-11], and are being evaluated for several clinical conditions, including damaged
articular cartilage [12], bone defects [13, 14], soft tissue augmentation [15, 16], and
chronic ischemic heart disease [17]. Many of these conditions present a need to seed the
MSCs onto a scaffold and to deliver the cell-seeded scaffold at an appropriate time to the
diseased or damaged tissue. Whether MSCs are seeded on scaffolds to repair cartilage
injury, or whether MSCs are seeded on scaffolds to repair a soft tissue defect, it is
important to know if (a) the delivery solution and (b) the time frame for delivery have
any deleterious effect on the cells being delivered.

Cell delivery solutions can range from simple saline solutions [18, 19], to cell
culture media containing animal serum [20], to basal cell culture media without animal
serum [21], to more complex delivery platforms such as collagen or fibrin gels [22, 23].
Saline or phosphate-buffered saline solutions do not have the necessary nutrients for
cellular activity, which could be a problem if cell delivery is not performed immediately.
It is widely acknowledged that cell culture media containing animal-derived serum carry
potential to elicit an immune response within the body, thus having potential negating
effects on the desired stem cell treatment. Thus, it is preferable to seed and deliver cells
in a medium that can provide enough nutrients to retain cellular activity, while not
eliciting an immunogenic or inflammatory response in vivo.

Cell delivery time frames after cell seeding can range from delivering minutes to

hours to days. An appropriate delivery time frame is often dependent on a specific
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condition being treated, for example, if the clinical procedure to prepare the tissue site
requires many hours, or if the state of the cells needs to be differentiated or
undifferentiated. In any case, the most desired time frame will be one that, at the very
least, allows for maximal cell adherence and cell viability on the implant/scaffold.

For the purpose of this study and upcoming transplantation studies using our
previously established percutaneous implant model [4], we sought to determine: (a) the
effect the cell delivery solution had on MSC adherence to porous coated titanium
surfaces; and (b) the effect the cell delivery solution had on MSC cytotoxicity when
seeded on porous coated titanium surfaces over a 24-hour period. Porous titanium
surfaces are of interest to our study goals as titanium is a material that would likely be
used in fabricating osseointegrated percutaneous prosthetics. To the best of our
knowledge, there are no published studies to date evaluating MSC adherence and

cytotoxicity in various delivery solutions on porous titanium surfaces.

3.3 Materials and Methods

3.3.1 Preparation and surface characterization of titanium surfaces

The porous titanium surfaces (pTi) consisted of a solid substrate fabricated from
Ti6AIl4V at the School of Medicine Machine Shop (University of Utah, Salt Lake City,
UT, USA), and had a 1mm thick porous coating fabricated from commercially pure
titanium (P? Thortex, Inc., Portland, OR, USA). Scanning electron microscopy (Hitachi
S3000-N) was used to determine the average pore size of the porous coating, and
microCT (Xradia MicroXCT system) analysis was performed to determine the relative

porosity of the porous coating.
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Both smooth titanium surfaces (sTi) and roughened titanium surfaces (rTi) were
fabricated from Ti6Al4V at the School of Medicine Machine Shop (University of Utah,
Salt Lake City, UT, USA). A roughened surface texture was created by sandblasting the
smooth surface. Optical profilometry (Zygo NewView 5032, Natsume Optical Corp,
Japan) was used to determine the average Ra values of the surfaces.
All titanium surfaces were cut to fit in a 12-well cell culture plate (Falcon, BD

Biosciences, Bedford, MA, USA).

3.3.2 Endotoxin testing, passivation, and sterilization

All titanium surfaces were passivated according to ASTM F86 standards. Briefly,
the titanium pieces were sonicated in distilled water, then in acetone (Sigma-Aldrich, St.
Louis, MO, USA), followed by another distilled water wash before being washed in a
49% nitric acid (Macron Chemicals, Center Valley, PA, USA) solution for 2 hours. They
were then sonicated in distilled water and allowed to air dry overnight.

Prior to each experiment, all titanium surfaces were sterilized as routinely
performed using an autoclave (NAPCO 8000-DSE, Winchester, VA, USA).

All titanium surfaces were tested for endotoxin using the LAL QCL-1000® Assay
(Lonza, Walkersville, MD, USA), according to manufacturer’s directions. Endotoxin

levels were found to be below detection level (< 0.05 EU/mI).

3.3.3 ASC isolation and culture

The adipose-derived mesenchymal stem cell (ASC) population was isolated from

the inguinal and epididymal regions of a male Sprague Dawley rat following modified
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previously published protocols [24-26]. Briefly, upon harvest, the adipose tissue was
minced and washed extensively in sterile Dulbecco’s phosphate buffered saline (Hyclone,
Logan, UT, USA). The adipose tissue was digested in 0.075% Collagenase Type |
(Gibco-Invitrogen, Carlsbad, CA, USA) at 37°C in a shaking water bath. The digest was
neutralized with complete media, consisting of DMEM/F-12 (Hyclone, Logan, UT,
USA), 10% MSC Qualified FBS (Gibco-Invitrogen, Carlsbad, CA, USA), and 1%
antibiotic/antimycotic (Gibco-Invitrogen, Carlsbad, CA, USA). The tissue was
centrifuged at 1200g for 10 minutes, and then incubated in a red blood cell lysis buffer
(160 mM ammonium chloride) at 37°C in a shaking water bath. The tissue homogenate
was centrifuged at 1200g for 10 minutes and the pellet was resuspended in complete cell
culture medium and plated in a T-75 tissue culture flask (Falcon, BD Biosciences,
Bedford, MA, USA). Following 24 hours, the flask was washed to remove any non-
adherent cell population. Thereafter, the cell culture media was changed every 2-3 days.
The cells were passaged at 80% confluency with 0.25% Trypsin/EDTA (Gibco-
Invitrogen, Carlsbad, CA, USA). Passages 4-6 were used for the adherence and

cytotoxicity studies.

3.3.4 BMMSC culture

The bone marrow-derived mesenchymal stem cell population (BMMSC) was
purchased from the Texas A&M University System Health Science Center and was
derived from a 4-month old male Lewis rat. The BMMSCs were cultured in complete
medium, consisting of MEM o with L-glutamine (Gibco-Invitrogen, Carlsbad, CA,

USA), 20% FBS (Premium select, Atlanta Biologicals, Lawrenceville, GA, USA), 2% L-
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glutamine (200 mM, Gibco-Invitrogen, Carlsbad, CA, USA), and 1%
antibiotic/antimycotic (Gibco-Invitrogen, Carlsbad, CA, USA). The cells were cultured
in T-75 tissue culture flasks (Falcon, BD Biosciences, Bedford, MA, USA) and passaged
at 80% confluency with 0.25% Trypsin/EDTA (Gibco-Invitrogen, Carlsbad, CA, USA).

Passage 8 BMMSCs were used for the cytotoxicity studies.

3.3.5 Characterization of MSCs

To verify the multilineage differentiation potential, passages 2-9 of the ASCs and
BMMSCs were differentiated into adipogenic and osteogenic lineages over a 3-week
period using a commercial kit according to manufacturer’s directions (Hyclone, Logan,
UT, USA). To confirm differentiation, Oil Red O (Sigma-Aldrich, St. Louis, MO, USA)
was used to stain the lipid droplets of the adipogenic cultures, and Alizarin Red S
(Sigma-Aldrich, St. Louis, MO, USA) was used to stain the calcium deposits of the
osteogenic cultures. Dermal fibroblasts (CRL-1414, ATCC, Manassas, VA, USA) and
epidermal cells (CCL-68, ATCC, Manassas, VA, USA) were used as controls.

To confirm the immunophenotype of the MSCs, the cells were stained for a panel
of cell surface markers, according to Harting et al [27] and Dominici et al [28]. Both
ASCs and BMMSCs (passages 2-9) were stained for the following: CD90-PerCP/Cy5.5
(BioLegend, San Diego, CA, USA), CD29-FITC (LifeSpan BioSciences, Seattle, WA,
USA), CD45-APC/Cy7 (BioLegend, San Diego, CA, USA), CD34-PE/Cy7 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), CD79a-PE (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and CD11b-AF647 (AbD Serotec, Raleigh, NC, USA). Isotype

controls included the following: APC Mouse IgG1, « (BioLegend, San Diego, CA, USA),
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FITC Armenian Hamster IgG (BioLegend, San Diego, CA, USA), FITC Mouse IgG2a, k
(BioLegend, San Diego, CA, USA), and PE Mouse 1gG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Flow cytometry was performed on a FACSCanto-Il Analyzer
(Becton-Dickinson, San Jose, CA, USA) with appropriate compensation using BD
CompBead Plus Particles (BD Biosciences, San Diego, CA, USA), and data were
analyzed using FACSDiva software (Becton-Dickinson, San Jose, CA, USA). Results
are expressed as a percent of the total cells gated, which are calculated by subtracting the

% gated of non-labeled cells from the % gated of labeled cells.

3.3.6 Adherence of ASCs on porous titanium surfaces in various

cell delivery solutions

The ASCs (passages 4-6) were seeded on the porous titanium surfaces in four
different cell delivery solutions: (1) complete culture medium (see above for ASCs), (2)
basal cell culture media (DMEM/F-12, Hyclone, Logan, UT, USA), (3) phosphate
buffered saline with calcium and magnesium (PBS +/+, Hyclone, Logan, UT, USA), and
(4) PBS without calcium and magnesium (PBS -/-, Hyclone, Logan, UT, USA). Each
porous titanium surface was placed in a 12-well tissue culture plate (Falcon, BD
Biosciences, Bedford, MA, USA), then carefully seeded with 500,000 cells in 50 ul of
appropriate cell delivery solution and incubated at 37°C with 5-10% CO,. Cell
adherence analyses were performed at 4, 8, and 24 hours after seeding. To determine the
number of cells adhered, the porous titanium surfaces were gently rinsed with complete
media in each well, removing any unbound cells, after which the titanium pieces were

removed from the well. Adherent cells on the well surface were disassociated using
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0.25% Trypsin/EDTA (Gibco-Invitrogen, Carlsbad, CA, USA). Cells adhered to the
well surface and cells in the supernatant were counted using a hemocytometer, and
viability was assessed using 0.4% Trypan Blue (Gibco-Invitrogen, Carlsbad, CA, USA).
The number of cells adhered to the titanium surface (Cellspri) was determined by
subtracting the total number of cells counted in the well (Cellstcp) and supernatant
(Cellssyp) from the total number of cells initially seeded on the implant (Cells)).

Cellspri = Cells; — (Cellstcp + Cellsup)

To visualize adhered cells on the porous titanium surface, the removed titanium
pieces with adherent cells were fixed in 10% neutral buffered formalin (Fisher Scientific,
Pittsburgh, PA, USA), rinsed, and then imaged using low-vacuum scanning electron
microscopy with electron backscattered diffraction (SEM/EBSD, FEI™ Quanta™ 600
FEG, Hillsboro, OR, USA). All cellular adherence experiments were independently

performed three times.

3.3.7 Cytotoxicity on titanium surfaces in various cell delivery

solutions

The ASCs and the BMMSCs (passage 8) were separately seeded on the porous
titanium surfaces in three different cell delivery solutions. For the ASCs, the delivery
solutions included: (1) complete culture medium (see above for ASCs), (2) basal cell
culture medium (DMEM/F-12, Hyclone, Logan, UT, USA), and (3) PBS with calcium &
magnesium (Hyclone, Logan, UT, USA). For the BMMSCs, the solutions included: (1)
complete culture medium (see above for BMMSCs), (2) basal cell culture medium (MEM

a, Gibco-Invitrogen, Carlsbad, CA, USA), and (3) PBS with calcium and magnesium
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(Hyclone, Logan, UT, USA). To serve as controls, cells were seeded on smooth polished
titanium surfaces, roughened titanium surfaces, and on tissue culture plastic of a 12-well
plate (Falcon, BD Biosciences, Bedford, MA, USA). Each titanium piece was carefully
seeded with 500,000 cells in 50 pl of delivery solution in a 12-well plate (Falcon, BD
Biosciences, Bedford, MA, USA) to ensure cells were cultured on the titanium pieces
without overflowing into the wells. Following seeding, 1.5 ml of delivery solution was
carefully added to each well. The 12-well culture plates were then incubated at 37°C
with 5-10% CO, until analysis time point. To analyze cytotoxicity of the ASCS and
BMMSCs, the Vybrant Cytotoxicity Assay Kit (\V-23111, Molecular Probes, Eugene,
OR, USA) was used and followed according to manufacturer’s directions. Cytotoxicity
was assessed at 0, 4, 12, and 24 hours following cell seeding. All cytotoxicity

experiments were independently performed three times.

3.3.8 Statistical analysis

Data are represented as mean values + standard error (SE) or + standard deviation
(SD) as specified. For the ASC adherence studies, statistical significance was determined
(p < 0.05, two-tailed, 95% confidence interval) using a paired t-test (SPSS vs.11.5,
Armonk, NY, USA) for comparisons between cell delivery groups within each time
point. With the paired t-test, using data that are matched on time point, this test statistic
correctly controls for cell passage number. For the BMMSC cytotoxicity studies,
statistical significance was determined (p < 0.05, two-tailed, 95% confidence interval)
using an independent sample student t-test (SPSS vs.11.5, Armonk, NY, USA) for

comparisons between cell delivery groups which was performed separately for each time
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point. The Benjamini-Hochberg test was used for multiple comparison tests between
groups across the time points (Stata/IC 10.1, College Station, TX, USA). We report
Benjamini-Hochberg adjusted p values, which maintains the false discovery rate (FDR) at
the nominal alpha 0.05 level [29]. Controlling for multiplicity in the standard fashion,
such as with the Bonferroni procedure which controls the family-wise error rate (FWER),
is not justified, while control for the FDR provides the correct control for multiplicity

[29-31].

3.4 Results

3.4.1 Preparation and surface characterization of titanium surfaces

The porosity of the porous titanium surfaces was determined to be ~55% using
microCT analysis. The average pore size as determined by SEM analysis was found to
be ~360um (Figure 3.1). The average Ra values of the smooth and roughened titanium

surfaces were 0.53um (SD=0.13) and 1.41um (SD=0.21), respectively.

3.4.2 Characterization of MSCs

Both ASCs and BMMSCs were successfully differentiated into adipogenic and
osteogenic lineages, as seen by the formation and staining of lipid droplets and calcified
extracellular matrix deposits (Figure 3.2). Differentiation was not observed in the control
ASCs and BMMSCs that did not receive differentiation medium. Further, differentiation
was not observed in the dermal fibroblast and epidermal cell cultures that were cultured
in differentiation media (data not shown). The cell surface markers were detected in

consistent proportions on the ASC and BMMSC populations, showing greater than 90%
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positive for CD90 and CD29, and less than or around 10% positive for CD45, CD34,

CD11b, and CD79a. (Table 3.1).

3.4.3 Adherence of ASCs on porous titanium surfaces in various

cell delivery solutions

The adherence of ASCs on the porous titanium surfaces in the four cell delivery
solutions was analyzed over a 24-hour period. Due to limitations of the porous coated
surface, it was determined the most appropriate method to determine cellular adherence
was through quantitation of the adherent cells to the wells and the floating cells in
supernatant using trypan blue staining and counting with a hemacytometer. These
numbers provided an indirect quantitation of cells adhered on the porous coating.

Significantly (p < 0.05) more cells were adhered to the porous titanium in the
basal cell culture medium at 8 hours (433,500 cells) compared to the PBS without
calcium and magnesium (364,750 cells). Throughout the entire 24-hour time period, it
was found that cell adherence minimally increased over time in all four delivery solutions
(Figure 3.3). At 4 hours, approximately 80% of originally seeded ASCs were adherent to
the porous surface when seeded in the complete media (430,278 cells) and in the basal
culture media (408,875 cells). At 24 hours, 89.5% of ASCs (447,500 cells) were
adherent on the porous titanium in complete culture medium and 86.7% of ASCs
(433,500 cells) were adherent in basal culture medium. Overall, no significant differences
were found between complete media and the basal culture medium. Cells seeded in both
PBS solutions were about 70% adherent (375,875 cells in PBS+/+ and 357,875 cells in

PBS-/-) at 4 hours and reached just under 80% (410,250 cells in PBS+/+ and 399,000
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cells in PBS-/-) at 24 hours. No significant differences were found among each solution
over the three time points using the multiple comparison procedure.

To visualize the adherent cells, SEM/EBSD images were captured of the porous
surfaces in each solution at each time point. Imaging confirmed the cell count numbers
in that no large differences were observed among the four delivery solutions over the 24-

hour period (Figure 3.4).

3.4.4 Cytotoxicity on titanium surfaces in various cell delivery

solutions

The cytotoxicity of the ASCs and the BMMSCs were evaluated in the delivery
solutions over a 24-hour period using a commercially available Vybrant™ Cytotoxicity
assay, which measures the levels of the cytosolic enzyme glucose 6-phosphate
dehydrogenase (G6PD) that is released into the surrounding medium from damaged cells.
The cells were seeded on the porous titanium surfaces as was performed to examine
cellular adherence. In addition, the cells were also seeded on smooth polished titanium
surfaces, roughened titanium surfaces, and tissue culture plastic to serve as controls
assessing for any potential cytotoxic effect the titanium produced on the adherent cell
population. All data were normalized to wells in which the cells were fully lysed,
creating 100% cytotoxicity, thus the data are represented as relative percent cytotoxicity.

Cytotoxicity levels and trends were similar between both the ASCs and the
BMMSCs, and as such, data are shown only for the BMMSCs. It was found that
cytotoxicity levels remained fairly consistent within 4 hours after seeding, but was

significantly increased at the 12-hour time point between PBS and complete medium (p <
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0.05), and almost significantly different at the 24-hour time point between PBS and basal
culture medium (p = 0.054) (Figure 3.5). Cytotoxicity levels of cells seeded on the
porous titanium pieces in PBS increased 43% between 12 and 24 hours (Figure 3.6a).
When seeded in PBS on tissue culture plastic, a similar increase was observed, with 22%
cytotoxicity at 12 hours increasing to 79% cytotoxicity at 24 hours, a 57% increase
(Figure 3.6b). Cytotoxicity increased from 8% to 11% on the porous titanium surface in
the basal culture medium between the 12- and 24-hour time points. The cells on the
porous titanium pieces in complete medium had overall lower cytotoxicity levels, with
~1% cytotoxicity at 12 hours and 4% cytotoxicity at 24 hours. Both basal culture
medium and complete medium exhibited a 3% increase in cytotoxicity. Overall trends in
cytotoxicity levels were similar whether or not cells were seeded on the porous titanium

pieces (Figure 3.6).

3.5 Discussion

Successful outcomes of stem cell therapies are dependent on, among other factors,
cell viability and cellular adherence on the delivery platform, which could be a
manufactured implant surface, a tissue engineered scaffold, or a cell delivery suspension.
Our work evaluated whether or not commonly used and reported cell delivery solutions
would have an effect over a 24-hour period on cellular adherence and cytotoxicity when
cells were seeded on porous titanium surfaces. Specifically, we were interested in using a
solution that provided nutrients for cellular activity during a 24-hour period while at the
same time did not cause a concern for an immunogenic response when transplanted in

ViVvo.
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We found that cellular adherence over twenty-four hours was not significantly
different between basal cell culture medium and complete cell culture medium (i.e. serum
supplemented). At 8 hours after seeding, statistical significance was seen between basal
cell culture medium and PBS without calcium and magnesium. Overall, as expected, the
common trend was that cellular adherence minimally increased over time in all solutions,
with complete medium > basal cell culture medium > PBS with calcium and magnesium
> PBS without calcium and magnesium. As cellular adherence was not significantly
different between complete medium and basal cell culture medium over time, we can
conclude that basal cell culture medium is sufficient for allowing cellular adherence in a
24-hour time period.

Similar to the cellular adherence results, cytotoxicity was not significantly
different over twenty-four hours between basal cell culture medium and complete cell
culture medium. Significant differences in cytotoxicity levels began to appear 12 hours
after seeding between complete medium and PBS, and close to significantly different
between basal culture medium and PBS at 24 hours. As cytotoxicity differences between
the solutions began to dramatically differentiate between 4 and 12 hours from seeding,
this reflects the effect basic nutrients and more complex nutrients provided in basal cell
culture media and complete media, respectively, have on cell viability when compared to
simple saline solutions. Regarding the loss of viability of cells when in PBS, similar
results have shown that viability of cells stored in PBS begin to dramatically decrease
between 6 and 8 hours [32, 33]. Lane et al. showed further that cells stored in PBS after
24 hours not only had greatly reduced viability, but their growth rate was even more

markedly reduced [34]. Though these studies were investigating cells stored in
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suspension versus cells adhered to a surface, the trends are similar and the central theme
is consistent in that a nutrient-deprived solution should not be a primary cell storage
solution for periods longer than 12 hours.

Interestingly, the cytotoxicity levels were consistently lower on the porous
surfaces compared to cytotoxicity levels of cells seeded on tissue culture plastic in all
three solutions. On the other hand, the cytotoxicity levels were noticeably higher on the
smooth and roughened titanium surfaces compared to the tissue culture plastic. We
speculate that the contoured and tortuous porous coating limited complete availability of
G6PD in the supernatant to be accessible for analysis. Though great care was taken to
triturate the wells so that G6PD was homogenously suspended in the supernatant, we
suspect that the porous coating limited those efforts. Given that the smooth and rough
titanium surfaces had slightly increased cytotoxicity levels, this suggests that the titanium
did affect cellular activity to a certain extent. Similar results were shown previously
regarding cell growth rates in that BMMSCs and ASCs have slightly increased
proliferation rates on tissue culture plastic compared to Ti6Al4V, though differences
were not statistically significant [35].

A few limitations are present within this study. Due to the porous titanium
surfaces, it was difficult to accurately quantitate the exact number of cells adhered. The
methods we used to determine the number of cells adhered were adequate to provide a
semi-quantitative analysis. Another concern is that the porous, smooth, and roughened
titanium pieces were each a different size (i.e., triangular piece compared to circular
pieces). This was due to limited availability of porous surfaces that would fit a 12-well

culture plate. Though they were a different size, the same number of cells was seeded on
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all surfaces, and since the porous surface did provide an increased surface area, this
accommodated to a certain extent for the difference in sizes. Additional concerns might
arise regarding the stem cell multilineage differentiation capacity and the
immunophenotypic characteristic of the cells after culture on the titanium pieces in the
different solutions over 24 hours. Previous groups have characterized the functionality
and immunophenotype of MSCs when suspended in PBS over a 24-hour period and have
confirmed they retain their capacity for multilineage differentiation and
immunophenotypic expression [32, 33]. Studies evaluating stem cell characteristics
when cultured on titanium alloy showed similar results when compared to routinely
cultured MSCs on tissue culture plastic [35]. Though MSC characteristics have not been
fully characterized when grown on titanium in a PBS solution for 24 hours, this may not
be as critical for our future in vivo studies since we have shown the level of cytotoxicity
to reach 55%, which is considerable and not desirable when the end goal is transplanting
cells in vivo. With that said, future studies should confirm the functional and phenotypic
stem cell characteristics of the cells after being adhered to titanium in PBS.

Our investigations show that between 8 and 12 hours after seeding, the lack of
nutrients in a delivery solution begins to significantly decrease cellular adherence on
porous titanium surfaces. Further, solutions lacking necessary components for cellular
metabolism begin to dramatically induce cellular damage as evidenced by increased
cytotoxicity levels at 12 hours after seeding. For future in vivo studies in which cells will
be seeded and delivered on a porous titanium substrate, we have shown that using a basal

cell culture medium is equivalent to serum-supplemented cell culture medium when
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transplanting within a 24-hour period. This will allow for maximal cellular adherence

and viability while diminishing concerns of eliciting an immunogenic response.
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Table 3.1. BMMSC phenotypic characterization. Cell surface marker expression
determined by flow cytometry on P.6 — P.8 BMMSCs. Data are represented as means *
SD.

Cell Surface Marker | Percent Positive | Percent Negative
CD29 100+ 0 00
CD90 100+ 0 00
CD34 4.7+22 95.3+2.2
CD45 03+0.1 99.7+0.1
CD11b 11.6+17.3 88.2 £ 17.7
CD79a 9.1+75 91.3+7.1




76

Figure 3.1. Commercially pure titanium porous coating. Scanning electron microscopy
image (SEM) of the titanium porous coating having ~360um pore size and ~55%
porosity (magnification: 50x; accelerating voltage: 20.0kV). Scale bar is 1mm in length.
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Figure 3.2 Differentiation of P.8 BMMSCs. (A) Control cells in complete growth
medium (4x magnification). (B) Adipogenic differentiation and Oil Red O staining of
lipid droplets (10x magnification). (C) Osteogenic differentiation and Alizarin Red S
staining of calcium deposits (10x magnification).
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Figure 3.3 Effect of delivery solution on adherence of ASCs over a 24-hour period when
seeded on pTi. *Significance (p < 0.05) between basal cell culture medium and PBS -/-
at 8 hours after seeding. The data are represented as mean +SEM, n=3.



Figure 3.4. SEM/EBSD of MSC adherence on pTi (white arrows) at 8 hours. (A)
complete culture medium, (B) basal cell culture medium, and (C) PBS-/- (accelerating
voltage: 15.0 kV). Scale bar is 300 um in length.

79



80

110 -

100 -

90 -
>‘ —
E 80 mpTi+ cellsinCM
8 70 - = Cells in CM
o . .
= 60 - mpTi + cells in BM
2 mrTi + cells in BM
g 50~ msTi + cells in BM
S 40 - « Cells in BM
Q . .
E 30 - ] mpTi + cells in PBS

Cellsin PBS
20 -
10 - T I

0 Hr 4 Hr 12 Hr 24 Hr

Figure 3.5 Percent cytotoxicity on titanium surfaces. Effect of delivery solution on
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Figure 3.6 Cytotoxicity comparison between pTi and tissue culture plastic. Cytotoxicity
begins to dramatically increase 12 hours after seeding whether or not the MSCs are
seeded on a porous titanium piece. (A) MSCs seeded on pTi. (B) MSCs seeded on tissue
culture plastic. *Significance (p < 0.05) between pTi + cells in CM and pTi + cells in
PBS at 12 hours. Data are represented as mean £ SEM, n=3.



CHAPTER 4

MESENCHYMAL STEM CELLS INCREASE COLLAGEN
INFILTRATION AND IMPROVE WOUND HEALING
RESPONSE TO POROUS TITANIUM

PERCUTANEOUS IMPLANTS

4.1 Abstract

Epidermal downgrowth, commonly associated with long-term percutaneous
implants, weakens the skin-implant seal and greatly increases the vulnerability of the site
to infection. To improve the skin attachment and early tissue integration with porous
metal percutaneous implants, we evaluated the effect of bone marrow-derived
mesenchymal stem cells (BMMSCs) to provide wound healing cues and vascularization
to the dermal and epidermal tissues in establishing a barrier with the implant. Two
porous metal percutaneous implants, one treated with BMMSCs and one untreated, were
placed on the dorsum of a Lewis rat. Implants were evaluated at 0, 3, 7, 28, and 56 days
after transplantation. Histological analysis evaluated cellular infiltrates, vascularization,
quantity and quality of tissue ingrowth, epidermal downgrowth, and fibrous
encapsulation. The amount of collagen infiltrating the porous coating was significantly

greater for the BMMSC-treated implants at 3 and 28 days following transplantation
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compared to untreated implants. There was an early influx and resolution of cellular
inflammatory infiltrates in the treated implants compared to the untreated.
Vascularization increased over time in both treated and untreated implants, with no
statistical significance. Epidermal downgrowth was minimally observed in all implants
with no correlation to MSC treatment. Our results suggest that BMMSCs can influence
an early and rapid resolution of acute and chronic inflammation in wound healing, and
can stimulate early collagen deposition and granulation tissue associated with later stages
of wound repair. These findings provide evidence that BMMSCs can stimulate a more

rapid and improved barrier between the skin and porous metal percutaneous implant.

4.2 Introduction

Bone-anchored hearing aids, dental implants, and osseointegrated percutaneous
prosthetics are clinically used metal percutaneous devices that are implanted for the
lifetime of the individual, and they all require an impassable attachment between the skin
and device. When the skin and soft tissue attachment to the implant breaks down or
weakens, the susceptibility to infection substantially increases and places the entire
device at risk of failure, leading to potential tissue morbidity and device removal.

Previously, we demonstrated with a rabbit model that percutaneous implants with
a commercially pure titanium porous coating have a 7-fold decreased risk of infection
compared to percutaneous implants with smooth polished titanium surfaces [1]. We
observed that in a majority of the implants, the epidermis had migrated internally along
the percutaneous component, creating a sinus tract that was filled with keratin and

degenerative neutrophils. In fact, several other groups have demonstrated this same



84
result, which is commonly referred to as epidermal downgrowth, and when accompanied
by a sinus tract, marsupialization [2-5]. It is thought that epidermal
downgrowth/marsupialization is one of the leading factors attributed to the implant site’s
risk of infection [2-4, 6-8].

The explanations for this phenomenon are not entirely clear, though possible
explanations could include insufficient wound healing signaling cues and cell contact
inhibition in the epidermal and dermal tissues [9-11], along with insufficient
vascularization of the dermal tissues in providing nutrients for the restoration of the
epidermal and dermal barrier [2, 3, 12]. It is also thought that implant motion in the
subcutaneous tissue space creates an unstable environment for epidermal attachment to
the implant [3, 4, 13]. To address these and other potential mechanisms, there is a need
to investigate biological strategies that can interact with the dynamic nature of the dermal
and epidermal tissues such that epidermal downgrowth is prevented, and tissue
attachment to the percutaneous implant is maximized.

One such strategy is that of mesenchymal stem cell therapy, which is currently
being exploited for treatment of several clinical conditions due to their pivotal role in
tissue repair and regeneration. Adult mesenchymal stem cells (MSCs) reside in several
niches within the body, though for most clinical applications are commonly derived from
bone marrow and adipose tissue [14]. Several wound healing studies through the years
have published very promising results regarding the ability of MSCs to accelerate wound
healing [15-18], increase vascularization [16-18], increase cellularity [16-18], and
increase collagen content and wound strength [15, 18, 19]. It is suggested that MSCs

produce these effects through two suggested mechanisms: (1) through paracrine signaling
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mechanisms, releasing soluble signaling factors, including epidermal growth factor
(EGF), keratinocyte growth factor (KGF), insulin-like growth factor-1 (IGF-1), vascular
endothelial growth factor-a (VEGF-a), angiopoietin-1 (Ang-1), macrophage
inflammatory protein (MIP-1a and MIP-1b), platelet-derived growth factor (PDGF-BB),
fibroblast growth factor (FGF), among others [20-22]; and/or (2) through differentiation
into resident cells [16, 23].

With regards to the ability of MSCs to influence healing around biomaterials,
Prichard et al showed that when adipose-derived mesenchymal stem cells (ASCs) are
attached to a biomaterial and implanted in subcutaneous tissue, the ASCs are able to
attenuate the foreign body response (FBR) and increase the microvascular density
adjacent to the implant surface [24]. Additional studies evaluating scaffolds or implants
seeded with MSCs have also reported similar effects of increased vasculature and
increased rates of healing within the MSC-treated scaffolds [25, 26].

Using this established work with MSCs, the goal of this study was to evaluate the
ability of the MSCs to stimulate and influence an improved skin and soft tissue
integration with porous titanium percutaneous implants, hypothesizing that MSC treated
implants will have a more rapid and robust tissue integration compared to untreated
implants. We tested our hypothesis by evaluating five outcomes important in assessing
successful wound healing and tissue response to percutaneous implants: (1) inflammatory
cellular infiltrates, (2) neovascularization, (3) quality and quantity of tissue integration,
(4) epidermal downgrowth, and (5) fibrous encapsulation. Through histological

evaluations of these five outcomes, we were able to assess the influence the MSC
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treatment had on stimulating a more rapid and robust tissue integration with the

percutaneous implant.

4.3 Materials and Methods

4.3.1 Ethical statement

All animal studies were performed according to the Guide for the Care and Use of
Laboratory Animals[27] and all protocols were approved by the University of Utah

Institutional Animal Care and Use Committee (IACUC).

4.3.2 Study design

The study consisted of 25 animals that were randomly assigned to five groups
based on the experimental time point: day 0 (n=3), 3 days (n=6), 7 days (n=6), 28 days
(n=5), and 56 days (n=5). Each animal received two implants: (1) treated with 6 x10°
MSCs and (2) untreated (control). The two implants were randomly assigned placement
on the rat dorsum to accommodate for placement-specific biases. Randomization was
performed using simple computerized randomization procedures. The Lewis rat served
as our animal model and BMMSC source. Lewis rats are commonly used for wound
healing studies, and since they are a syngeneic species, this allowed transfer of

BMMSCs from one rat to another rat without concern for an immunogenic response [28].

4.3.3 Implant fabrication

The percutaneous implant consisted of a Ti6Al4V substrate fabricated by the

School of Medicine Machine Shop (University of Utah, Salt Lake City, UT, USA).
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These substrates then received a commercially pure titanium porous coating (P? Thortex,
Inc., Portland, OR, USA) that was 1mm thick on the substrate. The porous coating had a
~55% porosity that was previously determined using microCT (Xradia MicroXCT
system), and had an average pore size of ~360um that was previously determined using
scanning electron microscopy (SEM, Hitachi S3000-N). The percutaneous portion of the
implant was cylindrical with a 5mm diameter. At 3mm from the implant top, the implant
surface gradually sloped outward to a final subcutaneous base diameter of 17mm. The

implant height was 12mm (Figure 4.1).

4.3.4 Endotoxin testing, passivation, and sterilization

All porous titanium percutaneous implants were passivated according to ASTM
F86 standards. Briefly, the implants were sonicated in distilled water, then in acetone
(Sigma-Aldrich, St. Louis, MO, USA), followed by another distilled water wash before
being soaked in 49% nitric acid (Macron Chemicals, Center Valley, PA, USA) for 2
hours. They were then sonicated in distilled water and allowed to air dry overnight.

Prior to each experiment all implants were sterilized as routinely performed using
an autoclave (NAPCO 8000-DSE, Winchester, VA, USA).

All implants were tested for endotoxin before and after sterilization using the
LAL QCL-1000® Assay (Lonza, Walkersville, MD, USA), according to manufacturer’s

directions. Endotoxin levels were found to be below detection level (< 0.05 EU/mlI).
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4.3.5 Bone marrow-derived mesenchymal stem cell culture and scale-up

The bone marrow-derived mesenchymal stem cells (BMMSCs) were derived
from a 4-month old male Lewis rat and were purchased from Texas A&M University
System Health Science Center. The BMMSCs were cultured in complete growth
medium, consisting of MEM a with L-glutamine (Gibco-Invitrogen, Carlsbad, CA,
USA), 20% FBS (Premium select, Atlanta Biologicals, Lawrenceville, GA, USA), 2% L-
glutamine (200 mM, Gibco-Invitrogen, Carlsbad, CA, USA), and 1%
antibiotic/antimycotic (Gibco-Invitrogen, Carlsbad, CA, USA). The cells were seeded at
100 cells/cm? density, cultured in T-75 tissue culture flasks (Falcon, BD Biosciences,
Bedford, MA, USA), and passaged at 80% confluency with 0.25% Trypsin/EDTA
(Gibco-Invitrogen, Carlsbad, CA, USA).

To scale-up the number of BMMSCs needed for the in vivo transplantations, the
BMMSCs were seeded at a density of 1000 cells/cm? and cultured in HYPERFlask™
Cell Culture Vessels (Corning Inc., Lowell, MA, USA). Passage 8 BMMSCs were then
cryopreserved in aliquots of 9x10° cells until in vivo transplantation. All implants were

treated with one lot of P.8 BMMSCs.

4.3.6 Characterization of BMMSCs

To verify a consistent multilineage differentiation potential, passages 6-9 of
BMMSCs were differentiated into adipogenic and osteogenic lineages over a 3-week
period using a commercial kit according to manufacturer’s directions (StemPro®,
Invitrogen, Carlsbad, CA, USA). To confirm differentiation, Oil Red O (Sigma-Aldrich,

St. Louis, MO, USA) was used to stain the lipid droplets of the adipogenic cultures, and
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Alizarin Red S (Sigma-Aldrich, St. Louis, MO, USA) was used to stain the calcium
deposits of the osteogenic cultures. Dermal fibroblasts (CRL-1414, ATCC, Manassas,
VA, USA) and epidermal cells (CCL-68, ATCC, Manassas, VA, USA) were used as
controls.

To confirm the immunophenotype of the BMMSCs, the cells were stained for a
panel of cell surface markers, according to Harting et al [29] and Dominici et al [30]. The
BMMSCs (passages 6-8) were stained with the following fluorescent-conjugated
antibodies: CD90-PerCP/Cy5.5 (BioLegend, San Diego, CA, USA), CD29-FITC
(LifeSpan BioSciences, Seattle, WA, USA), CD45-APC/Cy7 (BioLegend, San Diego,
CA, USA), CD34-PE/Cy7 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), CD79¢-
PE (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and CD11b-AF647 (AbD
Serotec, Raleigh, NC, USA). lIsotype controls included the following: APC Mouse 1gG1,
K (BioLegend, San Diego, CA, USA), FITC Armenian Hamster IgG (BioLegend, San
Diego, CA, USA), FITC Mouse IgG2a, « (BioLegend, San Diego, CA, USA), and PE
Mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Flow cytometry was
performed on a FACSCanto-Il Analyzer (Becton-Dickinson, San Jose, CA, USA) with
appropriate compensation using BD CompBead Plus Particles (BD Biosciences, San
Diego, CA, USA), and data were analyzed using FACSDiva software (Becton-Dickinson,
San Jose, CA, USA). Results are expressed as a percent of the total cells gated, which
are calculated by subtracting the percent gated of non-labeled cells from the percent gated

of labeled cells.
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4.3.7 Seeding of BMMSCs on porous coated percutaneous implants

The day prior to surgery, an aliquot of cells was thawed and recovered in
complete growth medium. Before surgery, the cells were detached with 0.25%
Trypsin/EDTA (Gibco-Invitrogen, Carlsbad, CA, USA), and 6x10° cells were suspended
in 100ul of MEM a (Gibco-Invitrogen, Carlsbad, CA, USA). The BMMSC suspension
was carefully added in 10ul droplets onto the porous coated implant. The treated implant
was incubated at 37°C with 5-10% CO, for 1-2 hours, then carefully transported to the
surgery suite, where transplantation occurred within 4-6 hours after cell seeding. Our
prior in vitro validation studies showed that maximal cell adherence and maximal cell
viability can be achieved if cells were seeded in MEM o and delivered within a 4-12 hour

time frame after cell seeding.

4.3.8 Animal surgeries

Male Lewis rats (n=25, ~170g and ~6 weeks old), were obtained (Harlan
Laboratories, Livermore, CA, USA), and their health was monitored for a week after
arrival to ensure fitness of use for surgical procedures. Prior to surgery, animals were
housed in groups of three, and after surgery, animals were individually housed (Thoren
Caging Systems, Inc., Hazleton, PA, USA). The average room temperature was 71°C
with 33% relative humidity, and a 12 hour on/12 hour off light cycle. Animals were fed a
standard laboratory diet and water ad libitum.

All surgeries were performed under sterile conditions with aseptic technique.
Animals were induced with 3-5% Isoflurane (VetOne, Meridian, ID, USA) via inhalation

and maintained at 1-3% during operation. Animals were monitored throughout surgical
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procedures, specifically heart rate, respiratory rate, blink reflex, skin color, temperature,
and % Isoflurane setting. The dorsum of the rat was close-shaved, then animal was
positioned on the surgical table. A routine surgical scrub was performed on the dorsum,
consisting of alternating scrubs of Povidone-lodine Solution (Purdue Products L.P.,
Stamford, CT, USA) and 70% ethyl alcohol, finished with a final scrub of chlorhexidine
(CareFusion, San Diego, CA, USA) [31]. A 4-cm incision was made diagonally across
the dorsum. Two subcutaneous pockets were created with blunt dissection. The anterior
subcutaneous pocket was 2.5cm lateral to the spine on the right side of the animal, just
posterior to the scapula. The posterior subcutaneous pocket was 2.5cm lateral to the
spine on the left side of the animal, just anterior to the ilium. Using a 4.0mm biopsy
punch (Robbins Instruments, Chatham, NJ, USA), a hole was placed through each
subcutaneous pocket, being 2.5cm from the central incision. The porous titanium
percutaneous implants were then carefully inserted into the subcutaneous pockets and the
percutaneous components were inserted through the holes in the skin. This location
provided a 5-cm distance between the two implants. The implants that were untreated
(control) were submersed in sterile MEM a (Gibco-Invitrogen, Carlsbad, CA, USA) prior
to being inserted in the tissue. Once both implants were placed, the central incision was
closed with an interrupted vertical mattress suture using 4-0 Vicryl (Ethicon®, Johnson
& Johnson, Somerville, NJ, USA). Upon anesthesia recovery and physical mobility,
animals were returned to their cages and administered Buprenorphine (Hospira, Lake
Forest, IL, USA), 0.05mg/kg, subcutaneous, for analgesia, and as necessary twice per day
following 72 hours from surgery. Animals were given Rimadyl wafers (Rodent MD’s™,

Bio-Serv®, Frenchtown, NJ, USA) for continued pain-relief and water ad libitum for 24-



92
72 hours following surgical procedure. Once animals were no longer showing signs of
pain, they were returned to their standard laboratory diet. Animals were observed daily
during the first week after surgery, and every other day thereafter until sacrifice. Signs of
clinical infection of the implant, any changes to the implant, and overall animal health

and well being were assessed.

4.3.9 Implant harvest and histology processing

The animals were euthanized via CO, asphyxiation. The implant specimens with
generous tissue margins were carefully excised from the dorsum and fixed in 10% neutral
buffered formalin (Fisher Scientific, Pittsburgh, PA, USA). The specimens were then
dehydrated through ascending grades of ethyl alcohol (Tissue Tek Vacuum Infiltration
Process, Miles, Scientific, USA), and embedded in methyl methacrylate (MMA)
according to routine laboratory procedures [32]. Upon polymerization, transverse
sections (~1mm thick) were cut using a water-cooled, high-speed, lapidary slab saw with
a diamond-edged cutting blade (Lortone, Inc., Mukilteo, WA, USA; MK Diamond
Products, Inc., Torrence, CA, USA). These sections were ground to 150um thickness
and polished to an optical finish using a variable-speed grinding wheel (Buehler Inc.,
Lake BIluff, IL, USA).

The sections were stained with hematoxylin and eosin (H&E) or Multiple Stain
Solution (MSS, Polysciences, Inc., Warrington, PA, USA). For H&E staining, the slides
were placed in Mayer’s Hematoxylin (Electron Microscopy Sciences, Hatfield, PA,
USA) at 50-55°C for 2-3 hours, then washed in running tap water for 10 minutes. Slides

were placed in Eosin Y-Phloxine (Richard Allan Scientific, Kalamazoo, MI, USA) with
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Glacial Acetic Acid (Fisher Scientific, Pittsburgh, PA, USA) Solution (3:1) for 10-30
minutes, then rinsed in 100% ethyl alcohol (Fisher Scientific, Pittsburgh, PA, USA). The
slides stained with MSS were placed in acid-alcohol (1% hydrochloric acid; 70% ethyl
alcohol) for 5-10 minutes, then rinsed in distilled water. The MSS was added drop-wise
on the slide to completely cover the section, incubated at 50-55°C on a slide warmer for

8-10 minutes, then gently rinsed in running tap water.

4.3.10 Histology analyses

Slides were interpreted using a light microscope (Optiphot-2, Nikon, Japan;
BX41, Olympus, Center Valley, PA, USA). Images were captured (Retiga 1300,
QlImaging, Surrey, BC, Canada) and measurements were made using Bioquant Nova
Prime software (version 6.9.10MR, Bioquant Image Analysis, Nashville, TN, USA).

All histology slides were de-identified by one author (KJC), and blindly
interpreted and analyzed by two authors (DI and LDM). As seen in Figure 4.2, thirteen
1mm? boxes were analyzed around the implant. A Mertz Graticle was used to
standardize the location and the 1mm? box area for cell counting, tissue volume fill, and
overall interpretation and analysis. As described in Table 4.1, the following five
outcomes were analyzed: cellular infiltrates, neovascularization, quality and rate of tissue

ingrowth, epidermal downgrowth, and fibrous encapsulation.

4.3.11 Statistical analysis

All data are presented as means + mean standard error (SEM) or means * standard

deviation (SD). The data obtained within each group were analyzed using a Paired t-Test
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(p <0.05, two-tailed, 95% CI) (SPSS vs.11.5, Armonk, NY, USA), meaning implants
within each animal were paired. To test for significance across time between the
measured outcomes, a multiple comparison procedure was performed using the
Benjamini-Hochberg test (p < 0.05, two-tailed, 95% CI) (Stata/IC 10.1, College Station,
TX, USA). We report Benjamini-Hochberg adjusted p values, which maintains the false
discovery rate (FDR) at the nominal alpha 0.05 level [33]. Controlling for multiplicity in
the standard fashion, such as with the Bonferroni procedure which controls the family-
wise error rate (FWER), is not justified, while control for the FDR provides the correct

control for multiplicity [33-35].

4.4 Results

4.4.1 Characterization of BMMSCs

The BMMSCs were successfully differentiated into the adipogenic and osteogenic
lineages, as seen by the formation and staining of lipid droplets and calcified extracellular
matrix deposits (Figure 4.3). Differentiation was not observed in the control BMMSCs
that did not receive the differentiation medium. Further, differentiation was not observed
in the dermal fibroblasts and epidermal cells that were cultured in the differentiation
media (data not shown). The cell surface markers were detected in consistent proportions
on the BMMSC populations, showing greater than 90% positive for CD90 and CD29,

and less than or around 10% positive for CD45, CD34, CD11b, and CD79a (Table 4.2).
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4.4.2 Clinical observations

There were no surgical infections or complications. All animals healed
uneventfully and successfully made it to the experimental end point. There were no

symptoms of clinical infection and no implants were lost in the study.

4.4.3 Histological observations and histopathology interpretations

4.4.3.1 Day 0 animals (n=3/3)

The implants within the “day 0” animals were in situ approximately 30 minutes
before being harvested and fixed. Tissue surrounding the implant was healthy and was
observed to not be integrating with the porous surface. The only cells observed in the
porous coating were macrophages and red blood cells, both on the ventral and caudal side
of the implant (Figure 4.4). Interestingly, all of the treated implants demonstrated a
macrophage infiltration in the porous coating, while only one of the three untreated
implants displayed this infiltration. Further, there was an absence of polymorphonuclear

leukocytes within the porous surface of all implants.

4.4.3.2 Day 3 animals (n=6/6)

At time of sacrifice, most “day 3” implants, including treated and untreated, still
had a fibrin clot formation at the skin/implant interface (Figure 4.5). The treated implants
had a significantly increased infiltration of collagen matrix (p = 0.05) and a significantly
decreased presence of fibrin/serum (p < 0.05) in porous coating compared to the
untreated implants (Figure 4.6). The treated implants had higher macrophage and

lymphocyte counts, while the untreated implants had higher PMN counts (Figures 4.7 and



96
4.8). There was very little vasculature seen within the pores of both implants (Figure
4.7). The epidermis of both treated and untreated implants appeared to be attaching to
the porous surface. As the fibrous capsule was poorly defined at this early time point, no

measurements are reported.

4.4.3.3 Day 7 animals (n=6/6)

By one week, the fibrin clot had resolved at the skin/implant interface for both
treated and untreated implants. For the treated implants, the epidermis was integrating
and the dermal tissue was beginning to fill pores, with majority of tissue being an
immature collagenous infiltration with little fibrin/serum. Granulomatous inflammation
was present, with an increased fibroblast infiltration and collagen deposition compared to
the untreated implants (Figure 4.7). The overall tissue response reflected a chronic
inflammation phase of wound healing. Vasculature in the treated implants was still
minimal. Scattered red blood cells and remnants of hemorrhage were present, indicative
of implant motion within the tissue space.

As for the untreated implants, there was no epidermal downgrowth and the
epidermis was integrating into porous coating in most implants. Dermal tissue was
beginning to integrate in some implants, though not all, and was commonly a
fibrin/serum stromal tissue, with occasional immature collagen infiltration (Figure 4.7).
The untreated implants presented with fewer inflammatory cells compared to the treated
implants, though no statistical significance was found (p = 0.09) (Figure 4.8).
Vasculature was minimally present, and mostly seen outside the pores. A few implants

had remnants of a hemorrhage, suggesting motion in the tissue space.
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Fibrous capsule measurements are not reported for treated and untreated implants

as there was an absence of a structured and continuous encapsulation.

4.4.3.4 Day 28 animals (n=5/5)

At four weeks, the skin attachment had stabilized at the skin/implant interface for
treated and untreated implants (Figure 4.5). For the treated implants, the epidermis had
thoroughly migrated into the porous coating, with vascularized tissue observed in the
higher pores above where epidermis was integrating (Figure 4.9). A fibrovascular tissue
was integrating into pores with significantly more collagen compared to the untreated (p
< 0.05) (Figure 4.6). Cellular infiltrates had decreased since 7 days, with granulation
tissue present in and around pores (Figure 4.8). Hemosiderin was seen in the tissue of
some implants which is indicative of bruising that probably resulted from implant
movement.

For the untreated implants, most of the tissue integrating was a granulomatous
inflammatory tissue with little fibrovascular tissue, evident of later chronic inflammatory
response to early granulation tissue formation. Epithelium was integrating with all
implants, though slight downgrowth was observed in two implants; however, similar to
the treated implants, there was vascularized tissue in pores above the epidermal
integration (Figure 4.9). Cellular infiltrates increased from the 7-day time point,
demonstrating higher inflammatory cell counts, with fewer fibroblast infiltrates in

contrast to the treated implants (Figure 4.8).
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Fibrous capsule thickness was similar between the treated and untreated implants

Tt 5 umand 58.7 £ .5 um, respectively), with vascularization observe
(50.7 £ SD 10.5 d58.7+SD 11.5 ively), with larization ob d

in capsule.

4.4.3.5 Day 56 animals (n=5/5)

At 8 weeks, the skin was very settled around the implant for both treated and
untreated. For the treated implants, epidermal and dermal integration was consistent in
all implants, including vascularized tissue in pores of post above where epidermis was
integrating, similar to that seen at 28 days though with more mature tissue. A minimal
inflammatory response was observed, with granulation tissue present and evidence of
tissue reorganization. A mature collagen filled the pores, with a slight decrease in
cellular infiltrates compared to 28-day implants, and a slight increase in vascularization
(Figures 4.6 and 4.8). The metal surface was lined with flat macrophages, indicating a
foreign body reaction.

For the untreated implants, there was good epithelial integration with the pores.

A mild inflammatory response was observed along with a fibrovascular tissue. Foreign
body response was beginning as evidenced by the metal surface lined with macrophages
and foreign body giant cells (Figure 4.10). The untreated implants did have higher counts
of foreign body giant cells compared to the treated implants, though no statistical
significance was found (p = 0.56) (Figure 4.8). There was a higher influx of cellular
infiltrates compared to the treated implants and the 28-day untreated implants, though not

statistically significant (p = 0.08) (Figure 4.8).
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The fibrous capsule thickness was slightly higher for the untreated implants
compared to the treated implants, being 69.6 um (xSD 21.0 pum), and 61.6 um (£SD 21.0

pum), respectively. No statistical significance was determined (p = 0.53).

4.5 Discussion

Preventing epidermal downgrowth and improving the epidermal and dermal
integration with porous metal percutaneous implants is of paramount importance for
long-term functionality and sustainability. This long-term seal is critical for eliminating
the risk of infection development at the skin-implant interface.

We have shown that implants treated with MSCs have an accelerated production
of a collagen matrix into the porous coating compared to untreated implants. Further, this
was mirrored by the fact that fibrin/serum was significantly decreased over time in the
treated implants compared to the untreated. We have also shown that MSCs stimulated
an accelerated and short-lived acute inflammatory wound healing response that
transitioned into a chronic wound healing response, as evidenced by the early influx and
resolution of inflammatory cellular infiltrates, much earlier than that observed with the
untreated implants. Our data suggest that the foreign body response was also slightly
decreased by evidence of fewer FBGCs and a thinner fibrous encapsulation; however, the
differences between treated and untreated were not large enough to produce statistical
significance. Unlike many previous studies, we did not see a significant difference in
neovascularization between the treated and untreated implants. We also were not able to

show significant differences or any trends regarding the epidermal downgrowth
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phenomenon between the treated and untreated implants as there was minimal
downgrowth overall in both groups.

It is known that in normal wound healing conditions, BMMSCs play a
fundamental role in collage type I and 111 production [36]. Previous studies confirm our
results in that cutaneous wounds treated with MSCs resulted in an increased rate of
collagen synthesis and greater formation of granulation tissue compared to untreated
wounds [15, 18, 19]. These studies have further demonstrated that with an increase in
collagen synthesis this results in an increase in wound strength [15]. Though we didn’t
measure the tissue pull-out force, it is possible that when MSCs are seeded on porous
coated percutaneous implants, a stronger integration potentially could result between the
biomaterial surface and the tissue. Future studies investigating the pull-out force and
other parameters measuring the strength of attachment are warranted to positively
confirm this MSC-effect.

With regards to the increase in cellular infiltrates, it has been shown that BMMSC
conditioned medium recruits CD4/80+ and CD68 macrophages to the wound site at 7 and
14 days after application [20]. Similarly, others have shown BMMSCs to increase the
cumulative cellular infiltrates in treated wounds at 7 days and 14 days post-
transplantation [16, 17]. These previous studies confirm our results, and together they
reflect that BMMSCs play a fundamental role in recruiting macrophages and other
inflammatory cellular infiltrates to the wound site to begin tissue repair. The macrophage
infiltration in the “day 0” implants was an interesting finding. In light of the above
results, possible explanations regarding the early and more prominent recruitment of

macrophages is through a response to the presence of the transplanted cells, or a
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migratory response to the chemokine release from the BMMSCs. Chen et al.
demonstrated both in vitro and in vivo that BMMSCs secrete high levels of MIP-1 and
monocyte chemoattractant protein (MCP-5), both of which are important in the
recruitment of macrophages [20]. Additionally, they also showed increased secretion of
RANTES from BMMSCs compared to the secretion profile from dermal fibroblasts [20].

In addition to the early recruitment of inflammatory cells, it has also been
demonstrated that MSCs attenuate the foreign body response [24, 37]. Our results
weakly corroborate these previous data in that the fibrous capsule thickness was
decreased with treated implants and FBGCs were not as prevalent. Differences in results
could be attributed to the materials being investigated in that the previous work evaluated
polyurethane materials, whereby we were investigating titanium, and studies have shown
the FBR to vary depending on the material properties [38]. In addition, the FBR varies
with respect to surface texturing [39], and since we were investigating a porous surface
compared to the smooth surface in the Prichard et al. study, this is yet another factor that
may have influenced different results. Possible mechanisms involved in the MSC-
attenuated FBR may be due to the early resolution of inflammation, specifically
macrophages, since macrophages are crucial in development of fibrosis and formation of
FBGCs. Given that there are few studies showing interplay between MSCs and FBR
progression, further work is needed to provide more convincing results elucidating
possible cellular and signaling mechanisms.

One main impetus of this study was to prevent epidermal downgrowth with MSC
treatments, by influence of increased vascularization and/or increased wound healing

cues. With regards to vascularization, our results did not coincide with previous evidence
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that MSCs increase neovascularization in wounds [16, 17] and around implanted
biomaterials [24]. Similar to our results, McFarlin and colleagues demonstrated an
absence of significant differences in neovascularization between MSC treated and
untreated wounds [15]. It is not entirely clear why the MSC treatment did not
significantly increase neovascularization. One possible suggestion is that with the early
resolution of the acute inflammatory stage of wound healing and the accelerated
infiltration of granulation tissue, it is possible there was an early resolution of
angiogenesis and thus early disintegration of blood vessels [40]. Though we did not see
an overall decrease in numbers of blood vessel formation, we did see the production rate
of neovascularization decrease over the eight week period.

Another explanation to the limited epidermal downgrowth, between both treated
and untreated implants, could be related to the implant geometry, specifically the gradual
sloping surface. This sloping surface may have provided a slight tension to the skin,
specifically to the underlying dermal tissue, which potentially could have stimulated
keratinocyte, fibroblast, and myofibroblast proliferation and migration [41, 42]. We
eliminated right angles in our implant design as to our knowledge, there are no biological
right angles that native tissue must integrate with, and it has been shown that when a
device with a right angle is implanted, a dead space is typically formed and filled with
inflammatory cells, as can be seen in both subcutaneous [13, 43] and percutaneous
applications [3, 4, 44-46]. The effect of the implant geometry should be looked into
further, especially since our previous results, which used a percutaneous implant with
right perpendicular angles, demonstrated epidermal downgrowth in nearly all of the

porous metal percutaneous implants [1].
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To address the theory that motion or movement of the percutaneous implant can
inhibit epidermal attachment, thus contributing to the downward migration [3, 4, 13], we
observed histological signs of movement in the subcutaneous space (e.g. remnants of
hemorrhage and hemosiderin). However, these histological observations were not
accompanied by epidermal downgrowth. Further work evaluating implant geometry, as
stated above, and wound healing signaling cues important in epidermal migration might
provide more insight as to possible reasons why the epidermis may or may not form a
stable attachment with the implant.

Though we have demonstrated some encouraging results in this study, there are
some limitations to be kept in mind. First, an inability to accurately know the number of
viable MSCs delivered to the tissue. During the cell seeding process, the cells were
seeded with equal distribution throughout the entire porous coating on the dorsal portion
of the implant. When the implant-cell construct was placed in the animal, all the cells that
were in the uppermost portion of the post most likely died. Thus, the total cell number
that was delivered was most likely less than what was estimated. Second, and related to
the first, is that any shearing force between the tissue and implant during in situ
implantation may have pulled off some of the cells on the implant surface. This could
possibly be accommodated for by modifying the titanium surface with adhesion proteins
such as collagen, fibronectin, or laminin that may ultimately increase the strength of
attachment between the MSCs and the implant surface. Third, though we placed the
implants as far apart as possible (5 cm), we cannot confirm that the cells did not migrate
to the untreated implant; however, this implant arrangement allowed us to eliminate

animal variability in directly comparing treated and untreated implants. Lastly, the
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sample size of our study may have limited our ability in further achieving statistical
significance with some of the results. In future studies, this can be addressed by
increasing sample size with respect to a power analysis of the data presented in this study.

We have demonstrated that porous titanium percutaneous implants treated with

MSCs accelerate tissue integration into the implant and accelerate the wound healing
response and tissue reorganization in the pores. While MSCs are known to increase the
rate of healing in cutaneous wounds, we have now presented results that suggest that
MSCs can increase rates of healing and tissue integration to porous metal percutaneous
implants. With the current use of long-term percutaneous implants in the clinic and the
various problems associated with skin integration, this study presents encouraging data
that could further be explored to improve the functionality and longevity of these

clinically used percutaneous devices.
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Table 4.1. Histology outcomes and procedures for analysis and interpretations. Refer to
Figure 4.2 for implant locations. Each box was 1mm? and covered porous coating.
Polymorphonuclear leukocytes (PMNS); foreign body giant cells (FBGCs).

Outcomes Locations

Analysis

Cellular Infiltrates (PMNs,
Lymphocytes, Plasma Cells, Boxes 1-13
Macrophages, FBGCs)

Neovascularization Boxes 1-13

Tissue Ingrowth Boxes 1-13

~Boxes 1 and 13; 3

Epidermal Downgrowth measurements taken
per side
Boxes 2-12; 3
Fibrous Capsule measurements taken

per box

Each cell type was counted at 200x
magnification

Number of blood vessels (>7um)
were counted at 200x magnification

Determined % fill of collagen and
% fill of fibrin/serum using 100x
magnification

Measured distance (um) between
leading edge of epidermis and
starting location of downgrowth at
200x magnification

Measured distance (um) of fibrous
capsule thickness at 200x
magnification
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Table 4.2. Cell surface marker expression determined by flow cytometry on P.8
BMMSCs. Data is represented as percent of the gated population.

Cell Surface Marker | Percent Positive | Percent Negative
CD29 100 0
CD90 100 0
CD34 3.3 96.7
CD45 0.2 99.8
CD11b 11 98.9
CD79a 13.8 86.9
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Figure 4.1. Porous metal percutaneous implant. (A) Porous metal percutaneous implant
used in study. (B) Scanning electron microscopy image (SEM) of titanium porous coating
having ~360 um pore size and ~55% porosity (magnification: 50x; accelerating voltage:
20.0kV). Scale bar is Imm in length.
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Figure 4.2. Histology analysis template. Analysis was performed in the 13, Imm? boxes
around the implant surface. This is a cartoon graphic of the titanium substrate, thus the
boxes are positioned over the Imm porous coating.
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Figure 4.3. Differentiation of P.8 BMMSCs. (A) Control cells in complete growth
medium (4x magnification). (B) Adipogenic differentiation and Oil Red O staining of
lipid droplets (10x magnification). (C) Osteogenic differentiation and Alizarin Red S
staining of calcium deposits (10x magnification).
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Figure 4.4. Tissue and cellular infiltrates of “day 0” implant. (A) Skin and underlying
soft tissue interfacing with porous coating (black) of percutaneous component on implant
(scale bar is Imm; 4x original magnification; H&E). (B) Macrophage infiltration, along
with red blood cells, into porous coating (black) (scale bar is 100 um; 20x original

magnification; H&E).



115

Figure 4.5. Porous titanium percutaneous implants at 3 days and 28 days post-
transplantation. (A and B) Implants at 3 days with residual blood clot at skin-implant
interface on both treated (A) and untreated (B) implants. (C and D) Implants at 28 days
showing the skin more settled around the post and appearing healthy around treated (C)
and untreated (D) implants.
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Figure 4.6. Tissue infiltration throughout 56 days. (A) Percent infiltration of
fibrin/serum into the porous coating of treated and untreated implants. At 3 days, treated
implants had significantly less fibrin/serum compared to untreated implants (*p < 0.05).
(B) Percent infiltration of collagen matrix into the porous coating of treated and untreated
implants. Treated implants had significantly more collagen at 3 days (*p = 0.05) and at
28 days (# p < 0.05) compared to untreated implants. Data are represented as means +
SEM, n=5-6.
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Figure 4.7. Tissue reactions to treated and untreated implants at 3 and 7 days. (A)
Treated implant from a 3-day animal showing increased cellular infiltration, increased
collagen matrix, and decreased fibrin/serum compared to untreated implant (scale bar is
100 pm; 10x original magnification; H&E). (B) Untreated implant from a 3-day animal
showing increased fibrin/serum infiltration in porous coating, with little cellular
infiltration and little collagen matrix deposition (10x original magnification; H&E). (C)
Granulomatous inflammation tissue infiltrating and surrounding a treated implant from a
7-day animal. Tissue contained many macrophages, fibroblasts, collagen matrix, and
vasculature (scale bar is 1mm; 4x original magnification; H&E). (D) Very few
fibroblasts infiltrating porous coating of untreated implant from a 7-day animal. Early
collagen matrix deposition with fewer inflammatory cell infiltrates (4x original
magnification; H&E).
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Figure 4.8. Cellular infiltrates and neovascularation over the 56-day period. (A) Cellular
infiltrates over the 56-day period in treated and untreated implants. The total number of
cells peaked at 7 days for the treated and thereafter slowly decreased. The cell numbers
increased throughout time for the untreated implants, peaking at 56 days. (B) The
individual cells comprising the cellular infiltrates over 56 days between the treated and
untreated implants. Notice the trend in macrophages as they peak at 7 days for treated
implants and then slowly decrease; however, for the untreated implants they substantially
increase throughout 56 days. (C) Neovascularization between the treated and untreated
implants throughout the 56-day period. Data are represented as means + SEM, n=5-6.
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Figure 4.9. Epidermal attachment with treated and untreated implants at 28 days. (A and
B) Epidermal integration (blue arrows) with porous coating (black) on percutaneous
component of treated implant. There was vascularized (white arrows), viable tissue in
pores where epidermis appeared to be integrating (scale bar is 100 um; 10x original
magnification; H&E). (C and D) Epidermal integration (blue arrow) with porous coating
(black) on percutaneous component of untreated implant. Note viable tissue with blood
vessels (white arrows) in pores above where epidermis appeared to be integrating (10x
original magnification; H&E).
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Figure 4.10. Untreated implant at 56 days demonstrating increased inflammatory cell
influx in porous coating. Foreign body giant cells (white arrows) and macrophages
(black arrow) lining implant surface in untreated implant (scale bar is 100 pm; 10x

original magnification; H&E).



CHAPTER 5

MESENCHYMAL STEM CELL THERAPEUTICS IMPROVE TISSUE
INTEGRATION WITH POROUS METAL PERCUTANEOUS

IMPLANTS AND DECREASE INFECTION RISK

5.1 Abstract

Percutaneous devices serve an important role in the clinic; yet, their short- and
long-term success is dependent on an impenetrable seal between the skin and the device
such that microbial invasion is inhibited and infection prevented. This study evaluated
the capacity of mesenchymal stem cells (MSCs) to stimulate an improved and rapid
tissue-implant seal thus conferring protection from infection in a bacterial challenge
environment. Two porous coated titanium percutaneous implants were implanted on the
dorsum of a Lewis rat. One implant was treated with MSCs, the other was untreated.
Beginning 2 weeks after surgery, animals received weekly bacterial inoculations of
Staphylococcus aureus at the implant site until consistent symptoms of clinical infection
presented. Presentation of clinical symptoms of infection, microbiological analyses, and
histological analyses were used to confirm device infection. Our results showed the
untreated implants were significantly at a higher risk of infection compared to the MSC-

treated implants. The MSC-treated implants had significantly greater tissue infiltration
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into the porous coating, with an overall decreased cellular presence, reflecting a later
stage of wound healing. The untreated implants presented with mild inflammation,
granulation tissue, and an overall increased cellular presence compared to the treated
implants. In conclusion, our data suggest that when in a bacterial challenged
environment, MSCs have the capacity to promote a fortified seal with porous metal

percutaneous implants, thus serving as a barrier to microbial invasion.

5.2 Introduction

Many clinical conditions require a medical device to exit through the skin for the
lifetime of the individual; these devices are commonly referred to as percutaneous
implants. Some common percutaneous devices used in the clinic include, bone-anchored
hearing aids (BAHAS), dental implants, intravascular devices, glucose sensors, and, of
particular interest to our work, osseointegrated percutaneous prosthetics. Osseointegrated
percutaneous prosthetics attach directly to the skeleton serving as an artificial limb for
amputees but, like other percutaneous devices, are susceptible to infection due to their
skin-breaching nature. In these instances, the device is a physical barrier to natural skin
closure, and as such, the skin must create and maintain a permanent seal with the device.
Unfortunately, if a seal is not formed between the skin and device, an avenue for
microbial invasion is created and places the device at increased risk for infection.

Osseointegrated percutaneous prosthetics currently have a reported 18% infection
rate, typically presenting within the first 3 years of implantation [1]. BAHAS currently
have a 23.9% failure rate, consisting of device infections and other soft tissue problems

that arise within the first year of implantation [2, 3]. Several factors are involved that
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may determine when a percutaneous device will become infected, for example, improper
surgical implantation, poor healing abilities, lack of routine cleaning of the device,
misuse of the device, etc. In any case, early development of an impenetrable seal
between the skin and device is critical for short- and long-term functional success of
percutaneous implants.

To improve the skin seal to the implant, previous work has evaluated several
modalities, some of which include surface texturing to increase cellular adhesion and
surface area for tissue attachment [4-9]; collagen, laminin, and fibronectin coatings to
provide a natural and recognizable surface for cellular adhesion [10-14]; alterations in
implant shape and design to increase surface area for soft tissue attachment and to
accommodate for skin and soft tissue stresses at the implant interface [15-19]; and
different materials that more closely resemble the mechanical properties of the skin and
soft tissue [20-24]. Yet, to more accurately evaluate infection susceptibility and the
integrity of the skin-implant seal, few investigations actively create infectious
environments for the percutaneous implant [25, 26]. This is important because small
animal models, especially rodents and rabbits, heal more rapidly and through different
mechanisms than humans, and often times it is very difficult to see natural infection
develop with percutaneous implants [27, 28].

We previously evaluated commercially pure titanium porous coatings and smooth
titanium surfaces on percutaneous implants in a bacterial challenge rabbit model to
determine infection risk [29]. We showed that porous coatings on percutaneous implants
had a 7-fold reduced risk of infection compared to smooth polished surfaces [29].

However, a simple porous coating was not sufficient in providing a skin-implant seal that
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could completely eliminate the risk of infection. Poor skin attachment was manifested by
epidermal downgrowth and marsupialization. As previous work has investigated several
static treatments (e.g., porous coatings, implant materials, implant coatings, etc.) to
improve a skin-implant seal, we postulate that a dynamic approach involving wound
healing signaling mechanisms, encompassed in regenerative medicine approaches, could
better stimulate and promote an effective skin-implant seal.

Recently, we evaluated the contributions of mesenchymal stem cells (MSCs)
delivered on porous commercially pure titanium percutaneous implants to improve and
stimulate a rapid integration of the skin with the implant [30]. MSCs were investigated
as they have been shown to accelerate cutaneous wound closure [31-34], increase
collagen content in wounds which subsequently increases the wound strength [31, 34,
35], increase cellularity for enhanced tissue repair [32-34], and to increase
neovascularization, which provides oxygen and nutrients to healing tissue [32-34]. We
found that, when compared to untreated implants, MSCs accelerated collagen deposition
within the porous coating, and accelerated the inflammatory healing response with an
earlier presentation of granulation tissue within the porous coating [30]. These data
provided encouraging results reflecting the capacity of MSCs to stimulate a rapid and
improved barrier between the skin and implant.

To further explore the use of MSCs in stimulating a rapid and improved skin-
implant barrier, this study sought to evaluate the infection risk of MSC-treated porous
metal percutaneous implants in an implant infection animal model. We hypothesized that
MSC treated implants would have a reduced infection risk compared to untreated

implants. We tested this hypothesis by challenging MSC-treated and untreated implants
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with weekly bacterial inoculations two weeks after implantation to determine if the MSC-
treatment prevented infection development. A Staphylococcus aureus strain (S. aureus,
ATCC 49230) was used for inoculations as S. aureus is part of the commensal microbial
population on rat and human skin [36], and being a serotype 8, this microencapsulated

strain accounts for ~50% of clinical isolates [37-40].

5.3 Materials and Methods

5.3.1 Ethical statement

All animal studies were performed according to the Guide for the Care and Use of
Laboratory Animals [41] and all protocols were approved by the University of Utah

Institutional Animal Care and Use Committee (IACUC).

5.3.2 Study design

The study consisted of 11 animals that were randomly assigned to two groups:
Group 1 — bacteria challenged animals (n=6), and Group 2 — control animals (n=5). Each
animal in both groups received two metal implants: (1) treated with 6 x 10° MSCs and (2)
untreated (control). The two implants were randomly assigned placement on the rat
dorsum to accommodate for placement-specific biases. Randomization was performed
using simple computerized randomization procedures. The Lewis rat served as our
animal model and bone marrow mesenchymal stem cell (BMMSC) source. At two weeks
after surgery, Group 1 animals received weekly inoculations of 1.5 x 108 colony forming

units (CFU) of S. aureus (ATCC# 49230, Manassas, VA, USA). Weekly inoculations
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continued until clinical symptoms of infection presented, at which point the animals were

euthanized. The control animals were euthanized at 8 weeks following surgery.

5.3.3 Implant fabrication

The percutaneous implant consisted of a Ti6Al4V substrate fabricated by the

School of Medicine Machine Shop (University of Utah, Salt Lake City, UT, USA).
These substrates then received a commercially pure titanium porous coating (P? Thortex,
Inc., Portland, OR, USA) that was 1mm thick on the substrate. The porous coating had a
~55% porosity that was previously determined using microCT (Xradia MicroXCT
system), and had an average pore size of ~360um that was previously determined using
scanning electron microscopy (SEM, Hitachi S3000-N). The percutaneous portion of the
implant was cylindrical with a 5mm diameter. At 3mm from the implant top, the implant
surface gradually sloped outward to a final subcutaneous base diameter of 17mm. The

implant height was 12mm (Figure 5.1).

5.3.4 Endotoxin testing, passivation, and sterilization

Each porous titanium percutaneous implant was passivated according to ASTM
F86 standards. Briefly, the implants were sonicated in distilled water, then in acetone
(Sigma-Aldrich, St. Louis, MO, USA), followed by a distilled water wash before being
soaked in 49% nitric acid (Macron Chemicals, Center Valley, PA, USA) for 2 hours.
They were then sonicated in distilled water and allowed to air dry overnight.

Prior to each experiment all implants were sterilized as routinely performed using

an autoclave (NAPCO 8000-DSE, Winchester, VA, USA).
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All implants were tested for endotoxin before and after sterilization using the
LAL QCL-1000® Assay (Lonza, Walkersville, MD, USA), according to manufacturer’s

directions. Endotoxin levels were found to be below detection level (< 0.05 EU/ml).

5.3.5 Bone marrow-derived mesenchymal stem cell culture and scale-up

The bone marrow-derived mesenchymal stem cells (BMMSCs) were derived
from a 4-month old male Lewis rat, and were purchased from Texas A&M University
System Health Science Center. The BMMSCs were cultured in complete growth
medium, consisting of MEM a with L-glutamine (Gibco-Invitrogen, Carlsbad, CA,
USA), 20% FBS (Premium select, Atlanta Biologicals, Lawrenceville, GA, USA), 2% L-
glutamine (200 mM, Gibco-Invitrogen, Carlsbad, CA, USA), and 1%
antibiotic/antimycotic (Gibco-Invitrogen, Carlsbad, CA, USA). Cells were seeded at 100
cells/cm? density, cultured in T-75 tissue culture flasks (Falcon, BD Biosciences,
Bedford, MA, USA), and passaged at 80% confluency using 0.25% Trypsin/EDTA
(Gibco-Invitrogen, Carlsbad, CA, USA).

To scale-up the number of BMMSCs needed for in vivo transplantations, the
BMMSCs were seeded at a density of 1000 cells/cm? and cultured in HYPERFlask™
Cell Culture Vessels (Corning Inc., Lowell, MA, USA). Passage 8 BMMSCs were then
cryopreserved in aliquots of 9x10° cells for in vivo transplantation. All implants,

excluding control implants, were treated using one single lot of P.8 BMMSCs.
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5.3.6 Characterization of BMMSCs

To verify a consistent multilineage differentiation potential, passages 6-9 of
BMMSCs were differentiated into adipogenic and osteogenic lineages over a 3-week
period using a commercial Kit according to manufacturer’s directions (StemPro®,
Invitrogen, Carlsbad, CA, USA). To confirm differentiation, Oil Red O (Sigma-Aldrich,
St. Louis, MO, USA) was used to stain lipid droplets of adipogenic cultures, and Alizarin
Red S (Sigma-Aldrich, St. Louis, MO, USA) was used to stain calcium deposits of
osteogenic cultures. Dermal fibroblasts (CRL-1414, ATCC, Manassas, VA, USA) and
epidermal cells (CCL-68, ATCC, Manassas, VA, USA) were used as controls.

To confirm the immunophenotype of the BMMSCs, the cells were stained for a
panel of cell surface markers, according to Harting et al [42] and Dominici et al [43]. The
BMMSCs (passages 6-8) were stained with the following fluorescent-conjugated
antibodies: CD90-PerCP/Cy5.5 (BioLegend, San Diego, CA, USA), CD29-FITC
(LifeSpan BioSciences, Seattle, WA, USA), CD45-APC/Cy7 (BioLegend, San Diego,
CA, USA), CD34-PE/Cy7 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), CD79¢-
PE (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and CD11b-AF647 (AbD
Serotec, Raleigh, NC, USA). Isotype controls included the following: APC Mouse 1gG1,
K (BioLegend, San Diego, CA, USA), FITC Armenian Hamster IgG (BioLegend, San
Diego, CA, USA), FITC Mouse IgG2a, « (BioLegend, San Diego, CA, USA), and PE
Mouse 1gG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Flow cytometry was
performed on a FACSCanto-11 Analyzer (Becton-Dickinson, San Jose, CA, USA) with
appropriate compensation using BD CompBead Plus Particles (BD Biosciences, San

Diego, CA, USA), and data were analyzed using FACSDiva software (Becton-Dickinson,
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San Jose, CA, USA). Results are expressed as a percent of the total cells gated, which
are calculated by subtracting the percent gated of nonlabeled cells from the percent gated

of labeled cells.

5.3.7 Seeding of BMMSCs on porous coated percutaneous implants

The day prior to surgery, an aliquot of cells was thawed and recovered in
complete growth medium. Before surgery, 6x10° cells were suspended in 100pl of MEM
a (Gibco-Invitrogen, Carlsbad, CA, USA), and was carefully added in 10pul droplets onto
the porous coated implant. The treated implant was incubated at 37°C with 5-10% CO,
for 1-2 hours, and then carefully transported to the surgery suite, where transplantation
occurred within 4-6 hours after cell seeding. Our prior in vitro validation studies showed
that maximal cell adherence and cell viability can be achieved if cells were seeded in

MEM a and delivered within a 4-12 hour time frame after cell seeding [44].

5.3.8 Animal surgeries

Male Lewis rats (n=11, ~170g and ~6 weeks old) were obtained (Harlan
Laboratories, Livermore, CA, USA), and their health was monitored for one week after
arrival to ensure fitness of use for surgical procedures. Prior to surgery, animals were
housed in groups of three, and after surgery, animals were individually housed (Thoren
Caging Systems, Inc., Hazleton, PA, USA). The average room temperature was 71°C
with 33% relative humidity, and a 12 hour on/12 hour off light cycle. Animals were fed

a standard laboratory diet and water ad libitum.
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All surgeries were performed under sterile conditions using aseptic technique.
Animals were induced with 3-5% Isoflurane (VetOne, Meridian, ID, USA) via inhalation
and maintained at 1-3% during operation. Animals were monitored throughout surgical
procedures, specifically heart rate, respiratory rate, blink reflex, skin color, temperature,
and % Isoflurane setting. The dorsum of the rat was close-shaved using fur clippers, then
animal was positioned on a warm circulating water blanket on the surgical table. A
routine surgical scrub was performed on the dorsum, consisting of alternating scrubs of
Povidone-lodine Solution (Purdue Products L.P., Stamford, CT, USA) and 70% ethyl
alcohol, finished with a final scrub of chlorhexidine (CareFusion, San Diego, CA, USA)
[45]. A 4-cm incision was made diagonally across the dorsum. An anterior subcutaneous
pocket, created by blunt dissection, was placed 2.5cm lateral to the spine on the right side
of the animal, just posterior to the scapula. Similarly, a posterior subcutaneous pocket
was placed 2.5cm lateral to the spine on the left side of the animal, just anterior to the
ilium. Using a 4.0mm biopsy punch (Robbins Instruments, Chatham, NJ, USA), a hole
was placed through each subcutaneous pocket, being 2.5cm from the central incision.
The porous titanium percutaneous implants were then carefully inserted into the
subcutaneous pockets with the percutaneous components protruding through the holes in
the skin. This location provided a 5-cm distance between the two implants. The implants
that were untreated (control) were submersed in sterile MEM a (Gibco-Invitrogen,
Carlsbad, CA, USA) prior to being inserted in the tissue. Once both implants were
placed, the central incision was closed with an interrupted vertical mattress suture using
4-0 Vicryl (Ethicon®, Johnson & Johnson, Somerville, NJ, USA). Upon anesthesia

recovery and physical mobility, animals were returned to their cages and administered
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Buprenorphine (Hospira, Lake Forest, IL, USA), 0.05mg/kg, subcutaneous, for analgesia,
and as necessary twice per day following 72 hours from surgery. Animals were given
Rimadyl wafers (Rodent MD’s™, Bio-Serv®, Frenchtown, NJ, USA) for continued pain-
relief and water ad libitum for 24-72 hours following surgical procedure. Once animals
were no longer showing signs of pain, they were returned to their standard laboratory
diet. Animals were observed daily during the first week after surgery, and every other
day thereafter until sacrifice. Signs of clinical infection of the implant, any changes to

the implant, and overall animal health and well being were assessed.

5.3.9 Staphylococcus aureus inoculation

Following our previously published work, an inoculation of bacteria was applied
to the implants to study implant infection in a small animal model [29]. Two weeks
following surgery, Group 1 animals were inoculated weekly with 1.5 x 10 CFU of S.
aureus. The S. aureus was subbed from a frozen stock onto Columbia Blood agar plates
(Hardy Diagnostics, Santa Maria, CA, USA) with at least two passages prior to
application [25]. From colonies on the plate, a 1.0 McFarland standard was made in
0.9% saline solution. The bacteria were centrifuged and re-suspended in 50ul of saline,
which resulted in 1.5 x 10® CFU (~0.5 McFarland) per implant. The bacterial suspension
was immediately applied to the skin-implant interface of each implant in Group 1. This
was performed once per week until signs of clinical infection presented, including:
redness, tenderness, edema, blood, exudate, aggressiveness, and lack of appetite. Once

consistent symptoms of infection were observed, the animals were euthanized.
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5.3.10 Microbiology procedures

Prior to bacterial inoculation, skin culture swabs (BBL™ CultureSwab™, Becton
Dickinson, Sparks, MD) of each implant site recorded the baseline microbial flora on the
skin. At sacrifice, skin culture swabs and soft tissue biopsies were obtained from each
implant of both Group 1 and Group 2 animals. The swabs from the skin cultures were
then streaked onto Columbia blood agar plates (Hardy Diagnostics, Santa Maria, CA,
USA) and bacteria growth was recorded. For the soft tissue biopsy, a 2cm x 2cm area at
the skin-implant interface was scrubbed, as performed routinely prior to surgery (see
description above). A 3mm biopsy punch (Acuderm Inc, Ft. Lauderdale, FL, USA) of
soft tissue was obtained from this scrubbed region and placed in fastidious broth (Hardy
Diagnostics, Santa Maria, CA). The broth biopsy specimens were incubated at 37°C for
5-7 days, or until broth turbidity was observed. After the 5-7 day culture period, or when
broth was turbid, a swab (BBL™ CultureSwab™, Becton Dickinson, Sparks, MD, USA)
of the broth suspension was cultured on Columbia blood agar plates to confirm bacterial

growth.

5.3.11 Implant harvest and histology processing

Animals were euthanized when consistent signs of clinical infection presented for
Group 1 and at 8 weeks following surgery for Group 2. The implant specimens with
generous tissue margins were carefully excised from the dorsum and fixed in 10% neutral
buffered formalin (Fisher Scientific, Pittsburgh, PA, USA). Specimens were processed

for histology according to previously published methods [29, 46].
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The histology slides were stained with hematoxylin and eosin (H&E) or Multiple
Stain Solution (MSS, Polysciences, Inc., Warrington, PA, USA). For H&E staining,
slides were placed in Mayer’s Hematoxylin (Electron Microscopy Sciences, Hatfield, PA,
USA) at 50-55°C for 2-3 hours, then washed in running tap water for 10 minutes. Slides
were placed in Eosin Y-Phloxine (Richard Allan Scientific, Kalamazoo, MI, USA) with
Glacial Acetic Acid (Fisher Scientific, Pittsburgh, PA, USA) Solution (3:1) for 10-30
minutes, then rinsed in 100% ethyl alcohol (Fisher Scientific, Pittsburgh, PA, USA). The
slides stained with MSS were placed in acid-alcohol (1% hydrochloric acid; 70% ethyl
alcohol) for 5-10 minutes, then rinsed in distilled water. The MSS was added drop-wise
on the slide to completely cover the section, incubated at 50-55°C on a slide warmer for

8-10 minutes, and then gently rinsed in running tap water.

5.3.12 Histology analysis

Slides were interpreted using a light microscope (Optiphot-2, Nikon, Japan;
BX41, Olympus, Center Valley, PA, USA). Images were captured (Retiga 1300,
QImaging, Surrey, BC, Canada) and measurements were made using Bioguant Nova
Prime software (version 6.9.10MR, Bioquant Image Analysis, Nashville, TN, USA).

All histology slides were de-identified by one author (KJC), and then blindly
interpreted and analyzed by two authors (DI and LDM). Thirteen Imm? boxes were
analyzed around the implant (Figure 5.2). A Mertz Graticle was used to standardize the
location of the 1mm? box area for cell counting, tissue volume fill, and overall

interpretation and analysis. The following five outcomes were analyzed: cellular
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infiltrates, neovascularization, quality and quantity of tissue ingrowth, epidermal

downgrowth, and fibrous encapsulation (Table 5.1).

5.3.13 Statistical analysis

To qualify as infected, a priori criteria stated that the implant must exhibit (1)
clinical symptoms of infection, (2) positive bacterial growth from the skin-implant
interface swab, (3) positive bacterial growth from the soft tissue biopsy broth, and (4)
histological evidence of infection. If all four criteria were positive, the implant was
deemed “infected.”

All data are presented as means + mean standard error (SE) or means + standard
deviation (SD). The data of the histological outcomes were tested using a Paired t-Test
(p < 0.05, two-tailed, 95% CI) (SPSS vs.11.5, Armonk, NY, USA), meaning implants
within each animal were paired. Infection data of the implants were analyzed using
Kaplan-Meier survival analysis, and the infection risk of treated and untreated implants
was analyzed using a Log Rank test (p < 0.05, two-tailed, 95% CI) (Stata/IC vs.10.1,

Statacorp, College Station, TX, USA).

5.4 Results

5.4.1 Characterization of BMMSCs

The BMMSCs were successfully differentiated into the adipogenic and osteogenic
lineages, as seen by the formation and staining of lipid droplets and calcified extracellular
matrix deposits (Figure 5.3). Differentiation was not observed in the control BMMSCs.

Further, differentiation was not observed in the dermal fibroblasts and epidermal cells
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that were cultured in the differentiation media (data not shown). The cell surface markers
were detected in consistent proportions on the BMMSC populations, showing greater
than 90% positive for CD90 and CD29, and less than or around 10% positive for CD45,

CD34, CD11b, and CD79a (Table 5.2).

5.4.2 Clinical observations

All surgical procedures occurred without any complications or infections.
Animals in Group 1 healed uneventfully until weekly S. aureus inoculations commenced.
Animals in Group 2 (control) healed uneventfully, and successfully reached their

experimental end point of 8 weeks, with no clinical signs of infection.

5.4.3 Infection risk of MSC-treated and untreated implants

The untreated implants had a significantly higher infection risk (p < 0.05)
compared to MSC-treated implants, when analyzed with the Log Rank test (Figure 5.4).
Fifty percent (50%) of the untreated implants were determined infected, according to the
a priori infection criteria, while infection was not confirmed in any of the MSC-treated
implants (Table 5.3). Majority of the untreated implants presented with symptoms of
infection (mainly redness, tenderness, animal lethargy, and animal aggressiveness) much
earlier and for a longer duration than treated implants (Table 5.3). All bacterial cultures
of the skin-implant interface were positive, and 50% of both treated and untreated
implants presented with positive biopsy broth cultures (Table 5.3). Histological evidence
of infection was confirmed in 50% (3/6) of untreated implants, and 16.7% (1/6) of treated

implants.
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5.4.4 Histological observations and histopathology interpretations

5.4.4.1 Group 1 bacteria challenged animals (6/6)

For the MSC-treated implants, the epidermis integrated with the porous surface,
often with excellent vascularization in the pores. There was no evidence of an epidermal
downgrowth alongside the porous implant (Figure 5.5). There was significantly more
tissue infiltration into the pores (p < 0.05), consisting of fibrovascular tissue and collagen
(Figures 5.6 and 5.7). Neovascularization was slightly higher in the treated implants
compared to the untreated, though not significant. Overall, the treated implants
demonstrated a late wound healing response, with relatively low cellularity (Figure 5.8).

For the untreated implants, the epidermis integrated into the pores with little
evidence of downgrowth (Figure 5.5). In the infected implants, the infection was not
septic throughout the entire implant, rather, the infection was localized in pockets
scattered in and above the porous coating (Figure 5.7). In the uninfected implants, the
cellular infiltrates suggested a chronic wound healing response with some granulomatous
inflammation and fibrovascular tissue. The cumulative number of cellular infiltrates in
the untreated implants was higher than the treated implants, though no significance was
determined (p = 0.23) (Figure 5.8). The fibrous capsule was thin and organized around

both the treated and untreated implants, with no difference between the two.

5.4.4.2 Group 2 control animals (n=5/5)
At 8 weeks, the skin was very settled around the implant for both treated and
untreated implants. For the treated, epidermal and dermal integration was consistent in

all implants, including fibrovascular tissue in pores of post above where epidermis was
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integrating (Figure 5.9). Minimal inflammation was observed, with granulation tissue
present and evidence of tissue reorganization. Mature collagen filled the pores, with a
reduced number of cellular infiltrates and neovascularization compared to untreated
implants (Figures 5.8 and 5.10). A slight foreign body reaction was observed by
evidence of flat macrophages and a few FBGCs lining the metal surface.

For the untreated implants, there was good epithelial integration with the pores,
with minimal downgrowth observed (Figure 5.9). The overall tissue reaction throughout
the implant consisted of a mild inflammatory response along with fibrovascular tissue
(Figure 5.10). The metal surface was lined by macrophages and scattered foreign body
giant cells. There was also a higher influx of total cellular infiltrates compared to the
untreated implants, though not statistically significant (p = 0.08) (Figure 5.8).

The fibrous capsule thickness was slightly higher for the untreated implants, being
69.6 um (£SD 21.0 um), and 61.6pum (£SD 21.0 um) for treated implants. No statistical

significance was determined (p = 0.53).

5.5 Discussion
Percutaneous device infections can be costly and inconvenient, and with the
growing concern of antibiotic resistance, they can also potentially lead to tissue morbidity
and in the most severe case, mortality. For percutaneous devices, and particularly
osseointegrated percutaneous prosthetics, to be successful in the clinic, an infection-free
environment must be created and maintained which requires a complete, stable skin

attachment to the device.
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We demonstrated that a mesenchymal stem cell treatment significantly decreased
the risk of infection compared to untreated implants. Further, we showed that a
mescenchymal stem cell treatment significantly increased the amount of tissue integration
within the porous coating compared to untreated implants. These results suggest that
MSCs possess the capacity to promote a more pronounced tissue integration that can
serve as a barrier to infecting microorganisms.

Our unpublished work demonstrated that over time, MSCs significantly increased
collagen deposition at 4 days and 4 weeks after transplantation, and overall, accelerated
the wound healing response in porous titanium percutaneous implants [30]. The results
presented in this study confirm those results, in addition to previously published work
[31, 34, 35]. In this current study, we suggest that an increased collagen infiltration in
the porous coating at an earlier time point provided a stable seal to invading
microorganisms, of which the untreated implants could not prevent. We postulate that
MSCs, through paracrine signaling mechanisms, stimulated resident cellular activity and
subsequent deposition of the extracellular matrix into and around the porous coating [47-
49]. As soluble signaling molecules are known to play an important role in wound
healing through direct secretion from MSCs and other resident cells (e.g., fibroblasts,
macrophages, etc.), we believe this may have contributed to the improved skin-implant
seal [50, 51]. Recently, Maggini et al. demonstrated that around subcutaneously
implanted glass cylinders, macrophage infiltration was significantly increased at two
weeks around cylinders inoculated with MSCs compared to the cylinders that were not
inoculated with MSCs [52], similar to what we found in our previous unpublished work

[30]. After additional experimentation, they concluded that MSCs can direct
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macrophages into a wound-healing-like profile and a regulatory-like profile [52]. What
this means in context of this study, is that the MSC treatment may have induced an early
and more pronounced recruitment of macrophages (as found in our previous unpublished
work) which were then altered to become more of a wound healing effector resulting in
an increase in granulation tissue and overall a more robust ECM barrier to develop within
the treated implants.

It is difficult to assess whether the MSCs had any influence, either encouraging or
suppressing, on the inflammatory response to the bacterial challenged environment.
Studies have shown MSCs to have a dampening effect on excessive inflammation
through interactions with T cell populations [53], secretion of prostaglandin E, (PGE2)
[54], secretion of STNFR1 [55], expression of IL-1 receptor antagonist [56], among other
suggested mechanisms [57]. Observing that there was a decreased infiltration of
inflammatory cells within the treated implants in Groups 1and 2, it is possible that this
was an MSC-induced attenuation in inflammation; however, this cannot be proven with
our results as we were not able to investigate the above suggested signaling mechanisms
within the inflammatory cellular milieu. Regarding antimicrobial properties,
Krasnodembskaya et al demonstrated in vitro that MSCs through release of an
antimicrobial peptide LL-37 inhibited bacterial growth of Escherichia coli (E. coli) and
Pseudomonas aeruginosa; and further, they showed in vivo that MSCs decreased
bacterial numbers in a murine model of E. coli pneumonia through secretion of the same
peptide [58]. Though we did not investigate antimicrobial peptides, this is a possible
mechanism for the reduced infection rate observed in the MSC-treated implants. Thus,

potential mechanisms underlying the observed decreased infection risk of the MSC-
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treated implants may include interactions between MSCs and the resident cell
populations, and/or possible interactions with the bacterial populations through secretion
of antimicrobial peptides.

In light of the encouraging results in this study, we would like to discuss some
limitations. First, there was an inability to control for the bacteria inoculations to reside
at the skin-implant interface. A few factors influenced that, including animal licking,
which was observed, and occasional loss of bacterial suspension, as it would run off the
implant-interface. Future work should optimize a smaller volume (<50 ul) of bacterial
suspension that can better reside at the implant interface. A second limitation was the
presentation of ambiguous signs of infection at the skin-implant interface. Though the
tissue would swell and become pink/red, this would eventually dissipate, despite the
animal showing symptoms of tenderness, lethargy, and aggressiveness. Thus if a similar
rat model is used to study percutaneous device infections, we recommend that
inoculations occur prior to two weeks after surgery, or increase the bacteria
concentration, or increase the number of weekly inoculations such that stronger infection
symptoms can be observed. The third limitation involves the culture results of the biopsy
punch in that these results were dependent on the size of the punch (3mm) and the
location of the punch. Though each punch was consistent in size and location, there is
the possibility that bacteria could have been in the tissue in different areas where the
punch was not taken.

Herein we have demonstrated that MSCs can play a role in stimulating a more
effective integration of the epidermal and dermal tissues with percutaneous implants thus

providing a seal that can decrease infection risk when in a bacterial challenged
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environment. Future work should optimize both the delivery of the MSCs and the
bacterial inoculations in a percutaneous implant animal model. Furthermore, future
studies should also attempt to elucidate interactions of MSCs with the resident cellular
milieu when in an implant infection model, and further, potential interactions, if any, with
a developing biofilm on the implant surface. In summary, we have demonstrated that
mesenchymal stem cell therapeutics hold potential in promoting a robust, long-term skin-
implant seal that can result in a functional and infection-free environment of porous metal

percutaneous devices.
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Table 5.1. Histology outcomes and procedures for analysis and interpretations. Refer to
Figure 5.2 for implant locations. Each box was 1mm? and covered the implant porous
coating. Polymorphonuclear leukocytes = PMNs; Foreign body giant cells = FBGCs.

Outcomes Locations Analysis

Cellular Infiltrates (PMNs,
Lymphocytes, Plasma

Each cell type was counted at 200x

Cells, Macrophages, SBES L magnification
FBGCs)
Neovascularization Boxes 1-13 Number of blood vessels (=7,um)

were counted at 200x magnification

Determined % fill of collagen; % fill
Tissue Ingrowth Boxes 1-13 of fibrin/serum; and total % fill of
tissue at 100x magnification

Measured distance (um) between
leading edge of epidermis and
starting location of downgrowth at

~Boxes 1 and 13; 3
Epidermal Downgrowth measurements taken per

side 200x magnification
Boxes 2-12; 3 Measured distance (um) of fibrous
Fibrous Capsule measurements taken per  capsule thickness at 200x

box magnification
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Table 5.2. Cell surface marker expression determined by flow cytometry on P.8
BMMSCs. Data are represented as percent of the gated population.

Cell Surface Marker | Percent Positive | Percent Negative
CD29 100 0
CD90 100 0
CD34 3.3 96.7
CD45 0.2 99.8
CD11b 1.1 98.9
CD79a 13.8 86.9




150

Table 5.3. Infection data of treated (T) and untreated (U) implants from Group 1 animals.
In the columns, a (+) indicates a positive result and a (-) indicates a negative result. Data
are sorted by the number of days consistent inflammation was observed. The shaded
rows signify infected implants.

Days Skin-
Group 1 in Days of Implant SOﬁ Histopathology
A Consistent Tissue . Infected
Specimens | Study . Interface . Infection
Inflammation Swab Biopsy

U-35 69 50 0 + + +
U-31 61 37 + + + +
U-33 61 37 + - -
T-32 78 36 + - + -
U-32 78 16 + - -

U-236 69 13 it + + +
T-35 69 11 + + - -
T-31 61 5 + + - -
T-33 61 5 + + - -
U-34 61 5 + - - -
T-34 61 5 + - - -
T-36 69 4 + - - -




151

Figure 5.1. Porous titanium percutaneous implant. (A) Photo of implant with a
commercially pure titanium porous coating. (B) Scanning electron microscopy image
(SEM) of titanium porous coating with ~360um pore size and ~55% porosity
(magnification: 50x; accelerating voltage: 20.0kV). Scale bar is 1mm in length.
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Figure 5.2. Histology analysis template. Analysis was performed in the 13, Imm? boxes
around the implant surface. This is a cartoon graphic of the titanium substrate, thus the
boxes are positioned over the 1mm porous coating.
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Figure 5.3. Differentiation of P.8 BMMSCs. (A) Control cells in complete growth
medium (4x magnification). (B) Adipogenic differentiation and Oil Red O staining of
lipid droplets (10x magnification). (C) Osteogenic differentiation and Alizarin Red S
staining of calcium deposits (10x magnification).
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Figure 5.4. Kaplan-Meier survival estimate of treated and untreated implants. The black
line with red squares represents treated implants (T), and the red line with blue squares
represents untreated implants. The untreated curve drops at the day when consistent
symptoms of infection were observed and implant was later confirmed infected. Each dot
represents censored data in which consistent symptoms of infection were observed,
though no infection was later confirmed. The untreated implants had a significantly (p <
0.05) higher risk of infection.
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Figure 5.5. Epidermal integration in Group 1 animals. (A and B) Epidermal integration
in an untreated implant that was infected. Note leading edge of epidermis (arrow) and
high influx of inflammatory cells in tissue. (C and D) Epidermal integration in a treated
implant that was not infected. Notice leading edge of epidermis (arrow) and decrease in
inflammatory cells in tissue. Images are 10x original magnification; scale bar is 100 um;
H&E stain.
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Figure 5.6. Cell and tissue infiltrates into porous coating of percutaneous implants.
Cellular and neovasculature infiltration in treated and untreated implants in (A) Group 1
animals and (B) Group 2 animals. Tissue infiltration into porous coating of treated and
untreated implants in (C) Group 1 animals and (D) Group 2 animals. * p < 0.05 between
treated and untreated implants in Group 1 animals. All data are represented as means +
SEM, n=5-6.
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Figure 5.7. Tissue infiltration of Group 1 implants. (A) Uninfected fibrovascular tissue
in porous coating of treated implant. (B) Infected tissue of untreated implant. Note high
influx of inflammatory cells (arrow), mostly PMNSs, outside of porous coating (black).
Scale bar is 100 um; images are 10x original magnification; H&E stain.
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Figure 5.8. Total number of cellular infiltrates in porous coating of MSC-treated and
untreated implants in Group 1 (S. aureus) and Group 2 (Control) animals. Data are
represented as means + SEM, n=5-6.
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Figure 5.9. Skin-implant interface of treated and untreated implants. (A and B)
Epidermal integration (arrow) into porous coating of a treated implant in Group 2. White
diamonds on titanium implant (black) designate the uppermost part of viable,
vascularized tissue in pores. (C and D) Epidermal integration (arrow) into porous coating
of an untreated implant in Group 2. There was vascularized tissue in pores above where
epidermis was integrating (white diamonds). All images are 4x original magnification;
scale bar is 1mm; H&E stained.
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Figure 5.10. Tissue infiltration into treated and untreated implants from Group 2. (A)
treated implant was less cellular and had less vasculature compared to (B) the untreated
which had more inflammatory cells and vasculature in the porous coating (black).
Images are 10x original magnification; scale bar is 100 um; H&E stain.



CHAPTER 6

CONCLUSIONS, CHALLENGES, AND FUTURE DIRECTIONS

Percutaneous devices are of great value to healthcare professionals and to patients
who use them. These devices serve as the connection between the external environment
and internal environment, providing data, as in the case of glucose monitors; restoring
hearing, as in the case of bone anchored-hearing aids; or restoring physical mobility, as in
the case of osseointegrated percutaneous prosthetics. The aim of the research presented
in this dissertation was to improve the integration and seal between the skin and the
percutaneous device such that a barrier to infection was established. This dissertation
work investigated smooth polished and porous titanium surfaces, and transplantation of
mesenchymal stem cells to promote a dermal barrier to infection. Overall, this work
showed that both porous surfaces and MSC transplantations were effective in decreasing
the infection risk of percutaneous implants. This work, to the author’s knowledge, was
the first to evaluate stem cell transplantation in this type of application with percutaneous
implants.

In the next section, brief conclusions pertaining to each individual chapter are
presented. Following these conclusions, overall challenges with respect to this

dissertation work are discussed along with future directions of research.
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6.1 Chapter Conclusions

6.1.1 Chapter 2: infection risk of porous and smooth surface

percutaneous implants in a rabbit model

The rabbit model investigated infection risk of porous and smooth titanium
surfaces on percutaneous implants, and demonstrated that porous surfaces significantly
decreased infection risk. We postulated that this was due to the increase in surface area
for tissue integration, resulting in a tissue attachment and a physical “lock” between the
tissue and implant surface. Histology analyses revealed that a common failure
mechanism, “epidermal downgrowth,” was evident in most every implant section,
meaning that the tissue integration on the subcutaneous flange, as opposed to the
percutaneous post, served as the primary barrier to infection. Despite infection risks
being decreased with porous coatings (note: infection was NOT eliminated), an absence
of tissue integration with the percutaneous component of the implant is a concern, most
especially for the long-term functionality of the implant. Chapter 2 conclusions are as
follows:

¢ Porous coatings contributed to a significantly decreased infection risk of titanium
percutaneous implants in a rabbit model

¢ Tissue integration in the percutaneous component was poor; result was epidermal
downgrowth and marsupialization

¢ Supra-physiological inoculations of bacteria were necessary to induce implant
infection

¢ Was this a clinically relevant percutaneous device infection model? Yes and no;

this is debatable
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6.1.2 Chapter 3: in vitro cytotoxicity and cellular adherence of

MSCs on porous titanium surfaces

Basic in vitro techniques were employed to assess MSC adherence and viability
on porous titanium surfaces in various solutions. These studies showed that within a 12-
24 hour period, a serum-free cell culture medium was sufficient in retaining cell viability
above 90%, and cellular adherence near 90%. As expected, serum-supplemented
medium was superior in retaining viability and promoting cellular adherence, while
phosphate buffered solutions were inferior to the other solutions. Chapter 3 “take home
messages” are as follows:
¢ Serum-free cell culture medium is a satisfactory solution in which to suspend and
deliver cells onto porous titanium surfaces
¢ Cell delivery must occur within 12-24 hours after cell seeding on titanium
surface, if using serum-free medium
¢ Phosphate buffered solutions significantly decreased cell viability over 24 hours
¢ Serum-supplemented, or protein-laden solutions would be ideal for cell

attachment and viability, if an in vivo immunogenic response could be prevented

6.1.3 Chapter 4: in vivo assessment of MSCs to improve tissue

integration with percutaneous implants in a rat model

Incorporating the knowledge gained from Chapter 3 (in vitro cytotoxicity and cell
adherence study), and aiming to show improvements over Chapter 2 (rabbit model
evaluating percutaneous implant infection susceptibility), a rat model was used to study

effects of MSC treatments on tissue integration with percutaneous implants. This study
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not only changed the animal model from rabbit to rat, but also modified the implant
design, going from a two-piece percutaneous implant with a right angle to a one-piece
implant with a sloped surface (Figure 6.1). The decision to change animal model was
based on the following primary reasons: (1) a need to use a syngeneic species for MSC
transplantations between animals, (2) the availability of antibodies for characterizing the
MSCs as opposed to that available for rabbit, (3) a smaller animal size and ease in
handling, (4) fur not as thick as in rabbit, and (5) the opportunity to perform
immunohistochemistry staining due to increased availability of antibodies for rat than
that for rabbit. To determine efficacy of MSC treatment, implant histology was analyzed
at several time points throughout an 8-week period. Chapter 4 study conclusions are as
follows:

¢ MSCs significantly increased rate of collagen infiltration in treated implants

¢ MSCs increased cellular infiltrates at early time points and promoted an early
inflammatory resolution of treated implants

¢ MSCs possibly decreased foreign body response but additional data is necessary

¢ MSCs appeared to not affect epidermal downgrowth as it was not observed in
most treated and untreated implants

¢ Itis possible that a sloped surface as opposed to a perpendicular surface allowed
for epidermal attachment

¢ Rat model limitations, including presence of fur, differences in skin anatomy and
healing mechanisms, differences in cellular metabolism in the skin, make clinical
translation difficult

¢ Transplantation of MSCs on the porous titanium surface needs optimization
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¢ Future investigations should elucidate possible mechanisms of MSCs in

improving tissue ingrowth

6.1.4 Chapter 5: in vivo assessment of MSCs to prevent infection

of percutaneous implants in a rat model

As the ultimate goal of the MSC therapy was to stimulate a rapid and robust skin-
implant seal such that infection was prevented, this study replicated the rabbit model
methods to investigate percutaneous implant infection through use of bacterial
inoculations. Based on literature and personal experience, if left to natural
circumstances, implant infection may not develop in small animals. Thus, infection was
induced by inoculating the skin-implant interface with an exogenous bacterial
suspension.

One important lesson learned from this rat model was that these animals are
extremely resilient and physically flexible and agile (considering this is a rodent, this
should not be a surprise!). Inflammation of the implant would fluctuate, and this might
have been partly because they took great care of their implants by contorting their head to
routinely licking them and the bacterial solutions on the skin-implant inteface. It is
widely known that saliva has antimicrobial peptides, wound healing growth factors, and
acts as a physical cleansing mechanism [1-4]. Due to these properties of saliva, it is
possible that the consistent animal licking of the implants impeded infection
development. This was surprising as the rabbits did not act in this manner, to our
knowledge. Very obvious implant infection (gross swelling with exudate) in the rabbit

model was evident after 6 weeks of bacterial inoculations, but this was not the case with
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the rat model. The most blatant signs of infection observed included pink/red skin color,

tenderness, aggressive behavior, and lethargy. Some of the implants displayed slight

swelling, but the swelling would fluctuate along with changes in skin color.

It has been noted that rabbits are more susceptible to Staphylococcus aureus

infections, compared to other bacterial species [5], and thus this could also explain

differences in presence and severity of infection symptoms between the rat and rabbit

models. Nonetheless, infection of untreated implants did eventually develop according to

the defined implant infection criteria as stated in Chapter 5. The “take home messages”

for Chapter 5 are as follows:

¢

Infection development was prevented in MSC-treated implants

Tissue infiltration was significantly increased in MSC-treated implants

Implant infection development in the Group 1 animals proved to be challenging in
the rat model, compared to what was observed in the prior rabbit study
Mechanisms contributing to the decreased infection risk are unknown and need to
be further elucidated

MSCs appear to be a promising therapeutic for tissue integration, though there are
many unanswered questions regarding mechanisms between the MSCs and the
local cellular milieu, and regarding the appropriate delivery regimen (number of
dosages, timing of dosages, etc.)

Translation to the clinic? Debatable; results prompt investigation into models,

such as a porcine model, that are more clinically relevant
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6.2 Challenges and Future Directions

6.2.1 Mesenchymal stem cell culture and clinical scale

manufacturing limitations

In this dissertation, the author primarily sourced the mesenchymal stem cell
population from the bone marrow of a male Lewis rat. However, within the MSC
research community, another commonly used source for MSCs is adipose tissue. The
question arises how these two MSC populations differ with respect to animal species,
animal age, and passage of cells used for experimental purposes. BMMSCs from
commonly used rat strains (Fisher, Lewis, Sprague-Dawley, and Wistar) share similar
characteristics with respect to cell-surface phenotype, expansion rates, and differentiation
capacities [6]. Several studies have successfully employed the therapeutic use of
BMMSCs from animal models including rat [7], rabbit [8], murine [9, 10], equine [11],
porcine [12], non-human primate [13], and human [10, 14]. It has been shown that with
respect to cell yield, growth kinetics, cell senescence, and multi-lineage difference
capacity, both ASCs and BMMSCs behave similarly, though ASCs do exhibit a higher
cell yield at harvest [15]. As for the ASC population, Arrigoni et al. demonstrated slight
differences between rat, rabbit, and porcine ASCs with regards to population doubling
time and clonogenic ability [16]. The ASCs from all three animals displayed similar and
suitable osteogenic differentiation potential [16].

With regards to animal age and passage number influencing MSC phenotype and
functionality, it is generally agreed that with increasing animal age and passage number,
MSCs exhibit decreasing ability to differentiate into multiple lineages, along with a

decreasing clonogenic ability (personal communication with Roxanne Reger, Senior
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Research Scientist, Tulane University and the Darwin Prockop Research Group at Texas
A&M University) [17, 18]. For practical purposes, it is recommended that cells do not
undergo more than 50 population doublings [19] and/or be used after 10 passages
(personal communication with Roxanne Reger). For additional information on MSC
isolation and culture, the reader is referred to the following relevant publications [9, 19-
26].

Many challenges exist to successfully achieve large-scale expansion of MSCs in
ex vivo culture conditions; and an optimum, standardized protocol for clinical scale
production of MSCs has yet to be developed. An important element in culturing MSCs
for clinical application is using a growth medium that retains MSC phenotype and
functionality, but that does not elicit differentiation or immunogenic responses in vivo or
introduce bacterial, fungal, or other zoonotic diseases within the transplant recipient. In
the work presented in this dissertation, all MSC expansion was performed using fetal
bovine serum (FBS). However, alternative cell culture media have been investigated and
a promising alternative is platelet lysate [27]. Platelet lysate presents with decreased risk
of transmission of disease to the recipient, it can be an autologous source, and it is
effective in expanding MSCs while retaining phenotypic and functional characteristics
[27]. Thus, future work should seek to optimize culture expansion conditions using an
alternative growth supplement, such as platelet lysate, that has fewer risks compared to
FBS. However, caution must be taken as, like MSC sources, platelet lysate can be quite
variable in composition, variable between species, and variable upon donor age and

health.
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6.2.2 MSC characterization after culture on porous titanium surfaces

In Chapter 3, we evaluated cell delivery solutions that were commonly used in
clinical and animal model studies reported in literature. A few questions were not
addressed, but should be addressed in future studies. First, we did not address the
functional and phenotypic characteristics of the MSCs cultured during and after the 24-
hour culture in the different solutions. Future studies could repeat the methods described
previously, then detach the cells from the surface and place them in differentiation
conditions or stain them for cell surface marker expression at the defined timepoints
during the 24-hour period.

Second, we did not evaluate an optimal holding temperature of the cell-seeded
construct. Previous work has shown that cell viability is increased when cells are kept
below 37°C [28-30]; therefore, future studies could repeat the described methods though
at lower temperatures, such as 4° and 20°C, then provide optimal temperature
recommendations based on cellular adherence, proliferation, phenotypic and functional

preservation, and cytotoxicity results.

6.2.3 Optimization of MSC adherence and in vivo delivery methods

Cells adhere to surfaces through focal adhesion sites, integrin receptors, and
adhesion proteins. The choice of analyzing serum-supplemented cell culture medium,
serum-free cell culture medium, and phosphate buffered solutions was primarily due to
the fact that they are commonly used cell delivery vehicles, and as they are commercially
available, they are well characterized and consistency can be achieved by using a single

lot. The work presented in this dissertation used an FBS from a single lot to eliminate
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lot-to-lot variability. The data generated from Chapter 3 provided basic groundwork with
which future studies could compare and future work could be expanded. With that said, a
possible next step in optimization of MSC delivery on porous titanium surfaces would be
to use a matricellular protein (such as collagen, fibronectin, or laminin) surface
modification that could possibly increase the number of adherent cells, and the strength
of cellular attachment. The protein modification would need to be non-immunogenic,
and optimal concentration and attachment method would need to be determined.

On the other hand, separately or in addition to modifying the implant surface, a
different cell carrier could be evaluated. For example, a more viscous and enriching
medium such as platelet rich plasma [31-34], a collagen gel [35, 36], or fibrin matrix[10]
could be used. Though these suggested carriers have been used in diverse tissue repair
applications reported in literature, further analysis of cell number delivery, viability, and
characterization in a 24- or 48-hour period would need to be performed prior to in vivo

applications.

6.2.4 Percutaneous implant geometry: perpendicular versus sloped

As mentioned a few times previously, a simple but important study needs to
determine, in either a rabbit or rat model, whether or not implant geometry affects skin
ingrowth (Figure 6.1). This is important because we experienced opposite results
regarding epidermal downgrowth in the rat and rabbit models (see Figures 2.3 and 2.4 in
Chapter 2, Figure 4.9 in Chapter 4, and Figures 5.5 and 5.9 in Chapter 5). Though this
could be due to species-specific differences, this is unlikely as both animals have

relatively similar skin physiology and healing mechanisms. Differences could also be
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related to in situ residence time; however, the rabbit implants were harvested after 10-14
weeks and the rat implants were harvested after 9-11 weeks of implantation. Though
there is a 1-3 week difference, it is highly unlikely that the epidermis would travel a
couple millimeters in that short amount of time. Thus, head-to-head comparisons
between the two implant designs should be performed either in the rat or the rabbit

model.

6.2.5 Implant infection animal model and infection diagnosis

Inducing implant infection through bacterial inoculations was challenging in the
rat model due to animal licking, instability of bacteria solution droplets at the implant
interface, and/or robust host immunity to S. aureus, among other potential contributing
factors. The differences observed between the rat and rabbit models of implant infection
highlight the issue that choice of animal model and bacterial strain can easily bias the
study results. The following paragraphs further discuss this in relation to the work
presented in this dissertation.

The native physical activity of the animal species having a potential interference
with results (i.e., animal licking wound or implant site) is a point to keep in mind when
selecting an animal model for a percutaneous implant infection study. If future studies
warrant the use of an animal model that does not lick their implants, the rabbit model
may be a better choice as, to this author’s experience, the rabbits did not lick their
implants. On the other hand, animal licking of the implant site is a form of implant care,
which somewhat mimics the care of an implant site that humans might have with their

own percutaneous implants, though in the human case there would be a cleansing of the
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implant as opposed to licking the implant. Thus, rats might then be a more appropriate
animal model if there is a desire to incorporate host care of an implant site.

Regarding choice of bacterial strain used to induce implant infection, several
strains of Staphylococcus aureus are available from ATCC for experimental use. Some
of these strains have very weak virulence properties while others exhibit stronger virulent
properties. The strain used for the studies outlined in this dissertation was the ATCC
49230 strain (also referred to as CDC 587 or UAMS-1), a Staphylococcus aureus clinical
isolate from a human patient that had osteomyelitis in Little Rock, USA. As for
virulence, this particular isolate is reported to be a serotype 8 S. aureus strain which
produces an extracellular capsular polysaccharide that aids in resisting phagocytosis, and
is equipped with adhesins for binding ECM proteins, cells, body fluids, and implant
surfaces [37-39]. Serotype 8 S. aureus strains account for ~50% of isolates recovered
from humans, and are prevalent among isolates from clinical infections as well as from
commensal sources. Thus, according to literature, this is a relevant clinical strain as it
has the virulence properties (i.e., capsular production and adherence factors) deployed in
majority of human infections.

This strain was selected for use in the Chapter 2 rabbit study as it successfully
produced strong infection symptoms in a previous rabbit study that Dr. Roy Bloebaum’s
group had conducted [40].With no previous experience working with S. aureus strains,
this author thought it was a reasonable strain to use. This author chose to use this same
strain for the rat study based on (1) the strong infection data achieved with the Chapter 2
rabbit study[41], and (2) the information stated in the previous paragraph regarding its

clinical relevance.
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Though the bacterial strain used in these studies is a relevant clinical strain
important in human infections, the use of this strain as was presented in Chapters 2, 4,
and 5 to predict human infections, specifically those acquired in hospital settings, is
somewhat difficult to make. Other more virulent strains are present in hospital settings
and may compete with commensal microorganisms in causing infection. Further, it has
been demonstrated that the hospital environment can exert a selective pressure on
commensal strains, causing them to become more virulent [42]. Nosocomial infections
are commonly caused by S. aureus, S. epidermidis, P. aeruginosa, and Enterococcus
species, in addition to more resistant microorganisms, such as methicillin-resistant S.
aureus [43]. Device-related infections are commonly caused by S. aureus and S.
epidermidis [44, 45]. Though the presented studies used a common microorganism
responsible for nosocomial skin and soft tissue infections and device-related infections,
realistically a nosocomial device-related infection is profoundly influenced by other
commensal microorganisms and the hospital environment.

Host response to microbial invasion is different between rat and rabbit, as it is
known that rabbits are more susceptible to S. aureus infections [5]. The predictability of
the rat and rabbit response to that of the human response is somewhat difficult to assess.
Rabbits do not possess neutrophils like humans and rats, but instead possess heterophils.
This difference in the inflammatory cell population may coincide with differences in host
response to microbial invasion, and therefore hamper infection predictability in humans.
In addition, (a) rats and rabbits reside in very different environments and are exposed to
different antigens compared to humans; (b) they are smaller in body mass and thus their

physiological requirements are very different than that for humans; and (c) both of these
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small animals have a thick coat of fur, which humans do not have. This author cannot
find literature to back up her assertion that these listed differences may ultimately at some
point result in a species-specific immune response to bacterial infection, and thereby may
produce little predictability or translation to human infection.

If future investigations require use of a rat model as used in these studies,
incorporating one of the following recommendations may improve implant infection
development. (A) Based on rate of tissue integration from the histology data in Chapter 4,
microbial inoculations may be more effective if given prior to two weeks after
transplantation, preferably at one week or less. (B) Increase concentration of bacterial
inoculum (>1.5 x 10® CFU), though with the disclaimer that even though increased
concentrations of bacteria inoculums are documented in literature, it does not improve
clinical relevance, but merely increases likelihood of observing stronger infection
symptoms. (C) Increase frequency of inoculations, such as twice per week. (D) Use a
more virulent bacterial strain to which rats are susceptible or to which rats natively
succumb to infection, taking caution that this may not improve clinical relevance. (E) Use
a rat strain more susceptible to infection, such as an immunodeficient strain, being aware
that with an immunodeficient strain, wound healing response will be compromised and
again, this does not improve overall clinical relevance.

In addition to optimizing bacterial infection development, it would be beneficial
to incorporate molecular methods in confirming implant infection more quantitatively.
This is very important in light of evidence that cultures from infected implants with
biofilms rarely produce positive growth on agar plates due to phenotypic differences in

planktonic bacteria as opposed to biofilm microcolonies [46]. As contaminated, infected
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wounds typically host a diverse population of microorganisms, of which not all will grow
in the same media conditions. Hence, sophisticated and sensitive techniques should
enable more accurate detection of these complex bacterial isolates [47]. Relatively
“newer” techniques exist such as polymerase chain reaction (PCR), reverse transcription-
PCR [48], and PCR coupled with electrospray ionization/mass spectrometry (e.g., Ibis
Systems from Abbott Laboratories) [49] are examples. Use of molecular biology
techniques like PCR in similar studies as presented in this dissertation will require
additional tissue from the implant for analysis, but also it would be advantageous to
sonicate the implant to dislodge biofilm colonies [46, 50]. A potential limitation in using
these techniques is that this will decrease the amount of tissue available for other
histology analysis. Thus, the researcher will need to consider increasing the sample
number to accommodate for both tissue infection analysis and histology analysis.

In light of this limitation and the potential need to increase animal number,
another relatively newer avenue in quantifying bacterial colonization in tissue is the use
of bioluminescent bacterial strains (Bioware™ Microorganisms, Caliper Life Sciences,
Inc.). These strains allow one to monitor in vivo bacterial growth using optical imaging
technology (Xenogen IVIS, Caliper Life Sciences, Inc.) [51-53]. An advantage to using
bioluminescent bacterial strains is that this may eliminate the need to harvest tissue
specimens to detect bacterial growth, thus allowing histology analysis to be performed
and also potentially decreasing the animal number needed in studies. However, some
limitations exist including potentially weaker virulence capacity of the bioluminescent
strains, reduced imaging resolution due to increased tissue mass, and optical interference

if metals are being investigated. Other possible routes of analyzing and visualizing
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bacterial colonization in tissue include green fluorescent protein (GFP) markers [54, 55],
bioluminescent markers [56, 57], fluorescence in situ hybridization (FISH) with probes
for RNA or DNA [58], and immunohistochemistry analysis [59].

One last point regarding analysis of tissue infection includes the recent discovery
that soft tissue sites adjacent to the primary biomaterial-associated infection may harbor
bacteria [60, 61]. If these bacterial colonies in these remote soft tissue sites are not
eradicated, this may be a potential source of “re-seeding” the bacterial infection at the
original site [60, 61]. Thus, analysis of tissue infection should occur at the biomaterial-
tissue interface and in the surrounding soft tissue depots. The use of the above
bioluminescent bacteria, or BrdU-labeled bacteria, or even GFP-labeled bacteria may
assist the researcher in identifying these surviving bacterial colonies in the surrounding

soft tissue.

6.2.6 Animal model limitations and clinical relevance

In the author’s opinion, an animal model that has useful clinical relevance to the
human model is the “Achilles heel” of most all animal studies. Murine and rodent
models are the two most commonly used animal models, yet differences in skin
physiology and anatomy can hamper relevant comparisons between these two species and
with humans [62]. Further, the location of the implants is very important because skin
physiology (e.g., cell turnover, metabolism, and vascular density) and subsequently
healing can be quite different in different anatomical locations [63]. For example, since
the skin is tightly adhered to underlying tissues in the cranium, healing occurs more by

epithelialization than that in the dorsum where contraction predominates, as the skin is
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not tightly adhered to underlying muscle, fascia, and bone [64, 65]. With that said, as
often times the decision to use a small animal (such as a mouse, rabbit, or rat) is greatly
influenced by factors such as ease of handling, limited funding, commercially available
antibodies, ability to have higher sample numbers, etc. one must be cautious in designing
an appropriate animal model for experimental study. It is difficult to state that one small
animal is better than another small animal as all of them are quite different than humans
in many aspects that are still quite not fully understood. Thus, it is the researcher’s
responsibility to select an animal species and an implant anatomical location that
appropriately answers their experimental question. If satisfactory results are obtained,
then a more human relevant model, such as a porcine model, should be used to evaluate
the same experimental question.

To this author’s knowledge, there is not a published study on species-related
differences regarding metal percutaneous device healing among “loose-skinned” and
“tight-skinned” animals. It would be beneficial to conduct a head-to-head comparison
performing the exact same treatments, surgery, and implant location in rat, rabbit, and
pig. Since rat and rabbit are similar, this author expects similar results from those two.
Since both are quite different than pig, this author would expect different results.

Sullivan and colleagues reported that pig studies have a 78% correlation with human
studies when evaluating the same physiological mechanism, research question, or therapy
[66]. On the other hand, small animal studies only had a 53% correlation with human
studies [66]. As pig has been shown to be the most similar wound healing model to
human healing [66, 67], it is necessary to validate studies in the pig model prior to human

trials.
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6.2.7 Limitations of histology processing and suggestions for

future work

The studies outlined in the previous chapters use metal implants that are,
relatively speaking, very large. This large mass of metal creates great difficulty in
histology staining methods, as not only are the resulting sections very thick (~150 pum)
but the section surfaces are often severely uneven. If these implants were not composed
of a large mass of metal, these histology limitations could be avoided. If a metal implant
is of interest, one possible option is to use a polymeric substrate and coat the surface with
a metal coating. An implant mainly composed of a polymer with only a thin metal
coating could then be ground down to thinner sections (<50 um) with more evenly
polished surfaces.

This author hoped to perform immunohistochemistry (IHC) staining on the
histology sections, but for practical purposes this could not be performed. Researchers
intending to perform routine histology staining or IHC staining on
polymethylmethacrylate (PMMA\) sections are encouraged to read the work of Quentin et
al. [68], Rammelt et al. [69], Vertenten et al. [70], and Willbold et al. [71] for helpful

methods in performing IHC staining on PMMA histology sections.

6.2.8 Future of percutaneous osseointegrated prosthetic technology

As the motivation for this dissertation is the development of infection-free
percutaneous osseointegrated prosthetic technology for amputees, it is only appropriate
that it ends with this topic. Patients with these prosthetics in Europe surprisingly are

quite satisfied with their prosthesis, despite infectious problems. Branemark’s team
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reports an 18% infection rate of percutaneous osseointegrated prosthetics [72]; yet, other
groups in Europe implanting these prosthetics are reporting very little infectious
complications [73, 74]. The differences in infection rates could be attributed to
improvements in surgical implantation and rehabilitation regimen. Though it must not go
left unsaid that one advantage to implanting these prosthetics in humans is that humans
will, for the most part, diligently care for their prosthesis or they will reap very serious
consequences — physically, emotionally, and financially.

With respect to providing improved prosthetics for the amputee population, if
percutaneous osseointegrated prosthetic technology does not become a FDA-approved
medical device, all hope is not lost as the improvement of conventional socket prosthetics
continues at a rapid pace. Some examples can be seen in the labs at VVanderbilt with the
bionic leg [75], or at Northwestern where Todd Kuiken is developing myoelectric
prostheses [76]. Whether amputees receive a socket prosthetic or a percutaneous
osseointegrated prosthetic, the skin-implant interface is still a problem. In the former,
patients are encumbered by skin irritation, blistering, unevenly distributed stresses
leading to skeletal pathologies; and in the latter, poor implant integration with the bone
and skin will lead to soft tissue infection, osteomyelitis, and implant removal. Thus, no
matter the prosthetic, the interface between the skin and device will be a continual source
of challenges to address.

Developing and maintaining a life-long seal between the skin and a percutaneous
implant is a formidable task due to the combined complexity existing between the
continually, renewing skin and the static, foreign device. Small advancements in

knowledge encompassing interactions between skin, biomaterials, cells, proteins, and
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bacteria will surely motivate incremental improvements in device design and tissue repair
therapeutics. Together this will bring us closer to one day achieving a homeostatic,
harmonious relationship between percutaneous devices, specifically percutaneous

osseointegrated prosthetics, and the human end-user.
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Figure 6.1. Porous titanium percutaneous implants. (A) Percutaneous implant with a
sloped surface that was used in rat studies. The inset is the CAD (computer-aided design)
representation of the implant. (B) Percutaneous implant with a right angle that was used
in rabbit study.



