Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Evaluation of synthetically and naturally derived polymers for drug delivery and
adhesion reduction applications

A Dissertation Presented
By
Christine Angelica Falabella
To
The Graduate School
In Partial Fulfillment of the
Requirements
For the Degree of
Doctor of Philosophy
In
Biomedical Engineering
Stony Brook University

May 2011



Copyright By:
Christine Angelica Falabella
2011



Stony Brook University

The Graduate School

Christine Angelica Falabella
We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Weiliam Chen - Dissertation Advisor
Associate Professor of Surgery
New York University
Associate Professor of Biomedical Engineering
Stony Brook University

Michael Hadjiargyrou - Chairperson of Defense
Associate Professor of Biomedical Engineering

Sanford Simon
Professor of Biochemistry

Perena Gouma — Outside Member
Associate Professor of Materials Science and Engineering
Stony Brook University

This dissertation is accepted by the Graduate School

Lawrence Martin
Dean of the Graduate School



Abstract of the Dissertation

Evaluation of synthetically and naturally derived polymers for drug delivery and
adhesion reduction applications

by
Christine Angelica Falabella
Doctor of Philosophy
in

Biomedical Engineering

Stony Brook University

2011

Polymeric materials have a wide application of use in biomedical applications.
The evaluations of several polymers (synthetically and naturally derived) are presented
in this dissertation as drug/protein delivery vehicles and solid adhesion barriers. A
blended polymer matrix consisting of poly(ethylene glycol)-grafted-chitosan (PEG-g-
CHN) and poly(lactic-co-glycolic acid) (PLGA) was used to produce microspheres for
therapeutic protein delivery. The release kinetics of a model protein was also
investigated as PEG-g-CHN content was varied. A hamster cheek pouch microvascular
model was utilized to evaluate the inflammatory potential of both the PEG-g-CHN/PLGA
microspheres and released basic fibroblast growth factor (bFGF). We found the protein
release rate is regulated by PEG-g-CHN content, and the bFGF released from the

microspheres did not produce an inflammatory response in the hamster cheek pouch



blood vessels. Next, in order to reduce post surgical abdominal adhesions in rats, we
evaluated the efficacy of two different barrier materials: crosslinked hyaluronan (HA)
films and oxidized dextran/N-carboxyethyl chitosan (Odex/CEC) hydrogel. Use of either
barrier resulted in significantly lower adhesion severity scores than untreated animals.
Finally, microgels composed of Odex/CEC were synthesized to deliver anti-
inflammatory drugs (guanidinoethyl disulfide) with the goal of reducing nitric oxide
production and oxidative damage following injury. The microgels were characterized
after synthesis by measuring the release kinetics of drug and effective diameter. The
inflammatory potential of the microgels were evaluated using both a macrophage cell
culture model and a murine subdermal implantation model. The drug release kinetics
experiments demonstrated a burst release of drug within 24 hours in vitro and moderate
drug release up to 9 days. The microgels with and without encapsulated drug produced
a mild inflammatory response in vitro when the particles were co-incubated with
macrophage cells. The results of the subdermal implantation study suggested that the
drug attracted more inflammatory cells into the implant site compared with the microgel
vehicle alone, but produced less capsule fibrosis with the high dose of drug. Overall,
the results presented in this dissertation indicate that the polymers studied were

promising materials for use as drug/protein delivery vehicles and adhesion barriers.
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Chapter 1

Introduction and Specific Aims

1.1 Growth factor delivery using blended polymer microspheres

The delivery of growth factors, proteins that mediate many different processes
from wound healing to angiogenesis, is a very promising area of research. Clinical uses
of growth factors include the application of vascular endothelial growth factor (VEGF) to
promote angiogenesis in ischemic tissue [5], bone morphogenetic protein-2 (BMP-2) to
promote fusion between vertebrae [6], and regeneration of smooth muscle using basic
fibroblast growth factor (FGF-2) [7]. Development of recombinant therapeutic proteins
(e.g. antigens for vaccines) from bacterial or mammalian cell culture by pharmaceutical
companies has expanded in the last 25 years. Although some treatments utilizing these
therapeutic proteins and growth factors require only a single intravenous delivery, some
conditions require a more sustained and localized delivery of these proteins. In some
vaccines, immunity to a disease is produced after a series of antigen administrations
over a few months. Most antigens and therapeutic growth factors have a brief half-life

in vivo after administration, therefore shortening their therapeutic window of efficacy [8].



The development of a device to deliver a sustained dose of antigens over time would
reduce the need for the patient to return at specific time points to receive booster shots
and also reduce the costs to the patient or the patient’s health insurance costs.

A delivery vehicle for therapeutic proteins must satisfy a few key requirements: 1)
protection of the protein during the vehicle’s implantation, 2) vehicle must modulate the
release of the protein over time, and 3) the vehicle must be synthesized from a material
that has low immunogenicity. There are a vast number of different polymeric delivery
vehicles that have been studied, including self-gelling hydrogel solutions [9,10].

electrospun scaffolds [11-13], and micron-sized particles [5,14].

1.1.1 Synthetic polymers for protein delivery

Poly(lactic-co-glycolic acid) (PLGA) is a frequently researched delivery vehicle for
both drug and protein delivery because of its degradation characteristics and long
record of biocompatibility [15,16]. The polymer is composed of monomer units of
glycolic and lactic acid, which are assembled into linear polymers through ester
linkages. The mode of PLGA degradation is hydrolysis and the degradation is
increased as the localized pH becomes more acidic from the free lactic acid monomers
released from the PLGA bulk [17]. The ratio of the two monomers can determine the
degradation speed; decreasing the amount of glycolic acid relative to lactic acid greatly
increases the degradation resistance of the polymer in aqueous solution [16].
Therapeutic proteins are typically incorporated into PLGA by adding the aqueous
solution directly into the organic solvent containing the PLGA [18,19]. After the protein

solution is dispersed into the solvent/polymer solution by mechanical stirring, a larger



volume of aqueous solution is added to the same mixing vessel to produce an emulsion.
The aqueous solution also contains a stabilizer, such as poly(vinyl alcohol), to maintain
the emulsion and prevent polymer droplet coalescence. The organic solvent
evaporates from the emulsion resulting in the formation of hard, micron-sized
polymer/protein spheres. The particles are extracted from the emulsion by several
washes with water or alcohols and then dried by air or by lyophilization.

A major drawback of using pure PLGA in protein delivery is the polymer’'s
intrinsic hydrophobic nature. Because of the hydrophobic characteristic of PLGA,
microspheres have a low loading capacity for proteins and display a high initial “burst”
release of proteins when placed in an aqueous environment [20]. A high initial release
of proteins also suggests that the proteins are located primarily on the microsphere
surface, instead of homogenously distributed throughout the particle bulk [21]. The low
loading capacity measured in PLGA microspheres may also be due in part to some
destruction of the protein due to their exposure to harsh solvents (e.g. methylene
chloride) which are routinely used in PLGA microparticle and scaffold synthesis [8]. In
general, protein loading is favored by hydrophilic polymers or the addition of hydrophilic
polymers blended into a hydrophobic polymer bulk, such as PLGA [22].

The blending of hydrophilic polymers which are either synthetically or naturally
derived with PLGA is one method to increase protein loading and modulate the release
of those proteins over time. In some early studies, modification of PLGA by adding
poly(ethylene glycol) (PEG) to the structure greatly increased the hydrophilic
characteristics of the PLGA polymer; however no increase in the loading capacity of the

polymer vehicle was observed [23]. In fact, the loading capacity was significantly



decreased with PEG-PLGA polymers compared with pure PLGA polymers alone [23].
These results suggest that simply increasing the hydrophilicity of the polymer bulk alone
is not sufficient to improve total protein loading. Despite the decrease in loading
efficiency, one positive effect observed of the addition of PEG to the PLGA structure
was a decrease in inflammation occurring at the site of vehicle implantation. PEG is a
polymer known to circumvent much of the immune system’s reaction, giving it the
nickname of “stealth molecule” by some biomaterials researchers [24]. While adding
PEG to PLGA’s structure did not leverage better protein loading or protein release
modulation, PEG may be more important in preventing moderate inflammatory reaction

upon implantation, an important factor in delivery vehicles.

1.1.2 Blending PLGA with natural polymers to improve loading capacity and
modulate release of proteins

Alginate and chitosan are two naturally derived polymers that are frequently
combined with PLGA to increase protein loading and modulate protein release over
time. Both polymers are hydrophilic and have demonstrated excellent protein binding
characteristics when utilized in a delivery vehicle [25] or by themselves [9]. However,
both polymers are insoluble in organic solvents that are necessary to process PLGA
into microparticles. One method of incorporating alginate and chitosan into PLGA
involves the combination of the desired protein payload with either alginate or chitosan,
producing microparticles, and then combining the dried alginate/chitosan microparticles
with the PLGA dissolved in organic solvent [26,27]. This produces a physical composite

of the alginate/chitosan and PLGA. Even though alginate is insoluble in organic



solvents, some researchers have incorporated this polymer as an internal aqueous
phase in the PLGA microsphere emulsion process [28]. To prevent the alginate from
dissolving, calcium chloride is added to the emulsion to crosslink the alginate inside the
PLGA microspheres. These physical blends do not guarantee the homogenous
distribution of the natural polymers inside the PLGA, since the alginate is still not easily
dissolved in organic solvent solution.

The direct chemical modification of synthetic polymers, such as PEG, with
natural polymers may aid in improving the distribution inside PLGA while also
modulating protein release over time. In Chapter 2, PEG-grafted-chitosan (CHN) will be
introduced as a part-synthetic, part-natural polymer that will be blended with PLGA to
study the protein loading characteristics of a model protein, bovine serum albumin. The
proposed structure of PEG-g-CHN has a long backbone of positively-charged chitosan
with grafted side groups of PEG attached to the backbone molecule [29]. Unlike
chitosan and alginate aqueous solutions, PEG-g-CHN is relatively insoluble in water at
physiological pH, but it is readily soluble in several organic solvents. The PEG-g-CHN
can be easily incorporated into an organic solvent/PLGA solution for producing
microspheres using a simple emulsion process. PEG-g-CHN has been previously
blended with PLGA to synthesize electrospun scaffolds to deliver ibuprofen [30]. The
release kinetics of ibuprofen from scaffolds demonstrated that as PEG-g-CHN percent
weight was increased, the initial burst release of ibuprofen was decreased. Additionally,
the PEG-g-CHN was retained inside the polymer bulk during the release kinetics
experiments when the scaffolds were maintained inside neutral pH buffer for up to 16

days [30]. This last result is important for the maintenance of sustained release of a



drug or protein from the scaffold fibers, since the PEG-g-CHN is electrostatically binding

the payload.

1.2 Adhesion reduction barriers synthesized from naturally-derived polymers
Complications from abdominal adhesions cost the US health care system $1.33
billion per year [31]. In the United States, approximately 90% of patients undergoing
intra-abdominal procedures will experience some type of tissue adhesions, ranging from
thin and filmy to extremely fibrotic [32,33]. Adhesions typically occur when injured
tissue come into direct apposition after surgery and incomplete hemostasis deposits
fibrin on the visceral surface. The typical window for prophylactic treatments of
adhesions is 12-36 hours following surgery [34]. During the inflammation phase of
healing, macrophages will migrate into the fibrin network between the two visceral
surfaces and secrete cytokines that will promote later fibroblast infiltration into the same
fibrin matrix [35-37]. The fibroblasts lay out collagen precursors and later restructure
them into Collagen Type | fibers that act as a “bridge” between the two surfaces. In
about 10% of adhesion cases, bowel tissue can become twisted as the free tissue
pivots around the adhered tissue and cause tissue ischemia and eventually leading to
tissue necrosis [31,32,38]. Adhesions that result in strangled bowel or severe pain
must be treated by lysing the adhered tissues surgically; however the incidence of
adhesion re-occurrence after surgical treatment is significantly higher for these patients

[39,40]. Thus, a method to prevent de-novo adhesions would decrease patient



discomfort and decrease hospitalization costs by reducing the need for these follow-up
surgeries.

In the last 2 decades, various academic and industrial research groups have
investigated different prophylactic treatments for intra-abdominal adhesions to be
applied to surgical insults before the operating field is closed. A consensus in the
prevention of de-novo adhesions favors the use of a physical barrier to separate injured
tissues inside the abdomen [41,42]. The barrier material must meet several
requirements for successful implementation: 1) facile application/handling by the
surgeon, 2) maintenance of the barrier between healing tissues in the post-operative
period (12-36 hours), 3) non-interference with the tissue healing process, and 4) non-

promotion of additional adhesions or severe inflammatory response.

1.2.1 Current adhesion barriers utilized in the clinic

The adhesion barriers currently utilized in the clinic are categorized as either
non-degradable or degradable. One non-degradable barrier that has shown some
success in adhesion prevention is a woven, polytetrafluoroethylene membrane
(Preclude™ WL Gore and Associates) [43]. Although it shown to be efficacious in
preventing adhesions, it is not a permanent implant and must be removed at a later date
[44]. Additionally, the process of removing the Preclude membrane may cause new
tissue injury and further adhesions of the newly injured tissue [41]. In contrast,
degradable adhesion barriers are more desirable from the standpoint of patient
safety/comfort and hospital/insurance costs since it eliminates the need for a second

operation. One resorbable barrier that was developed to reduce adhesions in both



pelvic and abdominal surgeries was synthesized from oxidized regenerated cellulose
(Interceed, Ethicon, Somerville, NJ). Recently, the FDA has recommended that
Interceed only be used in open pelvic surgeries, not abdominal surgeries because of a
lack of efficacy reported in this application [45]. Interceed also has specific instructions
that dictate how the film must be placed on the injured tissues. The surgeon must
insure complete hemostasis [46,47] in the operating field and the pelvic cavity must be
free of superfluous peritoneal fluid before placing the Interceed film [46]. In both cases,
the anti-adhesive properties of Interceed are rendered ineffective upon contact with
blood and excess peritoneal fluid, which will dissolve the barrier prematurely.
Additional small animal studies also showed Interceed to be ineffective in reducing
adhesions in the abdomen [48,49] and that it caused additional, strong inflammatory
reactions [43].

Another FDA-approved barrier is a non-crosslinked film composed of
carboxymethylcellulose and sodium hyaluronate (Seprafilm, Genzyme Corporation,
Cambridge, MA) that is applied to the injured abdominal or pelvic tissue as a dry film.
The film re-hydrates to a gel-like consistency during the 24 hours following surgery and
produces a lubricious surface that separates damaged tissues while allowing the tissue
to heal under the film. However, the dehydrated film is very brittle and aggressively
adheres to any wet surfaces (including surgeon’s gloves), making application during
surgery difficult [50]. It is also not possible to re-position Seprafilm after it is placed;
post-implantation adjustments cause the film to fall apart due to the lack of any
crosslinking between the two polymer components. The rigidity of the film also limits

the ability to manipulate film to fit small geometries, restricting its use to open surgeries,



not laparoscopic procedures [51]. The next generation of adhesion barriers to be used
in the clinic must be mechanically flexible and tolerate rehydration by not degrading

after contact with wet tissues or gloves.

1.2.2 Alternate solid film barrier research

Hyaluronic acid (HA) has been previously researched as an adhesion barrier in
the abdomen. In early studies, aqueous solutions of HA were applied to injured visceral
tissue after surgery in order to measure adhesion occurrence [52,53]. The rationale for
using HA is based mainly on its reported anti-inflammatory [54] and anti-cellular
adhesion properties [55,56], both ideal characteristics for an adhesion barrier.
However, animal surgical model results for the HA solutions were underwhelming at
best when compared to untreated control animals [57]. The clearance of solutions of
HA inside the abdomen occurs within 6 hours of application, well below the 36 hour
window after surgery during which adhesions are reported to occur [58,59]. One
solution to the rapid clearance of HA inside the abdomen would require the HA to be
crosslinked into a solid film form. Crosslinking would slow the degradation and re-
absorption of the HA, providing more residence time as a barrier between the injured
tissues during the critical after surgery period. While some methods of crosslinking HA
involve the incorporation of the crosslinking initiator into the polymer solution [60] prior
to casting, Yeo et al. developed a two-part, self-crosslinking HA gel/film barrier
composed of adipic dihydrazide and aldehyde-modified HA [61]. The self-crosslinking
solution could be added directly to the site of abdominal tissue insult or the solution

could be cast and dried before using it as a solid film barrier in the same application. A



possible downside to using modified HA to produce crosslinked barriers is the cost of
processing and purification of the final polymer components before use.

In our lab, we previously developed crosslinked HA films for gene delivery
applications to reduce abdominal adhesions [62]. The films were tested to deliver
hyaluronic acid synthase (HAS) as the film acted as a physical barrier to adhesions.
The modulation of HAS release would be dependent on the enzymatic degradation of
the film inside the abdominal cavity. We proposed utilizing this film as a barrier material
without therapeutic genes to reduce intra-abdominal adhesions. The films were
synthesized by casting a 1% HA solution and the solution was then dried for several
days. After the films were thoroughly dry, they were crosslinked using dihydrazide
chemistry. This crosslinking chemistry was advantageous because it does not require
extensive pre-processing of HA and the crosslinking reaction occurs after the film is cast
and dried, not inside the cast HA solution. We tested the efficacy of the HA film using a
21 day, rat cecum abrasion model for post-surgical adhesions. The extent and severity
of adhesions in the abdomen were evaluated on a graded scale and compared to

control animals that did not receive any film treatment.

1.2.3 Crosslinked hydrogel barriers

The application of a self-crosslinking, liquid adhesion barrier would circumvent
the rigidity issues of a solid film (e.g. Seprafilm), but also allow the barrier to be applied
over a wide range of tissue geometries and in limited spaces (e.g. laparoscopy) [43].
Currently, there are no FDA-approved liquid or hydrogel barriers that have successfully

been introduced into the market. Several different formulations of a crosslinking, liquid
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HA barrier have been explored, including a spray form (SprayGel, Confluent Surgical,
Waltham, MA) and a syringe applied solution made from ferric hyaluronate (Intergel,
Ethicon, Somerville, NJ). SprayGel has shown great promise in clinical trials in
preventing pelvic tissue adhesions; however a drawback to this device is the need for
the hospital to purchase an additional piece of equipment to propel the solution for
application. Inconsistency of clinical results across different HA derived liquid barriers
has hindered the wide adoption of barriers of this type [63]. Intergel showed good
efficacy in early laboratory tests and clinical trials, but was removed from market in 2003
because of wide-spread reports of severe complications in some patients, including
pain, strong foreign body reactions, and additional tissue adhesions [64].

Other naturally derived polymers have been explored as adhesion barrier
material, such as chitosan, a deacetylated derivative of chitin [65]. Chitosan is
biocompatible and enzymatically degradable, [66] and it can be modified to enhance
crosslinking activity [67]. This polymer is positively charged and has demonstrated
excellent adhesion to negatively charged surfaces, such as mucosal membranes [68].
In its native form, chitosan also difficult to dissolve in water at a neutral pH (i.e., 7.4),
requiring more acidic conditions to dissolve [65]. One method to achieve solubility at
neutral pH is to modify the molecule with side groups on the chitosan’s nitrogen and
oxygen centers, such as by adding carboxymethyl groups to formulate N,O,-
carboxymethyl chitosan (NOCC) [67]. This produces a self-crosslinking hydrogel that
does not require an additional agent, such as glutaraldehyde [69], to initiate solution

stiffening. The use of a secondary crosslinker in any biomaterials application can lead

11



to downstream toxicity and irritation if any un-reacted crosslinker remains inside the
crosslinked polymer and leeches out over time.

NOCC has been previously studied as a reducer of adhesions in a rat small
intestine [67] and rabbit large intestine (cecum) [70] surgical models. In both animal
studies, NOCC was added to as a 1% gel to the injured tissue and 2% solution to the
peritoneal cavity. The results demonstrated significance improvement in cecal (large
intestine) adhesion severity scores of NOCC treated animals over untreated controls.
However, the authors did not address whether the application of the 2% NOCC solution
was necessary to prevent adhesions alongside the 1% NOCC gel. Yeo et al. also
investigated the biocompatibility of a UV-crosslinked chitosan-based hydrogel inside the
rabbit peritoneal cavity which could be used as a combination drug delivery vehicle and
adhesion barrier [71]. The results of the study were less than desirable in terms of
abdominal compatibility; both animals that received the UV-crosslinked gel or the un-
crosslinked chitosan solution formed adhesions between and multiple nodules on the
cecum and on the omentum (a section of the peritoneum) [71]. The nodules appeared
to be granulomous and contain clusters of macrophage/lymphocyte cells and pieces of
chitosan gel surrounded by a thick, fibrotic capsule. The results of this study suggest
that the chitosan preparation used in the study would be unsuitable for intraperitoneal
usage. Therefore, new crosslinking preparations of chitosan must be developed to
increase biocompatibility of the polymer inside the abdominal cavity.

The derivatization of chitosan using acrylic acid to form carboxyethyl chitosan
(CEC) is another reported method to increase chitosan’s solubility in water [72,73].

Unlike NOCC, the chemical modification of chitosan to CEC does not create a self-
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crosslinking material, however the presence of amine side groups in CEC allows for
cross-linking with other polymers with complementary aldehyde side groups. Similar to
chitosan, dextran can also be modified to present reactive functional groups. Oxidation
is one method that adds aldehyde groups to the dextran molecules which allows for
crosslinking with other polymer molecules presenting amine groups [72,74]. Aqueous
solutions of oxidized dextran (Odex) and CEC have been combined to produce a stable,
crosslinked hydrogel at room temperature [72,75]. The chemical bonds between the
aldehyde and amine groups of Odex and CEC are characterized as “Schiff Base”
linkages [72]. In vitro cytotoxicity studies have demonstrated that the Odex/CEC
hydrogel formulation has excellent biocompatibility with dermal fibroblast cells in direct
contact with the hydrogel surface and encapsulated inside the crosslinked hydrogel [75].
In Chapter 3, a 2% Odex/CEC hydrogel was investigated as an in situ, abdominal
adhesion barrier using the same surgical adhesion model in rats as previously
described. This experiment allowed us to assess the biocompatibility of the hydrogel

inside the abdominal cavity and its interaction with healing visceral tissue surfaces.

1.3  Delivery of anti-inflammatory drugs using naturally-derived polymers
During the early stages of traumatic injury, the body produces inflammation to
both notify the immune system about the presence of foreign pathogens and to signal
the start of the healing process that will occur after the inflammatory period has come to
an end. Shortly after injury, the rupture of blood vessel walls triggers the infiltration of
polymorphonuclear cells (PMNs), including neutrophils and monocytes, to the trauma

area. The neutrophils are present in the wound for a short time, but their main task is to

13



phagocytize and digest foreign pathogens (e.g. bacteria), foreign materials, and
damaged cells in the wound area. The next phase of inflammation involves the
differentiation of monocytes (from circulating blood) into macrophages. The
macrophages are also strong phagocytes that help clear dead neutrophils and damaged
tissue from the wound.

Once inside the wound area, macrophages also secrete a variety of pro-
inflammatory cytokines and molecular mediators that help regulate the down-stream
healing process, including wound closure (i.e. fibrosis). The nitric oxide (NO) is
produced by inducible nitric oxide synthase (iINOS) in macrophages responding to
certain secreted cytokines and endotoxins during inflammation (Figure 1) [76]. The up-
regulation of INOS is mediated by the activation of nuclear factor kB (NF-kB). The iNOS
enzyme converts L-arginine and oxygen into L-citrulline and NO as products. The NO
also combines with other oxidative metabolic products, such as superoxide (Oz), to
synthesize reactive peroxynitrites that are toxic to invading bacteria and protect the
patient from infection [77,78]. Peroxynitrites can also provide protection from viral
infection by inhibiting the replication by crosslinking viral transcription proteins, thereby
rendering them inactive [79]. INOS is a potent synthesizer of NO and is more active
than other NO synthases produced in the body [78]. Healing wounds require a certain
level of NO production for collagen synthesis and wound contraction [80,81]. However,
extended periods of inflammation and an over-exposure to peroxynitrites can be harmful
to surrounding tissues/migrating cells and promote fibrotic tissue/scar formation
[78,82,83]. When iNOS activity was inhibited specifically, collagen deposition and

wound contraction were greatly decreased [84,85]. In this injury state, overabundant
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peroxynitrites produced during the initial inflammatory period following spinal cord
damage causes oxidative damage that leads to further nerve cell death and glial
scarring which can hinder the implementation of stem cell therapy at later time points
following the initial injury. In this section, the application of iINOS inhibitor application

will be discussed in terms of reducing oxidative damage from peroxynitrites.

1.3.1 Reduction of peroxynitrite damage using inhibitors of iNOS

As previously mentioned, oxidative damage produced by peroxynitrites following
spinal cord injury induces scar tissue formation and impairs neuronal cell repair. The
application of a peroxynitrite scavenger, Manganese (lll) Tetrakis (4-Benzoic Acid)
Porphyrin (MNnTBAP), has been studied as a method of reducing peroxynitrites after
spinal cord injury [86,87]. MnTBAP reduces peroxynitrite by its strong affinity to bind
peroxynitrite directly [86]. When MnTBAP was applied directly to a damaged spinal
cord, researchers reported a significant decrease in both the oxidation and nitration of
proteins in the spinal cord tissue [88]. However, the drug does not reduce any of the
molecular pre-cursors to peroxynitrite formation, nitric oxide (NO) or superoxides (Oy),
which are formed during the initial inflammatory phase following injury. Another
approach to prevent peroxynitrite damage following spinal cord injury would include
both the reduction of NO synthesis by iINOS during the inflammatory phase and the
scavenging of any peroxynitrites that formed despite the reduction in NO synthesis.

In recent vyears, a group of anti-inflammatory drugs called
mercaptoalkylguanidines (MAGs) have been investigated to inhibit NO generation
associated with gingivitis/bacterial infection, chronic airway inflammation, and arthritis

[83,89-91]. Mercaptoethylguanidine (MEG), a compound found in the MAG group, has
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a dimeric form called guanidinoethyl disulphide (GED) that has a high specificity for
inhibiting INOS produced by macrophage cells [91]. GED inhibits iINOS through the
competitive inhibition of L-arginine binding and conversion into L-citrulline and NO.
Systemic administration of MEG has been studied to treat experimentally-induced
periodontitis in rats and demonstrated a significant decrease in the severity of
symptoms in the gum tissue [83]. GED has also demonstrated peroxynitrite scavenging
properties in addition to reducing NO production [92]. The term scavenging refers to
prevention of peroxynitrite oxidation through the direct interaction of GED’s thiol groups
with peroxynitrite [92]. Systemic administration of GED, a potent depressor and
vasodilator, may not safe for patients since it could also cause undesirable system-wide
side-effects [93]. The use of a locally administered, controlled release method for GED
will allow the drug to be applied very close to the targeted tissue and decrease the

undesirable systemic side-effects of GED.

1.3.2 Microgels composed of natural polymers to deliver iNOS inhibitors
Microspheres fabricated from natural polymers have been extensively
investigated in drug delivery, including trans-scleral applications. In particular,
microspheres produced from hydrogel formulations have been recently studied in the
drug delivery field. The process sometimes involves adding a mixed solution of
polymers (from original hydrogel formulation) to a temperature-controlled oil bath and
mechanically agitated to break the polymer solution into smaller droplets (i.e.
microspheres). An emulsion stabilizer is added to the oil phase to decrease droplet

coalescence and maintain droplet dispersion inside the emulsion [94]. Agnihotri and

16



colleagues demonstrated a similar hydrogel microsphere fabrication process using poly-
ethylene oxide-grafted-polyacrylamide (PEO-g-pAAm) and chitosan for the delivery of
the anticancer drug Capecitabine [95]. The cross-linking process is not initiated when
the chitosan/PEO-g-pAAm mixture is added to the light liquid paraffin/surfactant phase
during the emulsion process; however additional glutaraldehyde and hydrochloric acid
are added to the continuous phase of the emulsion to produce cross-linked
microspheres [95]. As mentioned in the previous section, glutaraldehyde is an effective
cross-linking agent, but it is also very toxic to cells and tissues even in small quantities.
As mentioned in Section 1.2, we have previously developed a macromolecular,
self-crosslinking hydrogel system composed of Odex and CEC in our laboratory.
Microgels synthesized from Odex and CEC could be developed for the encapsulation
and delivery of an iINOS inhibitor, GED. The self-crosslinking properties of the two
polymers would allow for the microgels to stiffen as individual droplets inside the
emulsion without the addition of a secondary crosslinking initiator. This would also
simplify the post-processing since there is only the innocuous oil phase of the emulsion

to remove.
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Hypothesis and Specific Aims
The overall goal of this study is to evaluate natural and synthetic polymers for

adhesion reduction and drug/protein delivery applications.

Specific Aim 1:

Evaluate the release modulation of a model protein, BSA, from microspheres composed
of different concentrations of PEG-g-CHN blended with PLGA and evaluate the effects
of released bFGF from the microspheres in a microcirculation model.

Hypothesis 1.1: Increasing the weight percent of PEG-g-CHN will decrease the

cumulative release of BSA and decrease the burst release of protein.

Hypothesis 1.2: PEG-g-CHN/PLGA microspheres and microsphere-released

bFGF will not induce pre-conditioning or inflammation responses in a hamster cheek
pouch blood vessel model.

Rationale: In a previous study by Yun et al, microspheres composed of PEG-g-
CHN blended with PLGA was used to encapsulate plasmid DNA [96]. The researchers
found that with increased PEG-g-CHN weight fraction, the burst release at the first
sampling period was decreased [96]. PEG-g-CHN is a positively charged molecule with
the potential to bind negatively charged proteins and modulate their release over time
while also protecting the proteins from damage during microsphere synthesis. If the
proteins become aggregated or denatured during processing, an inflammatory response

in the tissue surrounding the microspheres can occur.
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Specific Aim 2:

Evaluate the efficacy of a crosslinked, 1% HA film on the reduction of post-surgical
adhesions in an experimental rat model.

Hypothesis 2: Crosslinked HA films will reduce the severity of intra- abdominal

adhesions after 21 days compared with untreated control animals.

Rationale: Hyaluronan is considered to be very biocompatible, has been utilized
in a variety of both wound healing and drug delivery applications, and can resist cell
adhesion. Since aqueous solutions of HA are cleared quickly in vivo (<12 hours), we
chose to evaluate a crosslinked, HA film to reduce post-surgical adhesion in a rat
model. Crosslinking the HA should allow the film to remain in place during the first 36

hours following tissue injury and reduce the incidence and severity of cecal adhesions.

Specific Aim 3:

Evaluate a macromolecular, self-crosslinking hydrogel composed of Odex and CEC as
a barrier for the reduction of post surgical adhesions in an experimental rat model and
compare efficacy to a clinically available barrier, Seprafilm.

Hypothesis 3: The Odex/CEC hydrogel will reduce the severity of intra-

abdominal adhesions compared with Seprafilm and the untreated controls.

Rationale: In this specific aim, we developed a self-crosslinking hydrogel that
can conform to complex geometries inside the abdomen and be later adapted to
laparoscopic procedures. This experiment allowed us to assess the biocompatibility of
the hydrogel inside the abdominal cavity and its interaction with healing visceral tissue

surfaces. In parallel, the hydrogel treated animals were benchmarked against a
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clinically available barrier material (Seprafilm). This comparison allowed us to assess
the adhesion prevention quality of the Odex/CEC hydrogel against a current and proven

standard of care in the clinic.

Specific Aim 4:

Synthesize microgel particles produced from Odex and CEC to deliver an iNOS inhibitor
drug and test the inflammation potential/biocompatibility of microgels (with and without
drug) in a macrophage cell culture and in a murine subdermal implant model.

Hypothesis 4.1: An increase in GED loading of the microgels will reduce

diameters of the microgels compared with microgels with a low dose of GED or no GED
loaded.

Hypothesis 4.2: Microgels will elicit a mild foreign body reaction with

macrophage cells in culture.

Hypothesis 4.3: Microgels that are subdermally implanted will demonstrate

decreased inflammatory cell infiltration into the implant area and decreased fibrous
tissue capsule surrounding the implant with increasing GED dose.

Rationale: As a bulk material, Odex/CEC hydrogel has shown good
biocompatibility as a wound covering and the aldehyde side groups on Odex could be
utilized to bind small molecule drugs with amine side groups, such as GED [75]. The
self-crosslinking nature of Odex and CEC is adaptable to crosslinking as spherical

microgels inside an single emulsion preparation
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Figure 1: Temporal production of nitric oxide (NO) during wound healing and the cell types
present during each phase. Figure reproduced with permission from Efron DT, Most D, and
Barbul A. Role of nitric oxide in wound healing. Curr Opin Clin Nutr Metab Care. 3(3): 197-204

(2000).
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The results presented in Chapter 2 have been previously published (Falabella CA, Jiang
H, Frame MD, Chen W. J Biomater Sci Polym Ed. 20(7): 903-22. 2009). All tables and
figures have been reproduced with written permission from Koninklijk Brill NV.
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Chapter 2

In Vivo Validation of Biological Responses of bFGF Released from Microspheres
Formulated by Blending Poly-lactide-co-glycolide and Poly(ethylene glycol)-

grafted-Chitosan in Hamster Cheek Pouch Microcirculatory Models

21 Summary
Microspheres formulated from blending poly(lactide-co-glycolide) (PLGA) and

poly(ethylene glycol)-grafted-chitosan (PEG-g-CHN), using a modified in-emulsion-
solvent-evaporation method, was investigated for the delivery of protein. A model
protein, bovine serum albumin (BSA), was incorporated into the PLGA/PEG-g-CHN
microspheres and both initial burst and release kinetics could be modulated by varying
the PEG-g-CHN content. Basic fibroblast growth factor (bFGF) was formulated into the
microspheres containing 5% PEG-g-CHN and the bFGF contents in the releasates were
determined by a receptor based ELISA with their in vitro bioactivities validated by
fibroblast cell culture. The in vivo effect of the bFGF microspheres formulation was
evaluated in a hamster cheek pouch model using a 7 day exposure (e.g., before
significant vascular remodeling was expected). Using intravital microscopy, the tissue
showed no evidence of inflammation with any formulation; deliberate activation of a

preconditioning response linked to inflammation was attenuated by BSA microspheres
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alone. Vasoactive responses (receptor-dependant and independent constriction and
dilation) linked to nitric oxide were attenuated, and constriction to endothelin was
enhanced in bFGF and not BSA containing microspheres. PLGA/PEG-g-CHN blended
microspheres were also demonstrated to be non-inflammatory and non-thrombogenic in
vivo by observing the vascular changes in the cheek pouch. In conclusion, the addition
of PEG-g-CHN to PLGA microspheres can serve as a sustained delivery vehicle for
bFGF and the released protein provides vasoactive changes consistent with chronic

bFGF exposure.

2.2 Introduction
Synthetic and naturally derived biodegradable polymers are two classes of

biocompatible materials that have been widely investigated as vehicles for delivery of
bioactive agents, such as nucleic acids [97,98] and recombinant proteins [99,100]. Two
representative materials that have been extensively investigated are poly(lactide-co-
glycolide) (PLGA), a synthetic polymer, and chitosan, a natural polymer. Materials
consisting of PLGA or chitosan have vastly different physicochemical properties, the
former is mechanically strong, solvent soluble, and thus easy to process; in contrast, the
latter is brittle and only soluble in acidic aqueous media [101].

PLGA has been utilized in formulating microspheres for protein encapsulation
with the goal of achieving prolonged release while retaining protein bioactivity. This was
exemplified by a reported formulation of encapsulating crystalline vascular endothelial
growth factor (VEGF) into PLGA/poly(ethylene glycol) (PEG) microspheres [102]. The

rationale for using solid protein particulates was the reduction of the protein’s exposure
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to shear stress during encapsulation which could cause denaturation if prepared in
aqueous solution [102,103]. However, the encapsulation efficiency was greatly
compromised partially due to the hydrophobicity of PLGA. It is possible that the solid
protein crystals were incompletely encapsulated as signified by a measured rapid burst
release of VEGF [103]. This phenomenon has also been observed in comparable
microsphere formulations designed to encapsulate proteins [19,104-106]. Another
issue that has not yet been adequately addressed is the inflammatory response evoked
by PLGA upon in vivo administration [107]. The blending of PEG with PLGA increases
biocompatibility [108-110], however, the encapsulation efficiency of proteins inside
PLGA-PEG particles is decreased as compared with pure PLGA particles [111].
Conversely, chitosan has a polycationic backbone capable of electrostatically binding
with charged molecules, such as protein [112]. However, native chitosan requires an
acidic pH for processing [113] and this has compromised its potential uses in protein
encapsulation and delivery.

Blending of PLGA and chitosan represents a strategy of leveraging the unique
advantageous properties of the individual polymers with vastly different physicochemical
properties while mutually compensating each other's limitations. Nonetheless,
formulating these blends is not a trivial issue. We have previously demonstrated the
feasibility of co-processing PLGA with chitosan rendered solvent soluble through
grafting of PEG [96]. The grafting of PEG to chitosan also greatly enhanced its
biocompatibility [114]. Accordingly, integrating PEG, which is recognized for its “stealth”
characteristics, into the structure of the PLGA/PEG-grafted-Chitosan (PLGA/PEG-g-

CHN) blend could potentially enhance its biocompatibility overall. In this chapter, we
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characterize the in vitro and in vivo performance of PLGA/PEG-g-CHN blend
microspheres, with basic fibroblast growth factor (bFGF) incorporated, formulated using
a modified double emulsion solvent evaporation method.

A PLGA/PEG-g-CHN microspheres formulation was selected for in vivo
validation of both its biocompatibility and efficacy in hamster check pouch model
through a standard 7-day exposure protocol in our laboratory. The cheek pouch is a
highly perfused structure with a very well-defined vascular architecture; it is a sensitive
model for studying vascular functional changes. We have previously shown that local
application of an adenoviral vector in the hamster cheek pouch produces localized
genomic changes with minimal impact on the whole animal [115]. Accordingly, we
examined both whole animal behavior, and microvascular function following chronic
exposure to bFGF containing microspheres. The vasoactive responses that were
examined included both receptor-dependent and independent constriction and dilation,
responses requiring vascular communication [4], flow mediated dilation [3], and
microvascular pre-conditioning, a response tightly linked to oxidative stress (e.g.,
inflammation) [1]. This spectrum of well characterized microvascular responses tested
both the ability of individual arteriolar segments to constrict and dilate, and also tested
how the arteriolar network functioned as a whole. Lastly, we compared the responses in
adult hamsters treated with microspheres to those of juvenile hamsters with actively

growing tissue, yet, receiving no treatment.
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2.3 Methods
2.3.1 Synthesis of PEG-g-CHN

PEG-g-CHN was synthesized following a procedure modified from the method
described by Nishimura et al [116]. Briefly, chitosan was modified to form 6-O
triphenylmethyl-Chitosan. Activation of methoxy poly(ethylene glycol) (mPEG-OH, MW
2000) (Sigma-Aldrich, Saint Louis, MO) was performed at room temperature using 1,1-
carbonyldiimidazole (CDI) dissolved in tetrahydrofuran. It was then coupled to 6-O-
triphenylmethyl-Chitosan in  dimethylformamide (DMF) at 75 °C  with
dimethylaminopyridine (DMAP) as a catalyst. PEG-g-6-O-triphenylmethyl-CHN formed
was precipitated with ether; and removal of the triphenylmethyl groups was
accomplished using 50% acetic acid. Thereafter, the acidic solution was neutralized
with triethylamine (TEA). PEG-g-CHN was recovered by precipitation and collected by
filtration; this was followed by washing thrice with water. De-protection of
triphenylmethyl groups was confirmed by the absence of UV absorption at 265 nm
(Lambda 12, Perkin-Elmer, Shelton, CT, USA). The pure PEG-g-CHN obtained was

characterized following a method described elsewhere [30].

2.3.2 Formulation of Microspheres

Microspheres were formulated using a modified water-in-oil-in-water (W/O/W) in-
emulsion-solvent evaporation technique. Briefly, PLGA (400 mg) and PEG-g-CHN were
dissolved in a co-solvent of CHCI; and DMSO. The weight percents of PEG-g-CHN
investigated were 0.5, 1, 5 and 10% (2, 4, 20, and 40 mg PEG-g-CHN, respectively). In
this experiment, bovine serum albumin (BSA) was chosen as a model protein to

investigate release kinetics of the PLGA/PEG-g-CHN microspheres. An aqueous BSA
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solution (3 mg/mL) was emulsified at 4°C with the solution of PLGA and PEG-g-CHN
under rapid stirring at 1,500 rpm (LR400 Lab Stirrer, Yamato, Tokyo, Japan) to form a
primary W/O emulsion; it was further emulsified with a 2% polyvinyl alcohol (PVA)
aqueous solution to form a W/O/W emulsion. This stirring speed was reduced to 1,000
rpm and maintained for an additional 4 hours at 4° C; then the stirring speed was further
decreased to 500 rpm overnight to enable slow evaporation of chloroform. To recover
the microspheres formed, the mixture was centrifuged at 1,500 rpm for 15 minutes and
the microspheres pellet recovered was re-dispersed in water and centrifuged. This
procedure was repeated thrice for removal of PVA. The washed microspheres were
snap frozen, lyophilized (Freezemobile 6100, VirTis, Gardiner, NY), and stored in a

desiccator at -20°C before use.

2.3.3 Microsphere BSA Release Kinetics

Various microspheres formulations composed of PLGA and PEG-g-CHN
(content: 0.5, 1, 5 and 10%) were evaluated. Briefly, approximately 30 mg of each
PLGA/PEG-g-CHN microsphere formulation was re-suspended in 1 ml of pH 7.4
phosphate buffered saline (PBS) in each vial. All vials were agitated vigorously
(LabQuake shaker L-1237, Lab Industries, Berkeley, CA) at 37° C. At pre-stipulated
time intervals (1, 2, 4, 8 hours, and 1, 2, 5, 7, and 14 days), each vial was centrifuged
(Model 5682, Forma Scientific, Inc., Marietta, OH) for 10 minutes at 1,500 rpm at room
temperature, supernatants were collected and stored at -20° C. Each vial was
replenished with an aliquot of equal volume of fresh PBS solution. BSA concentrations

in the releasates collected was determined by a bicinchoninic acid assay kit (Pierce
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Biotechnology, Rockford IL) using a microplate reader (Biotek Instruments, Inc).
Released BSA data was normalized to the average weight of microsphere aliquot used

(g BSA/mg microspheres).

2.3.4 bFGF Release Kinetics

These microspheres were formulated using a protocol comparable to the one
used for preparing microspheres for BSA encapsulation (see above). A blend containing
PLGA/5% PEG-g-CHN was used as the model preparation for in vitro characterization.
Following the procedure described above, a 3 mg/mL BSA solution (with 100 ug of
bFGF and 100 pg of heparin co-dissolved) was used to prepare the primary W/O
emulsion. The microspheres prepared were lyophilized, and stored in a desiccator at -
20° C before use. The release experiments were performed in triplicate exactly as the
BSA microspheres. The bFGF contents of the releasates collected during the course of
the study were quantified by a receptor based ELISA assay (Quantikine™ bFGF assay

kit) acquired from R & D Systems (Minneapolis, MN).

2.3.5 In vitro verification of the bioactivities of bFGF releasate

Murine M.DUNNI dermal fibroblasts (clone 1118C, CRL-2017) (ATCC, Manassas,
VA) was used as model cell line to characterize changes in cell morphology in the
presence of exogenous bFGF. Approximately 10,000 cells in Dulbecco’s Modified
Essential Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 0.5% fetal
bovine serum (FBS) (Hyclone, Logan, UT) and 100 units/mL Penicillin/100 pg/mL

Streptomycin solution (Gibco, Grand Island, NY) were seeded in individual wells of 24-
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well culture plates. Cells were incubated overnight at 37° C under a humidified
atmosphere of 5% CO, air before adding exogenous bFGF. To dilute releasate samples
and bFGF stock solutions, 0.1% bovine serum albumin (BSA) solution was utilized, as
recommended by the manufacturer. After quantifying the released bFGF with an ELISA
protocol, the 2 hour releasate samples from bFGF microspheres were diluted to a
concentration of 10 ng/mL and 50 uL of the mixture (n=3) was added to the proper wells
on the plate, similar to the method described by King et al [102]. In addition to the
releasate samples, 10 ng/mL bFGF (R&D Systems, Minneapolis, MN) (n=3), 0.1%
bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) (n=3), or phosphate
buffered saline (PBS) (Sigma-Aldrich, Louis, MO) (n=3) in 50 pL aliquots were added to
separate wells on the same plate. At the end of a 48 hour incubation period at 37° C,
the cells were rinsed with PBS and fixed with a 70% ethanol solution. Cells morphology
was observed using light microscopy (Zeiss-Axiovert 200M, Carl Zeiss Micro Imaging

GmbH, Germany) and images were digitally captured.

2.3.6 In vivo microsphere infiltration protocol

All in vivo studies were performed following protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of SUNY-Stony Brook. Golden
hamsters (adult male: HSD:Syr, N=12, 72+13 days, 95+10 grams) were anesthetized
with pentobarbital sodium (70 mg/kg ip). Using a previously described protocol [115], 1
mg of microspheres (PLGA/10%PEG-g-CHN with BSA only, or PLGA/10% PEG-g-CHN
with bFGF) was suspended in 200 pl sterile media was infiltrated to the left cheek

pouch. Over the next 7 days, animals were monitored for wellness [115]. No animals
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were removed from the study; no animals showed clinical signs of lethargy or illness.
Four animals received PLGA/10% PEG-g-CHN microspheres without bFGF, and eight
animals received PLGA/10% PEG-g-CHN microspheres with bFGF (130 ng bFGF per
mg of microspheres). On day 7, these 12 animals were observed with intravital
microscopy in an acute animal preparation.

Acute animal preparation - Golden hamsters (adult males injected with

microspheres 7 days prior: HSD:Syr, N=12, 791£13 days, 9819 grams; adult males not
injected with microspheres: HSD:Syr, N=7, 87+8 days, 107+8 grams; juvenile males:
HSD:Syr, N=6, 43+4 days, 84+9 grams) were anesthetized with pentobarbital sodium
(70 mg/kg ip), tracheostomized, and maintained on constant infusion of pentobarbital
sodium (10 mg/kg at 0.50 ml/hr ip). Specific procedures used to prepare the left cheek
pouch for in situ intravital microscopy are described elsewhere [1-3].

Arteriolar networks fed by an arcade arteriole (Figure 2.1) were chosen for this
study [2,3,117]. Both local and remote vasoactive responses were examined. For local
responses, the test agents were applied via micropipette to the location specified in
Figure 2.1A, which was the entrance to the arteriolar network, and observations were
made at this location. For remote responses, the test agents were applied to the
location specified in Figure 2.1B, which was the distal end of the network, and
observations were made upstream at the local response area (Figure 2.1A).

Micropipette techniques - Custom fabricated micropipettes (tip diameter: 15-

20um, Kopf Instruments) were backfilled with test agents, and placed within 25 ym of
the arteriolar wall. Outflow of the micropipette was pneumatically controlled (PLI-100,

Medical Systems, Corp., Greenvale, NY) at an ejection pressure range of 0.2-0.4 psi.
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Each test agent solution contained 25 yM FITC-dextran (MW 40,000) as a flow marker,
and the flow path was observed under a Chroma B1E filter set (Chroma Technology,
Inc., Brattleboro, VT). Because of the placement of the micropipette, geometry of the
chosen sites, and continuous flow of suffusate over the tissue (5ml/min), the
micropipette’s contents were carried away from the local exposure area when drugs
were applied at remote exposure area, and were not re-circulated. Typical application
times were 60 seconds (unless noted otherwise), and were always preceded by a 30
second baseline time-period. Test protocols 1-3 (below) were performed at different
vascular locations.

Protocol 1 Local Responses - Local vasoactive responses were obtained by

applying constrictors: 20 mM KCI (directly depolarizing smooth muscle), 10° M
endothelin (ET, a vasoconstrictor acting via receptors), and dilators: 10* M sodium
nitroprusside (SNP, a NO mimetic agent acting on smooth muscle via cGMP), 10™* M
adenosine (ADO, a vasodilator acting via receptors, cAMP mediated). Following a 30
second stable baseline diameter, the drug was micropipette applied for 60 seconds at
the local exposure region (Figure 2.1A) while simultaneously observing the change in
diameter of the vessel in the same area. The drugs were applied in random order,
waiting for full recovery of diameter before the next exposure.

Protocol 1 was also used to test the bioefficacy of bFGF in microspheres in order
to confirm that microsphere encapsulation did not compromise bFGF’s capacity to elicit
normal vasodilation response. While bFGF has numerous biological effects, we
reasoned that if bFGF released from microspheres could induce vasodilation upon

release, a specific biological effect involving binding of bFGF to its receptor was being
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demonstrated. In conjunction with this we tested the microspheres with no bFGF to rule
out material induced vasoactive response. In seven animals we evaluated the
vasoactive response to the following micropipette applied formulations: native bFGF
(native bFGF, 166 ng/ml), microspheres composed of only PLGA polymer with bFGF
(166 ng /ml equivalent, these microspheres were formulated without PEG-g-CHN in
order to exhibit a typical “burst-release” occurring over minutes), PLGA/10% PEG-g-
CHN microspheres containing only bovine serum albumin, and PLGA/10% PEG-g-CHN

microspheres containing no biological proteins.

Protocol 2 Remote Responses - Remote responses were obtained by applying
SNP (10'4 M) [4], or LM609 (10ug/ml, acting on av3 integrin receptors [3]). Following a
30 second stable baseline diameter, the drug was micropipette applied for 60 seconds
at the remote exposure area downstream, while observing the local exposure area
upstream. A remote response is observed within seconds of drug exposure, and only
lasts the duration of drug exposure. The drugs were applied in alternate order, waiting
for full recovery of diameter before the next exposure.

Protocol 3 Remote Vascular Pre-conditioning - This response involves both

remote and local mechanisms. The arteriolar network could be preconditioned by an
initiating signal, linked to NO or oxidative stress, at the remote exposure area; which
results in a change in the local responses to many stimulations, including enhancement
of dilation to SNP, attenuation of dilation to ADO and presence of dilation to L-arginine
(L-arg) at the local exposure area[1,118] (Without preconditioning, micropipette applied
L-arg is not vasoactive). Testing this response thus requires 3 separate exposures.

First, L-arg (10™ M) was applied to location A to confirm absence of preconditioning; this
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is the control response. Second, we preconditioned the arteriolar network by applying
SNP (10* M) to the remote location; this data is not shown. Third, fifteen minutes later,
we tested whether preconditioning had been induced by applying L-arg again to the

local exposure area.

2.3.7 Data Acquisition and Statistics

The in vitro release kinetics data was analyzed by averaging data points for each
time point with standard deviation calculations. ANOVA one-way and Tukey post-hoc
test was used to compare burst and cumulative BSA release after 1 hour and 14 days.
These results were considered significant when P<0.05.  For in vivo experiments, all
diameter measurements were obtained online calibrated with a micrometer, using a
video caliper system (Microvascular Research Institute, College Station, TX) and a
software data acquisition system (Strawberry Tree; Workbench, Sunnyvale, CA). The
diameter change is reported as the fractional change in diameter from baseline: ([(peak-
baseline)/(max-min)], where the maximum and minimum diameter was obtained with 10
® M adenosine and 10% oxygen while testing for tone. The diameter changes were

evaluated with student’s-t test for paired comparisons, alpha = 0.05 [119].

2.4 Results
2.4.1 BSA Release Kinetics

The release kinetics of various PLGA/PEG-g-CHN blended microspheres

containing BSA is depicted in Figure 2.2. The loading of BSA was estimated for each
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formulation after dividing the total weight of BSA added to the emulsion by the total
weight of polymers. All formulations showed moderate initial “burst” releases; and the
extent of “burst” increased as the weight percentage of PEG-g-CHN decreased (Table
2.1). Approximately 13.2% burst release was observed in the formulation containing
10% PEG-g-CHN, whereas a significantly larger 25.4% burst was seen in the
formulation containing 0.5% PEG-g-CHN (P < 0.05). Additionally, there was a
significant increase in burst release from the formulation containing 0.5% PEG-g-CHN
compared with the one containing 5% PEG-g-CHN (P < 0.05). The formulation
containing 1% PEG-g-CHN also showed a significantly larger burst release than its
counterpart with 10% PEG-g-CHN (P < 0.05).

After 14 days, approximately 95.1% of the total BSA loading in the microspheres
formulation containing 0.5% PEG-g-CHN was released; whereas, 85.5, 70.7, and 60.4%
of proteins were released for the formulations containing 1, 5, and 10% PEG-g-CHN,
respectively. The difference in 14 day BSA cumulative release in 0.5% was statistically
significant when compared with 5% and 10% PEG-g-CHN formulations (P < 0.05). The
results of this study were used as a guide to range-find the proper PEG-g-CHN content

of the bFGF microspheres for further investigations.

2.4.2 FGF Release Kinetics

The concentration of selected release samples of bFGF was quantified using a
receptor-based ELISA assay. The burst release seen at 2 hours was approximately
63.3 ng/mL. By day 5, the amount of bFGF detected by the ELISA assay was

substantially less than that of detected at the 2 hour time point. The 7, 15, and 28 day
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time points also showed bFGF release as 2.0, 3.6, and 0.16 ng/mL. A summary of the

measured release data is featured in Figure 2.3.

2.4.3 In vitro verification of the bioactivity of released FGF

To verify the bioactivities of microsphere released bFGF, model dermal fibroblast
cells were treated with PBS, 0.1% BSA solution, pristine bFGF, or releasate samples.
Cells treated with releasate samples (Figure 2.4D) and bFGF (Figure 2.4C) were
refractive in shape while the negative control (PBS) (Figure 2.4A) and cells treated by
0.1% BSA (Figure 2.4B) showed typical fibroblast morphology. This behavior was

typical of similar sets of replicates.

2.4.4 Biological efficacy of encapsulated bFGF

In seven animals we tested the ability of PLGA microsphere-released bFGF to
induce vasodilation, as compared to non-encapsulated bFGF (native protein), and
PLGA/10% PEG-g-CHN microspheres containing only BSA, or PLGA/10% PEG-g-CHN
microspheres without proteins. [Note that the microspheres formulated with only PLGA
used here exhibited a characteristic high burst-release of protein, different from the slow
sustained release of the PLGA/10% PEG-g-CHN microspheres that were tested over 7
days in the animal. This verified that vasoactive efficacy was not affected by
encapsulation.] The average baseline diameter of the vessels tested was 9+3 ym, the
maximal diameter was 14+2 ym and the minimal diameter was 4.5+1 pm. Using
Protocol 1, native bFGF induced a peak local dilation of 0.4+0.05 (40%, n=3) by 30

seconds of exposure; in the same animals, PLGA microspheres with bFGF induced a
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peak local dilation of 0.25+0.04 um that required 2 minutes of continuous exposure.
PLGA/10% PEG-g-CHN microspheres with bFGF and PLGA/10% PEG-g-CHN
microspheres without any proteins were each applied for 2 minutes in four other
animals. Neither significantly altered arteriolar diameter (PLGA/10% PEG-g-CHN with
BSA, 0.04£0.04 pm; PLGA/10% PEG-g-CHN without proteins, 0.01+0.03 um), yet
native bFGF exposure for this group also showed vasodilation (0.42+0.06 pym). Thus,
although the peak response required a longer exposure period for encapsulated bFGF
vs. the native protein, a significant dilation was obtained with PLGA microspheres

containing bFGF, which was not due to the microsphere formulation itself.

2.4.5 Effect of in vivo exposure to microspheres

Verification of animal wellness - On day 7, the adult animals treated with

microspheres showed an average weight gain of 32 grams, as expected for this age of
hamster. No animals showed any sign of iliness. Thus, treatment did not compromise
the overall health of the hamsters.

State of the Microcirculation - Upon initial dissection of the cheek pouch tissue,

we visually confirmed the presence of the injected microspheres as spherical balls
approximately 2-5 ym in diameter. They were scattered over approximately 1/3 of the
tissue (diameter of dissected tissue is 2 cm), trapped in the superficial connective tissue
and not washed away by the flowing superfusate solution (5 ml/min). Inflammatory
states in general, will be associated with excess leucocytes rolling and adhering in the
venules, and extravasation to the tissue. We noted the absence of extravasated

leucocytes in each preparation (leucocytes are 11 uym in diameter, and thus by size
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alone could not be missed due to the presence of microspheres). The cheek pouch
vasculature instead had occasional leucocytes rolling in the venules, which is normal.
The connective tissue layer was not friable indicating absence of inflammatory response
(inflammatory states are usually accompanied by friability of the connective tissue).
Finally, in inflamed tissues, microvascular flow is sluggish in some regions and brisk
through preferential pathways. Flow in the arteriolar circulation was brisk throughout by
visual observation; flow in the venular circulation was slower than in the arteriolar
circulation, as expected, but not sluggish. There was no sign of disseminated
intravascular coagulation (DIC), confirming that the formulation did not promote blood
coagulation. We conclude that the formulations used were not pro-inflammatory, did not
introduce gross microvascular changes, and were not thrombogenic. Microvascular

responses were tested at locations within the scattered microspheres.

2.4.6 In vivo response with bFGF treatment

Arteriolar diameter was measured at the location depicted in Figure 2.1A, the
entrance to the network. The baseline diameter was 9+3 ym, maximal diameter was
15+3 pm, and minimal diameter was 5+2 um; there were no differences between
juveniles vs. adults, nor between adults treated with the PLGA/10% PEG-g-CHN
microspheres containing BSA only vs. PLGA/10% PEG-g-CHN microspheres with
bFGF. Changes in diameter were compared for three experimental groups: juveniles,
adults (tbFGF treatment), and historic laboratory control data (adult hamsters, source

referenced in the figure legends). Our reasoning for including the juvenile group was to
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obtain vasoactive responses in a group with actively growing tissue, for comparison to
bFGF treatment, which potentially would induce angiogenesis.

Local responses were obtained using Protocol 1 and the results are depicted in
Figure 2.5. KCI induced constriction was not affected by treatment, nor was it different in
adults vs. juveniles. This confirmed that the contractile proteins within the vascular
smooth muscle cell could function normally. However, endothelin induced constriction
was enhanced by the presence of PLGA/10% PEG-g-CHN microspheres with
encapsulated bFGF, not by PLGA/10% PEG-g-CHN (with BSA) microspheres alone;
this effect was not mirrored by the juveniles. This suggested that a receptor linked
pathway was enhanced by chronic bFGF treatment. SNP induced dilation was
attenuated in both juveniles and bFGF treated adults. This suggests an attenuation of
cGMP mediated dilation in actively growing tissue that is mimicked by chronic bFGF
exposure. Dilation in response to ADO was unaffected by treatment and independent of
age, consistent with an interpretation of no changes in cAMP mediated dilation with
chronic bFGF exposure. Thus, prolonged exposure of bFGF via microspheres showed
some similarity to juvenile responses with regard to dilation, but not for the constriction
pathways, which was specifically related to endothelin and not due to the microsphere
formulation.

Figure 2.6 shows the remote response results obtained using Protocol 2. These
responses tested the ability of the arteriolar network to communicate individual stimuli to
upstream and downstream locations to coordinate an orchestrated vasoactive
response. Remote dilation in response to SNP or to LM609 were each attenuated in

juveniles; however, only the responses to SNP were attenuated in adult animals treated
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with bFGF microspheres, as compared to historic or MS-BSA controls. SNP-induced
remote dilation requires gap junction signaling[4], and LM609-remote dilation consists of
two parts: gap junction signaling and flow mediated dilation; a response requiring intact
dilation to NO[2]. This provides multiple means for bFGF action by diminishing gap
junctional communication and/or flow mediated dilation.

Microvascular preconditioning was achieved using Protocol 3 and the results of
microvascular response to L-arg both Before and After preconditioning by SNP are
depicted in Figure 2.6. Preconditioning confers a “protective” window of time to a blood
vessel that protects from free radical injury during subsequent ischemic events or
superoxide exposure. L-arg did not initially induce dilation (Before) and thus, the cheek
pouch was not initially in the preconditioned state. The After response demonstrated
that juveniles could be preconditioned, but to a significantly less extent than adults.
Further, the presence of either PLGA/10% PEG-g-CHN microspheres with
encapsulated BSA alone, or PLGA/10% PEG-g-CHN microspheres with bFGF
appeared to have attenuated the preconditioning response, yet it was still significantly

larger than in juveniles.

2.5 Discussion
In this investigation, protein encapsulation was achieved by taking advantages of

polymer solubility characteristics through blending of PEG-g-CHN, an amphiphilic
material, with PLGA, a hydrophobic material. Comparable PLGA/PEG-g-CHN blend

microsphere formulations for encapsulation and sustained delivery of plasmid DNA
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were previously reported by us [96]. In the current study, the PLGA/PEG-g-CHN blend
allowed for electrostatic binding and thus, protection of protein, while achieving
prolonged protein release through the interaction between the PEG-g-CHN/protein
complexes embedded in PLGA microsphere matrices. The results of the BSA release
kinetics experiment showed a moderate burst release for all microsphere formulations
(Figure 2.2). The microspheres’ capability for modulating BSA burst release was
demonstrated by varying the PEG-g-CHN content, where a PLGA/0.5% PEG-g-CHN
combination showed considerably higher amount of BSA release over a 14 day time-
span as compared to its counterparts formulated from different PLGA/PEG-g-CHN
combinations. Evidently, release of BSA from microspheres could be modulated by
varying the amount of PEG-g-CHN.

The bioactivity of released bFGF proteins from a typical PLGA/PEG-g-CHN
microspheres formulation was also demonstrated. @ BSA was used as a diluent to
facilitate incorporation of bFGF into the microspheres. In the dermal fibroblast cells
study, cells treated with released and bFGF stock solution demonstrated a refractive
morphology, while cells treated with PBS or BSA solution were more spread out.
Similar results were reported with NIH-3T3 cells and the addition of 10 ng/mL of bFGF
to a 10% serum DMEM culture media [120]. Although the cell culture model in this
study used a 0.5% serum DMEM for dermal fibroblast cells, the behavior of the cells
was comparable and seemed to be independent of media serum concentration. Thus,
the fibroblast cells appeared to be responding to the bFGF rather than the serum

content of the media.
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In addition to cell culture experiments, a standard, in vitro, protein quantification
assay was used to investigate whether the released bFGF was bioactive. Nonetheless,
the amounts of bFGF released from the microspheres formulation tested that were
detected by the receptor based ELISA assay (see Figure 2.3), in general, appeared to
be considerably lower than the total amount of bFGF added to the primary emulsion.
This discrepancy could be attributed to the relative instability of the released bFGF in
buffer solution. Heparin was used to dilute the lyophilized bFGF powder before the
emulsion process to protect the protein from denaturation during mixing and the release
experiments. Since the ELISA kit used for bFGF quantification was a receptor based
assay, it could be inferred that only bFGF in its native conformation (i.e., both intact and
not denatured) could be effectively detected and thus, producing signals indicating its
presence on a receptor binding based technique. Due to a combination of initial burst
and relatively brief exposure of the released bFGF in the buffer, the first sample
collected after 2 hours of incubation was expected to contain a relatively high
concentration of bFGF in its native conformation, consequently, producing a strong
signal in the ELISA assay. Subsequent samples were collected after 1, 5, 7, 15 and 28
days, respectively; this increased time-span for sample collection resulted in a more
prolonged incubation of bFGF released from microspheres in buffer, and inevitably,
protein denaturation leading to weak signals produced in the ELISA assay. In addition,
for logistical considerations the releasate samples were gathered and stored in freezers;
and ELISA assays were performed collectively to determine the bFGF concentrations.
Hypothetically, samples could be collected at much more frequent intervals (e.g., once

every few hours) and assays should be performed instantaneously thereafter,
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nonetheless, the prohibitive cost for performing ELISA assays in this fashion precluded
this theoretical scheme. Nonetheless, the biological activities of the bFGF released
were validated in cell culture models and more importantly, the goal of this study was to
validate the efficacy of this type of microspheres preparation in vivo (i.e., hamster cheek
pouches).

Biocompatibility of the individual materials that we utilized to prepare PLGA/PEG-
g-CHN blended microspheres has previously been reported. PLGA alone does not
induce cell death [121], but with in vivo implantation it could lead to inflammatory
responses [122,123]. Chitosan, per se, is non-inflammatory in vivo [124] with evidence
that it actually improves wound healing in normal and db/db mice [125]. PEG alone is
likewise non-inflammatory in vivo that it may exert an anti-inflammatory effect [109,126].
Few laboratories reported using these three polymers in any combination and
configuration as vehicles for delivering bioactive agents. In a prior study, we validated
comparable PLGA/PEG-g-CHN blend microspheres formulation as a DNA delivery
vehicle, and found no evidence of inflammation with chronic exposure in rat hind limb
intramuscular injection models [96]. It was recently reported that cationic nanoparticles
formulated from PLGA, PEG and chitosan for binding plasmid DNA were found likewise
non-inflammatory [108]. In the present study, we confirm that the microspheres
formulated from physically blending PLGA and PEG-g-CHN was non-inflammatory with
chronic exposure to the hamster cheek pouch.

The hamster cheek pouch model is ideally suited for testing these formulations.
The microspheres can be introduced without adverse effects to the animal. The tissue is

well characterized for vascular architecture and responses, using intravital microscopy.

43



This enables us to directly examine both evidence of microvascular inflammation, to test
how the treatment affects the ability of the vasculature to perform normally, and will be
ideal for documentation of architectural changes with treatment in the future. Testing
microvascular responses was performed for two key reasons. First, to determine
whether we were introducing microvascular dysfunction, as would be associated with a
proinflammatory state. The responses show we did not induce a proinflammatory state
by either the microspheres alone, or by the chronic bFGF treatment. Second, to
determine whether the vasoactive responses in bFGF treated animals mimicked those
found in juvenile animals, where the vasculature is actively remodeling.

In this study, we elected to examine changes at 7 days after microspheres
administration with the primary objective of evaluating the chronic inflammatory potential
of the PLGA/PEG-g-CHN microspheres. There was no evidence that this formulation
induced any major inflammatory response, which was consistent with our use of
comparable formulation for DNA delivery in rat hind limb muscle injection [18]. It should
be noted that significant angiogenic changes were not expected within this time frame,
thus we separated biocompatibility testing (present study) from changes in
microvascular architecture (anticipated with longer exposure). Consequently, the goal
was to confirm that microvascular function was not compromised by the presence of
these microspheres, and then to evaluate changes in response capability due to
microspheres vs. bFGF treatment. Compared to adult controls, changes attributed to
chronic exposure with bFGF included enhanced constriction in response to the
presence of endothelin, and attenuated local/remote dilation through NO stimulation.

bFGF has previously been shown to induce endothelin transcription [127], and recent
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research has demonstrated a role of endothelin as the biological “counterpart” for NO
[128]. Thus, evidence points to endothelin as providing negative feedback for NO. It is
therefore expected that chronic bFGF exposure would elevate responses to endothelin,
which would then attenuate response via NO, as we report here.

We compared the responses with chronic bFGF exposure to those of juvenile
hamsters. These animals are in a state of vascular remodeling and we originally
hypothesized that the vasoactive responses would be mimicked by bFGF exposure; but,
this hypothesis has been disproved in this study. Juveniles displayed attenuated local
and remote dilation responses caused by NO, and decreased flow mediated dilation
(remote response to LM609, also mediated by NO) as compared to adult control data
from our laboratory. Further, the microvascular responses in the PLGA/10% PEG-g-
CHN microspheres with bFGF treated adults were not identical to responses in
juveniles. This is a contrary finding, not supported by studies in rats; comparisons in
hamsters were not found. For instance, juvenile vs. adult rats do not show a difference
in acetylcholine (NO-mediated) dilation [129]. Further, the diminished remote dilation to
SNP (or secondary dilation with LM609) is not likely due to decreased gap junction
density because there is opposing evidence that myoendothelial gap junctions are in
high density in juvenile vs. adult rats [130]. Importantly, the connexin isoforms
responsible for these responses are not completely documented, thus the differences
reported could be differences in connexin isoforms. At the moment, we cannot explain
the juvenile data, other than to suggest a species differences between rats and

hamsters, and/or connexin isoform difference for the responses.
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Lastly, we tested a microvascular response associated with a pro-inflammatory
state of early preconditioning. Microsphere treatment alone did not result in a
preconditioned microcirculation. The ability of the microcirculation to demonstrate
preconditioning was attenuated in both PLGA/10% PEG-g-CHN microspheres with only
BSA and PLGA/10% PEG-g-CHN microspheres with bFGF exposed animals, and thus
is likely due to the presence of the microsphere itself. The normal preconditioning
response is tightly linked to oxidative stress, and is stimulated by either NO or reactive
oxygen converging on the mitochondrial Katp channel activation [1]. We have shown in
this tissue that preconditioning can be blocked by superoxide dismutase plus catalase.
We speculate that attenuation of preconditioning with these microspheres is due to the
presence of PEG, which has been reported to have an independent anti-inflammatory
effect [109].

In all, the in vivo work supports that bFGF released from the microspheres is
biologically active, does not induce an inflammatory response within the tissue, nor for
the whole animal, and significantly alters key microvascular responses. Most important
of these is increased vasoconstriction to endothelin, and attenuated vasodilation to NO,
which is together consistent with the published effect of chronic bFGF exposure. bFGF
exposure does not produce vasoactive responses identical to the juvenile hamster.
Lastly, the attenuated preconditioning response with chronic exposure to the
microspheres suggests that some component of the formulation (i.e., PEG) may confer

an anti-inflammatory effect.
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Table 2.1: PEG-g-CHN content and burst release of BSA from microspheres 2 hours after starting
the release kinetics experiment [BSA release kinetics measured and analyzed by the author].

% l'EG-E-CH_‘\' % Burst Release of BSA
0.5 2540
l 18.22
J 15.92
10 14.50
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Figure 2.1: Shown are videomicrographs from the hamster cheek pouch. Fluorescence images A
and B are taken at low power to show a typical arteriolar network (scale bar 100 pm). To highlight
the vascular network, the vasculature was filled with fluorescein-isothiocyanate (FITC) conjugated
to bovine serum albumin (BSA). The typical length of the network was 1000 um. A combination of
brightfield and fluorescence, image C, is taken at high power to show the typical magnification
used for data analysis (scale bar 20 ym). This image shows very bright fluorescently labeled red
blood cells that are used as flow markers; here they illustrate motion of individual red blood cells
in the circulation (streaks occur when the cells are moving at high rates of velocity during image
acquisition). Diameter changes were always noted within the white ring, the upstream region of
the network. A. Local responses were obtained by applying the test agents to the upstream region
of the network via micropipette (silhouette shown), and noting the diameter changes where the
drug was applied (Protocol 1). B. Remote responses were obtained by applying the test agents to
the downstream region of the network, and noting the diameter changes upstream (Protocol 2).
Protocol 3 involves a combination of Local and Remote exposures (see text). [Images captured
and analyzed by Molly Frame ].
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Figure 2.2: Measured cumulative release of BSA from different formulations of PLGA/PEG-g-CHN
microspheres over 14 days. There were 4 formulations of microspheres with varying amounts of
PEG-g-CHN: 0.5% (n=3), 1% (n=3), 5% (n=3), and 10% PEG-g-CHN/PLGA (n=3). All microsphere
formulations received 3 mg of an aqueous BSA solution added to the primary emulsion process.
The amount of BSA released was normalized to the average mass of microspheres used in each
formulation and each data point represents the average and standard deviation of the normalized
BSA release calculations [BSA release kinetics measurement and figure performed by the author].
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Figure 2.3: Measured cumulative release of bFGF from PLGA/5% PEG-g-CHN microspheres over
28 days, or 672 hours. This microsphere formulation also contained 100 ug bFGF, 100 ug heparin,
and 3 mg BSA (from aqueous solution) added to the primary emulsion process. The amount of
bFGF released was measured using a receptor-based ELISA kit and expressed as cumulative
released bFGF per replicate [bFGF release kinetics and calculations performed by the author].
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Figure 2.4: Murine dermal fibroblast cell (CRL-2017) morphology and in vitro verification of bFGF
bioactivity. The fibroblast cells were incubated with A) PBS (n=3), B) 0.1% BSA solution (n=3), C)
pristine bFGF (n=3), and D) released bFGF from microspheres (n=3) added to low-serum media for
48 hours. All images digitally captured at 20X magnification (scale bar = 50 ym) [Cell culture
experiment and image capture performed by the author].
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Figure 2.5: Local vasoconstriction or vasodilation, Protocol 1. Shown are fractional arteriolar
diameter changes (meantsem) at location A in response to drug application at location A (Local
responses). KCl (20mM), endothelin (10'8 M), SNP (10'4 M), or adenosine (ADO, 10" M) were applied
via micropipette using Protocol 1. Two adult groups were exposed to microspheres: PLGA/10%
PEG-g-CHN containing only bovine serum album (Blank, n=4), PLGA/10% PEG-g-CHN containing
bFGF (FGF, n=8); these were compared to untreated juveniles (n=6) and historic laboratory control
data. Historic control data can be found for KCI, endothelin (unpublished), SNP, ADO [1]. *differs
from historic controls. No other comparisons were significant [Measurements, except for historic
controls, were performed by Molly Frame].
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Figure 2.6: Remote vasoactive responses, Protocol 2. Shown are fractional arteriolar diameter
changes (mean * sem) at location A in response to drug application at location B (Remote
responses). SNP (10'4 M) or LM609 (10 pg/ml) were applied to location B via micropipette using
Protocol 2. Two adult groups were exposed to microspheres: PLGA/10% PEG-g-CHN containing
only bovine serum album (Blank, n=4), PLGA/10% PEG-g-CHN containing bFGF (FGF, n=8); these
were compared to untreated juveniles (n=6) and historic laboratory control data. Historic control
data can be found for SNP [2] and for LM609 [2,3]. *differs from historic controls; Juvenile
responses with LM609 differ from all others (no symbol). [Measurements, except for historic
controls, were performed by Molly Frame].
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Figure 2.7: Microvascular preconditioning response, Protocol 3. Shown are fractional arteriolar
diameter changes (mean * sem) at the local exposure area (see Fig. 1A) in response to L-arg (10
M) application in this area Before and 15 min After SNP (10'4 M) application to the remote exposure
area (Protocol 3; response to SNP not shown). Two adult groups were exposed to microspheres:
PLGA/10% PEG-g-CHN containing only bovine serum album (Blank, n=4), PLGA/10% PEG-g-CHN
containing bFGF (FGF, n=8); these were compared to untreated juveniles (n=6) and historic
laboratory control data. Historic control data can be found for preconditioning[4]. *differs from
historic controls; Juvenile responses After differ from all others (no symbol). [Measurements,
except for historic controls, were performed by Molly Frame].
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The results presented in Chapter 3 have been previously published (Falabella CA, Chen
W. Digest Surg. 26(6):476-81. 2009). All tables and figures have been reproduced with
written permission from S. Karger AG, Basel.
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Chapter 3

Crosslinked hyaluronic acid films to reduce intra-abdominal post surgical

adhesions in an experimental model

3.1  Summary
Intra-abdominal adhesions typically occur after surgically damaged tissues are

situated in apposition, leading to fibrotic connections. The goal of this study was to
demonstrate the in vivo efficacy of a crosslinked and insoluble hyaluronan (HA) film to
reduce post surgical adhesion in a rat model. To measure in vitro adhesion resistance,
porcine monocytes were deposited on the surface of films and their attachment was
monitored by scanning electron microscopy. A rat cecum abrasion and abdominal insult
model was utilized to demonstrate in vivo efficacy. Briefly, a HA film was deployed as a
barrier between the damaged cecal and abdominal tissues surfaces for 21 days; control
animals did not receive treatment. At the study conclusion, the rats were sacrificed and
degree of adhesion was determined using a scale of 0-3, where 0 = no adhesion and 3
= severe fibrosis. HA films resisted monocyte adhesion in vitro. The in vivo study
results demonstrated a significantly lower median adhesion score (1) with HA film
treatment than the controls (3). Placement of HA films between injured tissues

significantly decreases the severity of abdominal adhesions. Furthermore, the HA film’s
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resistance to monocyte adhesion could be contributory to lowering in vivo adhesion

Scores.

3.2 Introduction
Post-surgical adhesions caused by open abdominal procedures account for

$1.33 billion per year in hospitalizations and revision surgeries in the US [31]. The
cause of these adhesions is not well understood, but present knowledge and research
suggests that a combination of prolonged inflammation and insufficient fibrinolysis result
in fibrotic adhesions between damaged tissues inside the abdomen [131]. A generally
accepted critical time period during which adhesions begin to form is 12 — 36 hours after
a surgical procedure [43]. During the post-operative period, monocytes migrate from
circulating blood to the wounded areas, transform into macrophages, and secrete
cytokines to recruit fibroblasts that produce fibrous tissue “bridges” between tissue
surfaces [132]. An overabundance of activated macrophages inside the abdominal
cavity after surgery could increase the occurrence of adhesions [36,133]. Additionally,
these macrophages and other polymorphonuclear leukocyte cells may also migrate into
the initial fibrin connections between damaged tissues, further preventing fibrinolysis
from occurring [34]. In an effort to reduce adhesion incidence, surgeons have changed
their technique to accommodate a gentler handling of the sensitive tissues inside the
abdominal cavity to reduce extensive serosal injury, provide adequate hemostasis
[134,135], and even changing the type of surgical gloves used during surgery [136].
Despite these protocol changes, adhesions still occur in 50-76% of patients undergoing

abdominal surgical procedure, and up to 93% of patients after multiple abdominal
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procedures [137,138]. An effective adhesion prevention method would involve the
interruption of fibrotic tissue bridging by physical separation of the damaged tissues, but
also allow epivisceral healing to occur unimpeded [139].

A number of adhesion prevention devices have been researched and marketed
by various companies in the US. These barriers can be divided into two groups: non-
resorbable and resorbable. Preclude™ (Gore, Flagstaff, AZ) is a PTFE membrane that
is typically utilized to repair abdominal wall weaknesses caused by hernias, but it has
also been used to separate damaged tissues to prevent adhesions; however, the
membrane must be surgically removed by follow-up surgeries. Resorbable barriers, in
contrast, can be effective in adhesion prevention as they are designed to remain intact
and in situ for up to 7 days post-op. Two resorbable films that have been approved for
clinical use are Interceed™, fabricated from oxidized regenerated cellulose, and
Seprafilm™, fabricated from carboxymethylcellulose/hyaluronic acid. Although these
films have shown good efficacy in reducing the incidence of adhesions, they do not
completely prevent the occurrence of adhesions. Another difficulty that arises with
Interceed™ and Seprafiim™ is that they cannot be moved once applied to the hydrated
tissue surface and the films also disintegrate easily when in contact with any wet
surface including surgical gloves. Interceed™ also requires strict hemostatic conditions
in the area of application to avoid complications [45]. Thus, there is a need for a film
that will resist both negative interactions with blood and adhering to itself or any wet
surfaces during application.

Solutions and materials made from hyaluronic acid (HA) have been researched

extensively in the study of adhesion prevention. HA, a naturally derived polysaccharide,
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has demonstrated excellent biocompatibility and low cytotoxicity in various studies and
applications. One proposed method of hyaluronic acid application used either a spray
coating [53] or as a irrigation solution [140]. When applied topically, HA solutions are
thought to improve mesothelial wound healing and possibly limit monocyte/macrophage
infiltration; decreasing the ability of these cells to attach to damaged tissue surfaces
may also decrease the secretion of cytokines that recruit fibrotic tissue-forming
cells[141]. However, the clearance of HA solution from the abdominal cavity is fairly
rapid (about 12 hours) and the efficacy of these solutions has yet to be demonstrated in
definitive large scale clinical trials [58,59]. Crosslinking of HA could be a strategy to
enhance its stability and thus increase the residence time of HA inside the abdomen
after deployment [56,65]. In some studies, solid HA films were formulated from either
pure HA [142] or blending it with other biologically-derived materials [143].
Furthermore, some crosslinked HA films have demonstrated cell anti-adhesion in vitro
[56]. Kim et al. proposed to use dihydrazide-crosslinked HA films for sustained delivery
of a HA Synthase (HAS) gene that was postulated to prevent post-surgical adhesion by
combining the physical HA barrier (as the primary mechanism) with continual
enablement of cells to over-express HA (as the secondary mechanism) as the film is
being enzymatically eroded over time [62]. The in vivo efficacy and degradation of the
dihydrazide-crosslinked HA film has not yet been investigated in a post-surgical
adhesion model. Thus, the primary goal of this study was to validate the anti-adhesion
efficacy of such cross-linked hyaluronan films in a 21-day, rat cecum abrasion model for

post-surgical adhesion.
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3.3 Methods
3.3.1 Formulation of HA Film

HA films were prepared and crosslinked following our previously described
methods [62]. Briefly, approximately 1.25 mL of a 1% aqueous hyaluronan solution
(%w/v) was cast into a flat-bottom, 1 cm diameter circular mold; the solution was
allowed to dry at 37° C for 5 days. The films formed were then immersed in 90%
isopropanol for 1 hour followed by 80% isopropanol for another hour. Approximately 30
mg of adipic dihydrazide was added to the solution containing the film with agitation
followed by the addition of 60 mg of ethyl-3[3-dimethyl amino] propyl carbodiimide
(EDCI, Sigma-Aldrich, St. Louis, MO). Crosslinking was then initiated by the acidification
of the reagent solution with 1N HCI. The crosslinked HA film was removed from the
reagent solution after 24 hours and rinsed extensively in 80% isopropanol to remove
residual crosslinking agents. Residual water in the film after crosslinking was removed
first by dehydration in a series of 90-100% isopropanol solutions followed by an
overnight incubation at 37° C. The dried, crosslinked film was stored in a desiccator

before use (Figure 3.1).

3.3.2 Monocyte/Lymphocyte Attachment Study

Mononuclear cells (monocytes and lymphocytes) were isolated from heparinized
swine whole blood by centrifugation with Histopaque®-1077 (Sigma-Aldrich, St. Louis,
MO). These cells were deposited on HA films or growth coverslips (as controls) at a
density of 35,000 cells/cm?. They were cultured for five days in RPMI media (Invitrogen,

Carlsbad, CA) with 10% fetal calf serum, followed by extensive rinsing and fixation with
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2.5% glutaraldehyde buffer. After performing critical point drying, the morphology of

cells attached was evaluated with SEM.

3.3.3 Post-Surgical Adhesion Animal Model

All animal experiments were performed using a protocol that was reviewed and
approved by the Institutional Animal Care and Use Committee (Protocol number: 1473).
The animals were housed and cared for by the Division of Laboratory Animal Research
veterinary staff at SUNY Stony Brook.

Sprague-Dawley rats (250-300g) were anesthetized by isoflurane (5% for
induction and 2.5% for maintenance). A mid-line laparotomy incision was performed on
each rat similar to previously published studies using a rat model for post-surgical
adhesion [144]. The cecum was then located and liberally abraded on one side using
fine grit sandpaper until serosal bleeding was observed. A 1 cm? portion of the
abdominal wall across from the damaged cecum surface was also removed. All
wounded surfaces were dabbed with sterile gauze to remove any excess pooled blood
before treatment. A single HA film was first rehydrated in sterile saline for 15 minutes
prior to the surgical procedure. The film was applied to the damaged cecum surface
and the film-covered cecum was then placed back inside the abdominal cavity
approximating the damaged muscle surface (n=8). The incision was re-approximated
and closed using 0-0 chromic gut sutures on the abdominal wall and 5-0 Prolene
sutures for the skin layer. Control animals did not receive any HA film treatment or
other barrier (n=11) and this data was shared by a parallel study aimed at evaluating the

anti-adhesion efficacy of an in situ gelable hydrogel composed of modified chitosan and
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dextran [145]. The animals were sacrificed after 21 days and the extent of adhesion
was semi-quantitatively scored on a scale of 0-3 (0 = no adhesion, 1 = thin and filmy, 2

= significant and filmy, and 3 = severe with fibrosis) [53,144,146,147].

3.3.4 Data Analysis and Statistics

Surgical adhesion severity scores were compared using a Mann-Whitney Rank
Sum Test with statistical difference determined by p < 0.05. The median scores of the
control and film-treated animals were also determined and reported separately in the

Results section.

3.4 Results
On SEM images, monocytes appeared to spread out and adhered very

aggressively to the glass substrate surface (Figure 3.2A), in contrast, only very few
monocytes were observed on cross-linked HA films with round morphology indicating no
attachment (Figure 3.2B).

The tabulated scores of the control animals and HA film treated animals were
summarized in Table 3.1. The mean adhesion score for the control group [145] was
2.09 while the HA film treated group had a mean score of 0.625 (p<0.05, Mann-Whitney
Rank Sum Test). None of the HA film treated animals showed a score above 1 (Figure
3.3A); in contrast the control group had six out of eleven animals with score 3 (Figure
3.3B) while two having a score of 2. Seven out of 8 rats showed no traces of the HA

film after 21 days; however, one animal retained (Figure 3.4) a residual portion of the
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HA film which adhered lightly to the cecum surface, it could be easily removed from the

cecum surface by gentle peeling without disrupting the tissue underneath.

3.5 Discussion
The occurrence of post-surgical adhesions following abdominal surgical

procedures remains a difficult and sometimes persistent problem for both the patients
and the medical care system. Studies suggest that the time window for adhesion
formation occurs between 12 and 36 hours after surgery [43]; therefore an effective
prophylactic treatment for adhesions would need to remain intact for several days
before resorption. Crosslinked films composed of 1% hyaluronic acid reduced the
average severity score of adhesions formed after a cecum and abdominal wall injury
model in rats when compared to untreated control animals.

Historically, HA and HA-derivatives have demonstrated excellent biocompatibility
and biodegradability in both animal [57,148,149] and clinical trials [150,151]. In this
study, the implementation of a cross-linked HA film has shown promise in preventing
post-surgical adhesion formation in the abdomen. The presence of remnants of the HA
film at 21 days post-op in one animal could implicate the presence of intact film, at least
initially, (i.e., during the crucial 12-36 hours) after surgery. The mode of adhesion
prevention is likely due to the HA film forming a credible initial physical barrier between
damaged tissues to resist cells migrating from the defect surfaces to “bridge” and
subsequently evolved into fibrous tissue [35,152]. Furthermore, the intrinsic properties
of hyaluronan could enable the HA film to serve as the equivalent of a lubricating

surface to discourage significant cell attachment [56,153]. This conjecture was
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demonstrated in vitro by the clear lack of attachment of monocytes on HA films.
Monocytes are known to be involved in adhesion formation [132], therefore, the ability of
HA to prevent cell attachment is a valuable attribute. Aside from abdominal adhesion
applications, HA films, stabilized by other crosslinking methods, have been studied in
other situations where adhesions could occur. For example, crosslinked HA films have
been shown to moderate post-surgical tendon adhesions after flexor tendon repair by
providing both a physical barrier and reduce the sliding friction between both injured
tendon surfaces [60]. In addition to reducing adhesion occurrence, the HA films also
offer surgeons more flexibility in handling because the HA film is first hydrated in saline
prior to placement, unlike Seprafim™ or Interceed™ which rapidly disintegrate upon
contact with any hydrated surfaces. The wet HA films from this study could be easily
repositioned after brief contact with the visceral surface if the surgeon finds it necessary
to optimize the coverage area; also, the film resists adhering to itself when fully
hydrated.

The method of crosslinking the HA films, in a solvent medium, presented in this
study has not been used in a post-surgical adhesion model. In some previously
published studies, HA and derivatives of HA were formulated by incorporating
crosslinking reagents into the polymer solution during the casting procedure [60].
Although the combination crosslinking/casting procedure appears to simplify the
production of HA films, it could also result in their retention of chemical residues leading
to downstream cytotoxicity concerns after in vivo deployment. Other published studies
utilize modified HA that crosslinks without the addition of other small molecule

crosslinkers during the casting process. Yeo et al. developed a two-part, self-
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crosslinking HA hydrogel composed of adipic dihydrazide and aldehyde-modified
hyaluronic acid [61]. When blended, both HA components readily combine and crosslink
to form a stable hydrogel either in situ or after casting the hydrogel in a film form.
Potential drawbacks of this method include the time requirement and the cost of
material processing and purification before they can be used in vivo. The HA films used
in this study were crosslinked post-casting; the presence of exogenous chemicals for
crosslinking (i.e., adipic dihydrazide and EDCI) could be removed by subsequent
extractions with water/isopropanol co-solvent. In an independent investigation, the films
prepared were extracted with water and the extracts were analyzed by High
Performance Liquid Chromatography (HPLC), and we were not able to detect the
presence of either adipic dihydrazide or EDCI (data not shown).

The retention of the HA film on the injured cecum surface over the course of 21
days has not been observed in this study and presents a possible limitation. Ideally,
several intermediate time points would need to be incorporated to ensure that the
reduction in severe adhesions with the HA film is due to the maintenance of a physical
barrier during the critical 12-36 hour period and then for up to 7 days after surgery, and
not other factors. Only 1 animal in this study showed a partially degraded HA film
remnant on the cecum surface after 21 days, demonstrating that it is possible that a film
could remain intact and in situ for at least several days after surgery. Another 5 animals
showed very filmy and easily lysed adhesions of fatty tissue at the cecum or abdominal
wall defect site at 21 days. It is possible that the film may be mostly degraded after the
inflammatory and granulation tissue formation following injury. After the inflammation

phase had passed and any blood/fibrin products had been cleared away, the healing
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surfaces may have become less attractive to fibrotic tissue bridging even if they are
brought into direct apposition. The presence of high, localized HA levels from the
degrading film could be causing an increase in cellular infiltration and fibroblast
proliferation during the early phase of wound healing. Prolonged elevation of HA in fetal
wounds has often been a hypothesis for the decreased incidence of scar formation
when compared with adult wounds [154]. Even if the HA from the degrading film may
cause an increase in cellular activity, it appears that the barrier may have remained in
tact to physically prevent the two injured surfaces from healing and adhering to each
other.

In conclusion, we have formulated a biocompatible cross-linked, resorbable HA
film that has great potential in preventing post-surgical adhesion following abdominal
surgery. Adhesion scores for HA film treated animals were found to be significantly
lower than the control group animals that did not receive any prophylactic treatment. In
this preliminary study, we postulate that the intrinsic anti-adhesion property of HA is
theoretically attributable to decreases of the ability of monocytes to attach to the film
and thereby, possibly contributing to the inhibition of the formation of fibrotic bridging
between visceral and abdominal wall. More in vivo studies are needed to elaborate on
the presence or absence of monocytes/macrophages on implanted HA fiims placed
over serosal injury. Furthermore, the HA film presented in this study could also offer a
surgeon easier handling of an adhesion barrier both before and during placement inside

the abdominal cavity.
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Table 3.1: Adhesion severity scores for HA-treated and control animals.

Score Control (n =11) HA Film (n = 8)
0 2 3
1 1 5
2 2 0
3 6 0
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Figure 3.1: A crosslinked HA film.
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Figure 3.2: Porcine monocyte attachment comparison: (A) monocytes were spread out on the
glass slide, but (B) monocytes seeded on the HA film appeared rounded. Scale bar = 50 ym.
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Figure 3.3: Examination of rat cecum and abdominal wall tissue 21 days after surgery. (A)
Severe adhesion (score = 3) of the cecal surface to the abdominal wall in a control animal; (B)
cecal surface of an animal treated with the HA film (score = 0).
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Figure 4: HA film remnants found on the cecal surface of one rat after 21 days. The piece of
film (circled) separated easily from the cecum without damaging the serosal tissue (arrows).
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The results presented in Chapter 4 have been previously published (Falabella CA,
Melendez MM, Weng L, Chen W. J Surg Res. 159(2):772-778. 2010). All tables and
figures have been reproduced with written permission from Elsevier.
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Chapter 4

Crosslinked, oxidized dextran and N-carboxyethyl chitosan hydrogel to reduce

intra-abdominal adhesions

41 Summary
The aim of this study was to compare the anti-adhesion efficacy of a

biodegradable, in-situ, macromolecular cross-linking hydrogel made from oxidized
dextran/N-carboxyethyl chitosan (Odex/CEC) with a commercially available
carboxymethylcellulose/modified hyaluronan barrier film (Seprafilm) in a rat cecum
abrasion model. The rat model utilized a cecal abrasion and abdominal wall insult
surgical protocol. The 2% Odex/CEC hydrogel treatment was applied by syringe to coat
both the cecal and the abdominal wall insults, while other animals were treated with
Seprafilm applied to the cecal injury only. Control animals did not receive any
treatment. Animals were sacrificed after post operative day 21 and adhesion severity
was quantitatively graded using a whole number scale from 0 — 3. Histological analysis
was also performed for animals receiving Odex/CEC hydrogel treatment and no
treatment (control). Mean adhesion score was 2.09 £ 1.22 for control animals, 1.00
1.00 for 2% Odex/CEC hydrogel animals, and 1.25 = 1.22 for Seprafilm animals.

Hydrogel treated animals showed significantly lower adhesion scores than control
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animals (p<0.05), while Seprafiim demonstrated a marginally lower adhesion score
(p<0.1) compared with the controls. Histological analysis of an Odex/CEC treated rat
showed tissue repair and small fragments of hydrogel inside both healed abdominal and
cecal surfaces. In conclusion, both Seprafilm and the 2% Odex/CEC hydrogel showed
a significantly decreased adhesion score compared with the control. However, the
hydrogel, compared with Seprafilm, offers ease of application and ability to conform to
complex tissue geometries that could provide surgeons with another prophylactic

treatment to prevent abdominal adhesions.

4.2 Introduction
In the previous chapter, crosslinked hyaluronan (HA) films were studied as an

adhesion barrier to reduce intra-abdominal adhesions. The HA film was found to
significantly reduce the adhesion severity score in rats compared to the untreated
control animals. Additionally, the film itself was shown to reduce monocyte adhesion
when cells were directly cultured on top of the films. The lubricating nature of these
films also allowed the surgeon to manipulate the film when it was fully hydrated and
could also allow the surgeon to reposition the film without tearing the film or damaging
the injured/normal tissues. Even though the HA film demonstrated excellent adhesion
reduction and handling during surgery, the film would not be easily adapted to
laparoscopic procedures. Some surgeons have moved towards laparoscopy in recent
years for some routine surgeries (e.g. gallbladder removal) because the surgical
method allows for smaller incisions to heal, faster discharge of patients after surgery,

less blood loss, a decrease in post-operative pain in patients, and reduced incidence of
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tissue adhesion formation [155]. However, the rate of formation of adhesions after
laparoscopy varies by type of procedure and the location of the procedure [156]. Thus,
there is still a need to prevent adhesions after some abdominal or pelvic laparoscopic
surgical procedures. In laparoscopic surgeries, instruments and materials to be
inserted into the abdominal cavity must have a diameter smaller than the 10 mm trocars
(or hollowed tubes with a seal) which create a temporary, sterile channel between the
operating room and the abdominal cavity. The HA film is flexible when hydrated, but it
has not been tested as to whether it can pass through a laparoscopic tool shaft and be
successfully deployed.  Another possible drawback is the ability of the HA film to
conform to tight or complex geometries inside the abdomen. The film was able to be
placed on top of the cecum inside the rat's abdomen; however, the cecum is a rather
broad surface for application compared to other larger surface areas, such as the small
intestine.

The topographical adaptability issue of a barrier film could be addressed by a
fluidly applied, self-crosslinking hydrogel barrier capable of fully conforming to any
complex geometries/folds inside the abdomen, serve as an effective barrier for several
days, and also allow either endoscopic or laparotomy application. Several studies have
introduced such hydrogel barriers with both synthetic and natural polymer components.
A purely synthetic, poly(ethylene glycol)-based hydrogel (SprayGel, Confluent Surgical,
Waltham, MA) is currently in clinical trials in the US. A possible drawback to the wide
adoption of this treatment may be the additional need for an air supply set-up to propel
the gel onto the wounded tissue in the surgical field. Self-crosslinking hyaluronan-

based hydrogels have also reported good efficacy in both large bowel trauma models
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[57,61] and pelvic surgical models [157,158]. However, consistency across different
hyaluronan formulations has been elusive so far. Intergel (Ethicon, Somerville, NJ),
consisting of a ferric hyaluronate-based, ionically crosslinked solution, initially showed
promise in pelvic surgical clinical studies [159]; however, it was removed from the
market after occurrences of severe complications [64]. Another possible setback to a
hyaluronan-based hydrogel barrier is cost: medical-grade hyaluronan is expensive and
could increase the price of the hydrogel above re-imbursement caps imposed by a third
party.

Other natural polymers have also been modified to initiate gelation without the
addition of third crosslinking agent. Chitosan is polymer that has been utilized in studies
of drug delivery and tissue engineering. It is also considered to be biocompatible and it
the main structure can be modified in numerous ways to enhance crosslinking activity.
Self-crosslinking, chitosan with modified nitrogen and oxygen centers, such as N,O,-
carboxymethyl chitosan (NOCC), have been studied as an adhesion reducer in a rat
small intestine [67] and rabbit large intestine (cecum) [70] surgical model. In both
animal studies, NOCC was added to the injured tissue and peritoneal cavity as a 1% gel
and a 2% uncrosslinked solution, respectively. The results demonstrated statistical
significance between cecal (large intestine) adhesion severity scores between the
NOCC treated animals and the untreated controls. However, both groups of authors did
not address whether the application of the 2% NOCC solution was necessary to prevent
adhesions along side the 1% gel application. Yeo et al. investigated the biocompatibility
of a UV-crosslinked, chitosan-based hydrogel inside the rabbit peritoneal cavity which

could be used as a combination drug delivery vehicle and adhesion barrier [71]. The
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animals received the chitosan solution on the cecum area and UV radiation was applied
for approximately 5 minutes (1 min/mL chitosan solution). An additional treatment
group of animals just receiving the un-crosslinked chitosan solution was also studied in
parallel. The results of the study were less than desirable in terms of compatibility.
Animals that received the UV-crosslinked chitosan gel and the un-crosslinked chitosan
solution showed strong adhesions between and multiple nodules on the cecum and on
the omentum (a section of the peritoneum) [71]. The nodules appeared to be
granulomous and contain clusters of macrophage/lymphocyte cells surrounded by a
thick, fibrotic capsule. Additionally, pieces of the chitosan gel were present inside some
nodules. Strikingly, the control animals that received only UV radiation had a similar
adhesion-negative reaction as the untreated control animals (no radiation or chitosan
solution/gel). The results of this study suggest that the chitosan preparation used in the
study would be unsuitable for intraperitoneal usage. It is possible that the modification
of the chitosan polymers may play a larger role in biocompatibility and intra-abdominal
tolerance than previously thought.

In a previously published study by Weng et al, a novel hydrogel formulation
composed of partially oxidized dextran (Odex) and N-carboxyethyl chitosan (CEC) was
developed [72]. There are two major advantages for usage of this system as an
adhesion barrier: 1) both chitosan [160,161] and dextran [162] are FDA GRAS materials
and have been widely investigated with demonstrated excellent biocompatibility; 2)
Odex and CEC cross-link at physiological pH/temperature by electrostatic interaction,
hydrogen bonding and eventually stabilization by Schiff base formation between

aldehyde and amine groups located on the two molecules [72]. Specifically, the Odex
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component serves as a macromolecular cross-linker to bind CEC to form a
macromolecular network, thereby obviating the need for potentially cytotoxic small
molecule cross-linking agents, which decreases toxicity concerns directly after
application/during in situ degradation [163]. In vitro cytotoxicity studies have
demonstrated that the Odex/CEC hydrogel formulation has excellent biocompatibility
with dermal fibroblast cells in direct contact and encapsulated inside crosslinked
hydrogel [75].

The purpose of this study was to evaluate the anti-adhesion efficacy of a 2%
Odex/CEC hydrogel in a 21-day, rat cecum abrasion model. In parallel, the hydrogel
was benchmarked against Seprafilm, a widely utilized anti-adhesion product. This
comparison allowed us to assess the adhesion prevention quality of the Odex/CEC

hydrogel against a current and proven standard of care used clinically.

4.3 Methods
4.3.1 Odex/CEC Hydrogel Synthesis

Synthesis of N-Carboxyethyl Chitosan (CEC)- The CEC for this protocol was

synthesized Dr. Lihui Weng by a method previously described by our lab [72,73]. About
1 g of chitosan (deacetylation degree 85%, M,, = 750,000) was dissolved in 50 mL of
water containing 1.88 mL acrylic acid under constant stirring at 50° C for 3 days.
Afterwards, a 10N NaOH solution was added to the reaction mixture to increase the pH
to 10-12. This step converted the CEC into its sodium salt. The mixture was then

dialyzed extensively for 3 days until pure CEC was obtained by lyophilization.
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Synthesis of Oxidized Dextran (Odex)- The Odex was synthesized by Dr. Lihui

Weng using a method also previously described by our lab [72]. Approximately 3.28 g
NalOs (in aqueous solution) was added to an aqueous dextran (leuconostoc
mesentereoides, M,, = 76,000) solution (1.25% w/v, 400 mL) and this mixture was
stirred at ambient temperature for 24 hours. An equimolar of diethylene glycol was
added to quench any un-reacted NalO4. The Odex solution was dialyzed exhaustively
(MWCO 3500) for 3 days against water and pure Odex was obtained by lyophilization

[72,73].

Formation of Hydrogel — The reaction between CEC and Odex was schematically
depicted in Figure 4.1. Solutions of 2% Odex and 2% CEC were first prepared by
dissolving 0.2 g of each polymer into 10 mL aliquots of distilled water; they were then
sterilized by autoclave and stored at 4° C before use in the surgical model. For a typical
hydrogel formulation, equal volumes of each polymer solution was loaded into two
separate Luer-Lock syringes (Figure 4.2A), after engaging both syringes to a two-way
connector, the syringe contents were mixed by pushing the plungers back-and-forth 10
to 15 times, totaling approximately 30-35 seconds (Figure 4.2B). Upon thorough
mixing, the entire syringe contents were pushed into one of the syringes, the connector
in conjunction with the empty syringe was disengaged, and the Odex/CEC hydrogel
precursor was ejected and liberally deposited on the damaged tissue (Figure 4.2C).
After 1 to 1.5 minutes, the macromolecular structure of the hydrogel has nearly reached

completion of gelation, similar to previously reported studies (Figure 4.2D) [72,75].
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4.3.2 Rat Cecum Abrasion Surgical Model

The animal experiments were carried out in accordance with a protocol approved
by the Institutional Animal Care and Use Committee (Protocol number: 2007-1743).
Housing and care for the animals was in accordance with the National Research
Council guidelines (National Research Council. Guide for the Care and Use of
Laboratory Animals. National Academy Press. Washington, DC. 1996).

Rats (Sprague-Dawley, weight: 350 to 450 g) were first anesthetized with inhaled
isoflurane (5% for induction and 2.5% for maintenance) and a mid-line laparotomy
incision was performed on each animal, similar to other published studies using the rat
model [164]. The cecum was liberally abraded on one side with fine grit sandpaper until
oozing of blood was observed from the serosa. Additionally, a portion of the posterior
abdominal rectus muscle of approximately 1 cm? size was also excised and the wound
surfaces were gently dabbed with sterile gauze to remove excess pooled blood. One
milliliter of a 2% precursor solution of Odex and CEC was prepared by mixing 0.5 mL of
each solution for 30-35 seconds by syringe (see Section 2.2 above) and liberally
deposited onto the damaged cecal surface as well as the abdominal wall defect (n=9).
The hydrogel was allowed to fully congeal (approximately 1 to 1.5 minutes) and the
cecum was reintroduced inside the abdominal cavity, the damaged site on the cecum
with the abdominal wall defect prior to closure. The incision was re-approximated and
closed using 0-0 chromic gut sutures on the abdominal wall and 5-0 prolene sutures for
the skin layer. For comparison, a group of animals was treated with a 1 x 1 inch square
of Seprafilm (Genzyme Corporation, Cambridge, MA). This film was placed directly on

the damaged cecal surface and the cecum was placed back into the abdominal cavity
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similar to the hydrogel treated animals (n=8). Control animals did not receive hydrogel
or Seprafilm intervention (n=11). The wound was re-approximated and closed using 0-
0 chromic gut sutures on the abdominal wall and 5-0 prolene sutures for the skin layer.
The animals were sacrificed after 21 days and the extent of adhesion was semi-
quantitatively scored on a scale of 0-3 (0 = no adhesion, 1 = thin and filmy, 2 =
significant and filmy, and 3 = severe with fibrosis) [53,144,146,147]. Animals with a
score of 3 have adhesions that could not be separated by pulling with blunt forceps
(Figure 4.3A).

The surgeries were performed by either the author (67% hydrogel, 37.5%
Seprafilm) or Dr. Mark M. Melendez (33% hydrogel, 62.5% Seprafilm) from the

Department of Surgery at SUNY Stony Brook.

4.3.3 Histological Sample Collection and Analysis

Samples of cecum and abdominal wall muscle were collected (by the author)
from animals that either received no treatment (control) or animals that received the
Odex/CEC hydrogel intervention. Tissues were dissected, rinsed in phosphate buffered
saline (PBS), and preserved in 10% buffered formalin. The preserved tissues were
embedded in paraffin, sectioned, and stained with hematoxylin and eosin stain (H&E) by
the Pathology Department at Stony Brook University (Stony Brook, NY) which was
utilized observe the gross morphology of the tissues. To highlight the location of the
hydrogel, a modified Periodic Acid Schiff (PAS) and Toluidine Blue staining protocol
was performed in our laboratory. PAS reaction is a useful indicator of the presence of

carbohydrates in the tissue, including implanted chitin [165]. The sections were
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deparaffinized and rehydrated to distilled water first. Then, the sections were placed in
a solution of periodic acid for 5 minutes and afterwards rinsed in 4 changes of distilled
water. After rinsing, the sections were then placed in Schiff’'s reagent for 10 minutes to
develop color. The sections were rinsed in running tap water until the rinse water
turned clear. In the next step, the rinsed sections were placed in a solution of 0.1%
Toluidine Blue (aqueous) for 2 minutes to stain the cells, but not the hydrogel. The
excess Toluidine Blue stain was rinsed from the sections with several changes of
distilled water. The sections were then dehydrated in a series of alcohol bath, cleared

in xylene, and mounted with xylene-based mounting media

4.3.4 Data Analysis and Statistics

Surgical adhesions severity scores were analyzed using a 1-sided, Wilcoxon
Rank Sum Test with statistical difference determined by p-values less than 0.05. The
mean and standard deviation of each group average score was also calculated and

reported separately in the Results Section.

4.4 Results
The raw adhesion severity scores can be found in Table 4.1. The mean

adhesion score for the control animals was 2.09 + 1.22. Animals treated with Seprafilm
and the 2% Odex/CEC hydrogel had adhesion scores of 1.25 £ 0.707 and 1.00 + 1.00,
respectively. The Odex/CEC hydrogel treatment had a significantly lower adhesion
score (p = 0.029) than the control. Animals treated with Seprafilm also demonstrated a

significantly lower adhesion score (p = 0.056). There was no statistical difference
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between the two treatments, although the Odex/CEC hydrogel showed a slight trend
towards a lower score than the Seprafilm (p=0.214).

Twenty-one days post intervention, modest amounts of hydrogel remnants (in
small, individual fragments), mostly adjoining the cecum and abdominal wall, were
recovered from six out of nine of animals treated with the Odex/CEC hydrogel (Figure
4.3B,C). Overall, these animals showed adhesion scores of 0 or 1. One hydrogel
treated animal experienced severe adhesion of the cecum to the abdominal wall with
Odex/CEC hydrogel remained under the adhesion edge on the wall defect; however,
blunt dissection could not loosen the adhesions without causing tearing of the cecum.
In four animals treated with Seprafilm (scores = 1), amber-colored pieces of degraded
film were also observed.

Histological analysis of rats either no treatment (control) or Odex/CEC hydrogel
were performed. The untreated specimen was consistent with a severe adhesion score
of 3 (Figure 4.4A) with a strong, fibrous tissue layer formed between the cecum and
abdominal wall surfaces. The Odex/CEC treated animal in this histological study had
some visible remnants of hydrogel after 21 days. Views of the healed abdominal wall
(Figure 4.4B) and cecum surface (Figure 4.4C) displayed wound repair as well as the
active degradation of hydrogel pieces in an animal with an adhesion score of 1. The
cecal and abdominal tissues were originally separated by blunt dissection after sacrifice
to determine the adhesion score. Fused, multi-nucleated macrophages were also
observed ingesting the residual hydrogel pieces within the re-epithelialized tissue

(circled area, Figure 4.5B).
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4.5 Discussion
Studies have shown that the window for efficacy of an adhesion barrier occurs

between 12 and 36 hours after surgery [43,166]. The rats in this study were sacrificed
21 days after surgery to observe the adhesion severity. In many comparable rat cecum
abrasion models, the typical post-operative sacrifice time range for a solid or hydrogel
barrier is 7-14 days [48,167]. Since adhesions typically manifest within the first few
days after surgery, it is between 5-7 days that the adhesion fibrosis becomes more
organized, rigid, and vascular [33,35]. Any adhesions present in the abdominal cavity
after 7 days could persist for several months due to the effects of remodeling inside the
adhesion tissue [35].

Overall, the Odex/CEC hydrogel showed significantly less adhesion than control
animals receiving no hydrogel intervention. Approximately seven out of nine hydrogel
treated animals displayed adhesions with scores of 0 or 1, having no adhered tissue
present in the abdomen or filmy adhesions that were easily lysed, respectively. Only
one animal developed severe adhesions (score = 3) during the 21 days post treatment
period. Possible causes of this outlier could be fracture of the hydrogel at or in
proximity of the injured surfaces or insufficient coverage over the injured tissues.
Hydrogel strength can be increased through modulation of various parameters such as
the concentrations, molecular weight, or extent of molecular modification of the
precursors, while also applying the hydrogel precursor mix across a larger surface area
(insult areas and normal tissues), may further increase the efficacy of the barrier after
surgery and decrease the incidence of severe adhesions. Although insufficient barrier
coverage was suspected in the severe adhesion case, the persistence of hydrogel

remnants were also observed in six out of nine Odex/CEC treated animals. Most of
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these fragments were located on the surface of either the cecum, the abdominal wall
adjoining the sites of tissue insult, or on top of any filmy adhesions observed (see
Figure 4.4A, 4.4B). The presence of partially degraded hydrogel fragments did not
appear to have affected the overall adhesion score. Degradation time, similar to
gelation, could be modulated by controlling the concentration of Odex and CEC
precursor solutions used (e.g., concentrations of less than 2% form less dense cross-
links and a weaker overall hydrogel structure) [72]. Although the scope of this study
was narrowed to a 2% polymer concentration and its effect on adhesion formation was
compared with a clinically utilized adhesion barrier, it does not exclude future abdominal
adhesion studies using different polymer formulations composed of different
concentrations of Odex and CEC that could conceivably be more efficacious.

The histological result of residual Odex/CEC hydrogel in conjunction with the
adjoining tissue at the insulted area after 21 days did not show cellular infiltration into
the bulk of the material, suggesting the hydrogel may be degraded through surface
erosion [75]. The noticeable absence of cellular infiltration suggested that the hydrogel
served as an effective, occlusive barrier to prevent inflammatory cells and fibroblast
cells from synthesizing aggressive tissue adhesions between the injured cecum and the
abdominal wall. Moreover, as indications of wound healing, granulation tissue was
observed at the site of injury with re-epithelialization occurring underneath the hydrogel
thus restoring tissue integrity while also preserving the bowel’s capacity of motion along
the abdominal wall. However, some residual hydrogel fragments were recovered inside
the granulation tissue on the cecum and abdominal wall. These hydrogel remnants

appeared to be surrounded by macrophages with the noticeable presence of foreign
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body giant cells; some with the material was apparently internalized by these cells,
suggestive of finalizing biodegradation. Ingestion of hydrogel particulates by foreign
body giant cells has also been reported in other biodegradable hydrogels containing
dextran [168]. The presence of the multi-nucleated giant cells surrounding the hydrogel,
or any foreign material introduced to the abdominal cavity during the surgery, is not
unusual 21 days post-op [136,169,170]. Despite the presence of some residual
inflammation around the hydrogel fragments in the histology samples, the extent of
adhesion observed was very low (score = 1) and the tissues were easily separated
without injuring the cecal tissue. Since the hydrogel did not appear to interfere with the
expected immune response inside the abdomen, it can be further suggested that the
main mechanism of adhesion-reduction of the hydrogel was through the maintenance of
a physical barrier between the injured surfaces.

Similar to Odex/CEC hydrogel-treated animals, rats that were treated with
Seprafilm also showed significantly less adhesions than the controls. Seven out of eight
animals demonstrated thin, filmy adhesions (score = 1), and one animal developed
dense adhesions of the small intestines (not the cecum) to the abdominal wall. The
appearance of severe adhesions was previously documented in a small percentage of
humans or animals when Seprafilm was applied as a prophylactic treatment for post-
surgical adhesions. It was previously shown that the rate of severe adhesion for
Seprafilm treated animals in a comparable model was 20% [48], which was within the
range of the 12.5% (one out of eight animals) adhesion rate observed when the same
film was applied in this study. Similar to the results derived from applying the

Odex/CEC hydrogel in this study, the severe adhesion observed in the Seprafilm animal
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could also be insufficient coverage of the film over the wounded surfaces. In this study,
a 1 x 1 inch square of film was used to cover the cecum surface before placing it back
into the abdominal cavity and proximal to the abdominal wall defect. It could thus be
postulated that the efficacy of Seprafilm could be enhanced by introducing additional
pieces to extend the coverage to undamaged tissue adjacent to the cecum or
abdominal wall defects.

Although statistical analysis did not demonstrate any significant difference in the
severity of adhesion scores between Seprafilm and the Odex/CEC hydrogel, the ability
of the hydrogel to conform to complex geometries and folds within the abdomen is
advantageous in both method of application and material durability during application.
Seprafilm is applied to damaged tissues as a solid sheet thus limiting its application to
open surgeries. Although Seprafilm has been reportedly demonstrated in laparoscopic
surgeries, the brittle nature of the film makes rolling the film for insertion difficult and any
moisture on the application tools will also cause the uncrosslinked film to fracture before
proper placement [45,171]. Additionally, the film does not have the plasticity that a
surgeon desires during an operation. In contrast, the Odex/CEC hydrogel, as a
conformal tissue sealant, could be easily adapted in both conventional surgeries and
laparoscopic procedures in either a syringe-borne configuration or through a
laparoscopic trocar. It takes approximately 30 seconds for thorough mixing of the two
components: a steady but rapid increase in both the viscosity and adhesiveness of the
precursor mix ensures its localization. A surgeon has 30-45 seconds for deploying the
precursor to the surgical field before the gelation point is reached. The gelation point

observed with a 2% Odex/CEC hydrogel was slower but within the same range as our
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recently published rheological data derived from a hydrogel composed of 2.5%
Odex/CEC with a measured gelation point of 79 seconds [75]. Further in vivo studies
on the biological responses of varying the Odex and CEC concentrations to expand the
gelation point range may be needed. The Odex/CEC hydrogel may also eliminate the
need to further irritate the surface of the bowel with additional drying methods before
application beyond the removal of excess blood at the site.

In conclusion, we have introduced a novel application of an in situ gelable
Odex/CEC hydrogel to reduce the incidence of abdominal adhesions in a rat cecum
abrasion model. The hydrogel is easy to apply using a two syringe mixing system and
has achieved comparable, overall efficacy in adhesion prevention as Seprafilm. Future
studies using larger animal models of abdominal adhesion as well as laparoscopic
application of the hydrogel are needed to further establish efficacy in humans prior to

clinical evaluation.
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Table 4.1: Adhesion severity scores for control and Odex/CEC hydrogel treated animals

Score Control (n =11) Odex/CEC Hydrogel (n =9) Seprafilm™ (n = §)
0 2 3 0
1 1 4 7
2 2 1 0
3 6 1 1
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Figure 4.1: Schematic representation of the gelation process of Odex/CEC solutions
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Figure 4.2: Formation of Odex/CEC hydrogel: (A) 2% solutions of Odex and CEC were loaded into
separate syringes with the two-way Luer-lock adapter also pictured; (B) syringes were engaged
using the adapter and mixed by pushing the syringe contents back and forth 10 to 15 times (about
30-35 seconds); (C) fluid application of the cross-linking hydrogel to an example Petri dish; (D)
approximately 1-1.5 minutes after mixing, the hydrogel has congealed. Air bubbles were
introduced into the hydrogel during mixing for ease of visualization of the final cross-linked
product.
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Figure 4.3: Examination of cecal and abdominal wall tissues from rats 21 days after surgery: (A)

an example of a severe adhesion (score = 3) case: a control rat with adhesion of the cecum (CE) to
the abdominal wall (AW). The arrow indicates the area where the adhesion is present. Odex/CEC
hydrogel remnants were found on both the cecum (B) and abdominal wall (C) of one animal
subject. This animal received an adhesion score of 1 due to some light, filmy adhesions of
fat/omentum to the abdominal wall. The circled regions of (B) and (C) highlight the presence of
the hydrogel pieces while the arrows in (C) point out the light adhesions that formed inside the
rats abdomen after 21 days.
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Figure 4.4: Photomicrographs of abdominal and cecum tissue excised 21 days after injury. (A)
Cross-section of rat tissue from untreated, control animals with severe adhesions (1) between the
abdominal wall (AW) and the cecum (CE) surface (score = 3). (B) Site of abdominal wall defect in a
rat treated with the Odex/CEC hydrogel. Remnants of the hydrogel (G) are noted and some
fragments are located inside the re-epithelialized (RE) defect site. (C) Site of cecum serosal
abrasion from same rat as in (B). Fragments of residual hydrogel are located inside the RE tissue
on the serosal surface. Asterisks (*) indicate fused, multi-nucleated giant cells surrounding
hydrogel remnants inside the RE tissue. In both (B) and (C), arrows indicate the presence of blood
vessels formed inside the RE tissue. Magnification 10x for all photomicrographs.
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Chapter 5

Oxidized dextran/N-carboxyethyl chitosan microgels for drug delivery

5.1 Summary
The goal of research described in this chapter was to synthesize and

characterize microgel particles made from self-crosslinking oxidized dextran (Odex) and
N-carboxyethyl chitosan (CEC) and to measure their inflammatory potential with a
macrophage cell line and in a murine subdermal implant model. The microgels were
studied as a delivery vehicle for an inhibitor of inducible nitric oxide synthase (iNOS),
guanidinoethyl disulfide (GED), or a model dye particle, Toluidine Blue O. The physical
characteristics of the microgels were studied as overall morphology (scanning electron
microscopy), particle size analysis, zeta potential, and GED/Toluidine Blue O release
kinetics over 15 days. A macrophage cell line (RAW 264.7) was utilized to assess both
the inflammatory potential of degraded polymer/released GED from microgels and the
inflammatory potential of whole microgels with or without GED co-incubated with
macrophage cells for up to 7 days. Assessment of inflammation utilized measurements
of attached cell density, metabolic activity, nitrites, Tumor Necrosis Factor-alpha (TNF-
a), and reactive oxygen species (ROS) production. The microgels were also
subdermally implanted in mice for 3, 7, and 29 days. The effect of released GED and

the overall biocompatibility of microgels without GED in the subdermal space were
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assessed by examining the infiltration of inflammatory cells (macrophage, neutrophil)
and quantifying fibrotic tissue formation (Collagen type |) around the implant area.
Results of the study showed that the microgels exhibit a modest “burst” release of GED
and Toluidine Blue O within the first 24 hours of the release study. Microgels loaded
with  GED did not show significant differences in physical parameters such as
hydrodynamic radius or zeta potential. In the RAW 264.7 cell culture model, the
released GED from microgels caused a significant increase in nitric oxide (NO)
production compared with release samples from microgels without GED. Whole
microgels were well tolerated by the same cell line and produced low amounts of nitrites
similar to negative control cells. However, all microgel treated cells showed higher
levels of TNF-a production relative to the negative control cells, signifying the
macrophage cells still perceived the microgels as foreign bodies. Subdermally-
implanted microgels produced a robust inflammatory response with leukocyte cell
infiltration at short time points (Day 3). The presence of microgels with GED loaded
produced significantly higher inflammatory cell infiltration scores than non-GED loaded
microgels at Day 7. At Day 29, high dose GED microgels produced both significantly
higher inflammatory cell infiltration scores compared to no GED and low dose GED
microgels. Furthermore, the high dose GED microgels demonstrated lower Collagen
type | content in the fibrous capsule surrounding the implant compared with the other
two microgel treatments at the same time point. In contrast, low dose GED microgel
implants produced the most Collagen type | in the surrounding fibrotic capsules and had
a lower inflammatory cell infiltration score compared with the high dose GED and no

GED microgels at Day 29.
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5.2 Introduction
Damage caused by ROS typically occurs during an inflammatory process in

which NO (from iINOS activity) and mitochondria-produced superoxide (O2) combine to
produce peroxynitrites, a highly reactive oxidative species capable of damaging tissues
and cells [172]. Separately, NO and O, do not produce significant damage to
surrounding tissues [173]. The 2 main mechanisms for damage by peroxynitrites are
the modification of intracellular molecules (e.g. DNA, lipids, proteins) directly by
oxidation and nitration of proteins (i.e., modification of tyrosine residues into
nitrotyrosine) [174]. The control of peroxynitrite formation is especially important in
studies of neural stem cell (NSC) treatment for spinal cord injury and nerve
regeneration. NSCs applied to the site of spinal cord injury between 0-5 days after
injury have a low survival and differentiation rate because of damage caused by
oxidation and the expression of inflammation-associated cytokines [175]. In studies so
far, a key time period for NSC implantation falls between 7 and 14 days after injury,
after which scar tissue forms at the injury site and the possibility of nerve regeneration is
completely closed [176]. However, even with a specified timeline for successful
implantation of NSCs, early reductions in peroxynitrite formation and inflammatory
cytokines may allow the successful application of NSCs closely following injury. When
scavengers of peroxynitrite were delivered in a polymer vehicle to the site of spinal cord
injury, the survival and proliferation of donor stem cells and resident nerve cells were
significantly increased [177]. In another example of tissue destruction produced by
reactive nitrogen species, the formation of peroxynitrite inside the pancreas of a pre-
diabetes type-| patient can damage insulin producing beta islet cells. As a result, the

patient slowly looses the ability to produce insulin in response to increases in blood
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glucose levels (e.g., after a meal is consumed). Although the formation of peroxynitrites
in this disease is attributed to long-term autoimmune inflammation, studies have
demonstrated that the inhibition of INOS by pharmacological intervention significantly
reduced the incidence of Type-I diabetes in lab animal models [178,179].

Methods of preventing cell and tissue damage arising from excess peroxynitrite
formation have included direct scavenging of peroxynitrites or inhibition of iINOS (main
NO producer after injury and during inflammation). In studies of spinal cord injury,
peroxynitrite scavengers have shown much promise in preventing neuron cell death.
Manganese (lll) Tetrakis (4-Benzoic Acid) Porphyrin (MnTBAP) is a potent compound
that has a strong affinity to scavenge and bind peroxynitrite [86,180]. When MnTBAP is
applied directly to the spinal cord tissue after injury, a significant reduction in nitration
and oxidation of proteins in the spinal cord tissue was measured [88]. However,
MnTBAP does not appear to affect levels of O,” or NO produced by leukocytes, the pre-
cursor molecules to peroxynitrite. Several studies of spinal cord injury and organ re-
profusion related injury have indicated that NO is produced primarily by iNOS from
activated macrophages [181].

Although the direct scavenging of peroxynitrite by MNnTBAP has shown positive
results in reducing peroxide-induced neuronal damage after injury, several researchers
have also proposed utilizing inhibitors of INOS as a prophylactic to stem the production
of peroxynitrite by initially reducing NO production. In this way, if there is a shortage of
NO during inflammation after injury, the O,  molecules will have fewer partners to
produce peroxynitrites. Mercaptoethyl guanidines (MEGs), including N®-nitro-I-arginine

methyl ester (L-NAME) and guanidinoethyl! disulfide (GED), are small molecule drugs
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that reduce NO through the competitive inhibition of L-arginine, a substrate for the iINOS
enzyme. In several recent studies, a number of MEGs were found to also act as
scavengers of peroxynitrites in addition to their actions as iINOS inhibitors
[86,87,92,179]. Although MEGs have been shown to reduce iINOS activity, they also
target other nitric oxide synthases that are not large contributors to peroxide-mediated
cell damage. For example, endothelial NOS (eNOS) is important in the regulation of
blood pressure in healthy individuals and the inhibition of eNOS can cause hypertension
if a nonspecific NOS inhibitor is administered systemically [91]. Of the drugs
mentioned, GED is 4 times more specific in targeting iINOS over other NOS molecules
[91]. In this study, GED was chosen both because of its strong specificity towards
inhibiting INOS and its peroxynitrite-scavenging ability [83,91]. However, GED, like
other MEGs, does have vascular side-effects when it is systemically or orally
administered at high doses [182]. Thus, the localized application of GED through a
polymeric delivery vehicle would further enhance the utilization of the drug in the
treatment of inflammation-induced peroxynitrite tissue damage while also circumventing
the hypertension problem that occurs with traditional delivery methods.

In previous studies, a self-crosslinking hydrogel composed of oxidized dextran
and N-carboxyethyl chitosan has been physically characterized using viscometry [72]
and utilized as a wound dressing in an experimental mouse full-thickness dermal defect
model [75]. Chapter 4 demonstrated that crosslinked Odex and CEC is well tolerated in
the abdominal cavity on cecal (large intestine) wounds/abdominal wall muscle defects in
rats and reduces post-surgical adhesions compared with untreated control animals

[183]. In all of the models, tissue healing occurred with acute, chronic inflammatory
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response, which was caused by macrophage cell-mediated degradation of the hydrogel
surface. The hydrogel's self-crosslinking is especially advantageous because it does
not require the addition of a separate cross-linking initiator to the polymer solution. Any
un-reacted initiators retained inside the crosslinked hydrogel could cause complications
by irritating the surrounding tissue if they diffuse out of the hydrogel bulk at a later time.
Additionally, water soluble drugs can be easily incorporated in the hydrogel matrix by
adding it directly to either Odex or CEC component of the hydrogel before mixing them.
The aldehyde (-CHO) and amine (-NH;) side groups on Odex and CEC molecules,
respectively, could also be explored as binding sites for small molecule drugs to
modulate local drug release. To our knowledge, the Odex/CEC hydrogel system has
not been utilized as a drug delivery vehicle in previously published literature. The drug
that was chosen for this study, GED, has 4 -NH; groups attached to its terminal ends.
The NH; groups present an opportunity for the drug to attach to the -CHO presenting
Odex molecules and thus serve as a mechanism to modulate the release of the drug
over time. We also hypothesized that the GED included in the crosslinking hydrogel
would affect the Schiff base formation between Odex and CEC as well as become
bound to crosslinked polymer structure.

In this study, we synthesized microgels (i.e. microspheres formulated from
hydrogel) using solutions of Odex and CEC by a suspension emulsion method. The
Odex and CEC solutions are mixed thoroughly outside of the emulsion first to initiate the
crosslinking reaction between the two polymers. Next, the mixture is added to the
continuous phase consisting of mineral oil and the aqueous polymer phase is dispersed

into individual droplets. These droplets of Odex/CEC mixture continue self-crosslinking
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while they are stirred inside the emulsion, resulting in the formation of solid microgel
particles. The microgels are isolated from the emulsion using sequential washes of
acetone and isopropanol and air dried as a final step. The microgel drug delivery
vehicle has a few advantages over a bulk hydrogel drug delivery system. Due to their
small size, microgels have a larger surface area to volume ratio than hydrogels, which
allows for more contact of the microgels to water and more opportunity for the drug to
release evenly over the microgel surface. Also, given their sizes, microgels can be
easily reconstituted in a saline solution and injected into the area where they are
needed to deliver their therapeutic payload. This attribute gives the microgels more
versatility in their applications.

After preparing any microparticulate drug delivery system, it is necessary to
perform initial in vitro tests to examine the inflammatory and cytotoxic potential of
microparticles with and without encapsulated drug. Transformed macrophage and
primary macrophage cell lines have been utilized to screen particulate matter in
previous studies [184-186]. Macrophage cells are important foremost in the production
of NO during the inflammation phase following injury. In this study, a murine
macrophage cell line, RAW 264.7 (TIB-71, ATCC, Manassas, VA), was utilized to study
the inflammatory potential/cytotoxicity of degraded Odex/CEC microgels and whole
microgels. RAW 264.7 cells are potent producers of inflammation indicators such as
TNF-a and interleukin 1 beta (IL-1B) when they are activated and thus demonstrate a
method to measure inflammation response to foreign materials [187] or endotoxins
[188-190]. These cells also produce high levels of reactive oxygen species (ROS) and

NO through the L-arginine pathway when they are activated. Previous publications have
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used RAW 264.7 cells to evaluate particles from orthopedic implant wear [188,191-193],
silica [194,195], and metallic particles [196,197]. These cells are utilized in ASTM
protocol F1903-10 as mediators to test the biocompatibility of particle compounds
before performing in vivo tests [185]. This project will measure NO, ROS, and TNF-a
production by RAW 264.7 cells to evaluate the inflammatory potential of released GED
from the microgels as well as direct contact with whole microgel particles with or without
GED encapsulated.

Short-term, subdermal implantation of biomaterials has also been used to assess
biocompatibility (to measure the tissue and immune system response due to the close
proximity of the material to the surrounding tissue) [198] and the localized effect of anti-
inflammatory drugs on fibrotic tissue encapsulation [199]. In this study, we designed
our in vivo experiment to measure the inflammatory response and fibrotic tissue
formation around implanted Odex/CEC microgels with or without GED encapsulated.
We hypothesized that by increasing GED content in the microgels, a corresponding
decrease in inflammatory cell infiltration and fibrosis surrounding the implanted
microgels would be observed. In the early stages of implantation, the material displaces
the space between the loose connective tissue under the dermis layer and dorsal
muscle layer and inevitably causes some blood vessel rupture and bleeding [200,201].
Leukocytes (e.g. neutrophils and monocytes) arrive at the implant area from the
compromised blood vessels and the tissue surrounding the wound bed [16,202]. The
main function of these cells is to clear damaged tissue, identify foreign bodies, and
produce cytokine signals to promote inflammation [203]. When leukocyte cells

encounter a foreign body (similar to the microgels in this project), they attach to the
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material surface and attempt to phagocytize the material [203,204]. As the
macrophages, present in the early inflammatory process, are interacting with the foreign
body, they also produce signals including NO, TNF-a, IL-1B, and IL-6 that signal
mesenchymal cells (e.g. fibroblasts) to migrate and proliferate in the wound bed
[200,204]. As the inflammatory phase draws towards an end, a down regulation of
TNF- a, IL-1, IL-6 is caused by the production of IL-10 (an anti-inflammatory cytokine)
by both mesenchymal cells and other macrophage cells inside the wound [205]. The
mesenchymal cells produce Collagen type Ill and later re-arrange to form stronger,
more organized Collagen type | fibers [206]. The collagen fiber capsule formed around
the implant mainly serves to separate the foreign material from the rest of the body and
further contact with the immune system [199,203]. In healthy wounds, a certain level of
NO is required as a chemical messenger to regulate the influx of neutrophilic cell types
during the inflammation period [207] and to signal fibroblast cells to produce collagens
to close the wound [208,209]. If the production of NO is diminished during the
inflammatory period, wound fibrosis is diminished. Several iINOS inhibitors, including
GED and L-NAME, have demonstrated the ability to disrupt collagen Ill deposition and
collagen | (produced from re-arranged collagen Il fibers) organization in healing skin
[85,210,211]. A recently published study in our lab utilized oxidized hyaluronan and
gelatin microspheres to deliver GED to a full thickness dermal wound in mice [212].
The results of the study indicated that released GED from these microspheres in situ
reduced both inflammatory cell infiltration and fibroblast cell migration into the wound
bed up to 7 days after injury. However, this study did not address the effects of GED

loaded microspheres on wound fibrosis and Collagen | or |ll deposition.
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5.3 Methods
5.3.1 Microgel Synthesis Using a Water-in-Oil Emulsion Method

To synthesize microgels, 0.08 g of Odex and CEC were dissolved overnight in
separate 10 mL aliquots of distilled water overnight at room temperature. The Odex
and CEC polymers utilized in this chapter were synthesized by both Dr. Lihui Weng and
the author (see Chapter 4). To prepare the oil phase of the emulsion, a mixture of 80
mL of light mineral oil (Sigma Aldrich, St. Louis, MO) with 1 mL of SPAN 80 (Sigma
Aldrich, St. Louis, MO) was placed in -20°C for 2 hours to pre-cool. At the end of this
period, the 0il/SPAN 80 mixture was placed on ice and mixed at 500 rpm for 5 minutes
with a rotary mixer fitted with a 3-cm propeller. Each solution of 0.8% Odex and 0.8%
CEC was loaded into separate syringes and the syringes were placed on ice briefly.
After the 0il/SPAN 80 was mixed for 5 minutes, the speed of stirring was increased to
1100 rpm. The Odex and CEC filled syringes were engaged to a two way connector
and the syringe contents were mixed by pushing the plungers back-and-forth 10-15
times, totaling approximately 30-35 seconds. Upon thorough mixing, the entire syringe
contents were pushed into one of the syringes, the connector in conjunction with the
empty syringe was disengaged, and the Odex/CEC mixture was ejected into the
oil/SPAN 80 phase under constant stirring. The emulsion was allowed to stir on ice for
1 hour. After 1 hour, the emulsion vessel was placed in a 48°C water bath and the
stirring speed was decreased to 800 rpm for 1 hour. The speed of mixing was further
reduced to 500 rpm to be mixed at 48°C overnight.

Incorporation of dye/drug molecules — The above protocol was modified slightly

for the incorporation of either guanidinoethyl disulfide (GED), a drug, or Toluidine Blue

O (C45H46CIN3S, Electron Microscopy Services, Hatfield, PA). Toluidine Blue O was
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chosen as a model payload molecule to test release kinetics of the Odex/CEC
microgels. Both Toluidine Blue O and GED have similar molecular weights (305.8 and
360.5 g/mol, respectively) and solubility in water (3.8 and 2.7 g/100 mL, respectively),
but Toluidine Blue O only has 1 amine group compared with GED’s 4 amine groups.
The dye also allows the qualitative evaluation of the elution of payload over time by
monitoring color change of the release medium over time.

The drug or dye was added to the aqueous Odex solution prior to crosslinking
because it is less viscous than the CEC solution, ensuring that the drug is incorporated
homogenously into one polymer phase before mixing. To accommodate the addition of
a payload molecule, an Odex solution was prepared by adding 0.08 g of Odex to 9 mL
of distilled water instead of 10 mL. For microsphere batches containing 10 mg of dye or
drug (“high dose” microgels, 63 pg drug or dye/mg microgel), a 1 mL solution of 10
mg/mL of dye or drug was added to the 9 mL of Odex solution already loaded into a
syringe. The dye or drug solution was incorporated into the Odex solution by tapping
the syringe several times. Microgels containing 1 mg of dye or drug received a 1 mL
solution of 1 mg/mL of dye or drug (“low dose” microgels, 6.3 pg drug or dye/mg
microgel) added to 9 mL of Odex solution. The dye/drug containing Odex was then
mixed with 10 mL of CEC solution using the protocol described previously.

Microsphere recovery — Microspheres were recovered using a series of

isopropanol and acetone washes to dissolve and remove the residual oil remaining from
the emulsion. Briefly, after overnight stirring, 80 mL of pure isopropanol was added to
the emulsion and the mixture was aliquoted equally into 4 separate 50 mL centrifuge

tubes. The mixtures were centrifuged at 2500 rpm for 10 minutes at room temperature
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(Allegra X-15R, Beckman Coulter, Brea, CA). The supernatant was aspirated from
each tube leaving a “pellet” of microgels. The microgels were further consolidated into a
single centrifuge tube by suspending each microgel pellet in 5 mL of pure isopropanol
and transferring by pipette to a single vial. A volume of 20 mL of pure acetone was
added to the microgel/isopropanol suspension (isopropanol:acetone, 1:1). The
microgels were centrifuged again at 2500 rpm for 10 minutes. Afterwards, the
supernatant was aspirated and 30 mL of pure acetone was used to wash the microgel
pellet. The microgels were centrifuged again and the pure acetone washes were
repeated thrice with the same volume of solvent. At the last acetone wash, the
microgels were suspended in 5 mL of acetone and aliquoted out into 2 mL Eppendorf
tubes, and centrifuged at 2500 rpm for 10 minutes using a bench-top centrifuge
(Microfuge 22R, Beckman Coulter, Brea, CA). After the final centrifugation step, the
acetone was aspirated out and the microgel pellets were allowed to air dry for 36 hours
in a laminar flow hood. The microgel pellet tubes were labeled with lot numbers
assigned by the author and placed in a dark, dry container at room temperature until

needed.

5.3.2 Physical Characterization of the Microgels

SEM study of microgel morphology - To assess the morphology of the microgels,

1 mg samples of microgels (containing GED or no GED) samples were placed in 1 mL
of pure isopropanol and the sample vials were placed in a sonicator bath (FS30H,
Fisher Scientific, Pittsburgh, PA) briefly (30 seconds) to suspend. About 0.2 mL of each

microgel suspension was added drop-wise to a 1 x 1 cm aluminum stub. The solvent
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was allowed to fully evaporate before processing the samples for SEM imaging. The
microgels and stub were then sputter-coated with gold and placed inside the scanning
electron microscope (LEO1550 with Robinson Backscatter Detection, Carl Zeiss
International, Peabody, MA) specimen chamber. Images were captured digitally.

Particle size analysis - Particle size analysis was performed on blank microgels

(no GED loading) and microgels loaded with GED. Microgels loaded with Toluidine
Blue O were not included in the size analysis. Equivalent diameter values were
determined using dynamic light scattering (DLS) (ZetaPlus, Brookhaven Instruments,
Brookhaven NY). The detailed protocol for DLS is located in Appendix A. Briefly, each
batch of microgel was resuspended in PBS and sonicated to disperse any aggregated
particles. The resuspended microgels were then transferred to a disposable,
polystyrene cuvette and the cuvette was placed in the zetasizer instrument. Particle
size analysis was initiated by the provided software and algorithm (ZetaPlus Particle
Sizing Software v.4.10, Brookhaven Instruments, Brookhaven NY). Sizing was
performed on 3 different batches of each GED loading. Average and standard deviation
of effective diameter were used in statistical analysis.

Zeta potential analysis - Zeta potential analysis was performed using the same

instrument (ZetaPlus) as described in the particle sizing protocol. Toluidine Blue O
containing microgels were excluded from zeta analysis because dye eluted from the
microgels could damage the plate electrodes. The zeta potential measurements were
determined by utilizing phase analysis light scattering (PALS) technique and
Smoluchowski Equation, calculated internally by the installed software package (PALS

Zeta Potential Analyzer v.3.57, Brookhaven Instruments Corp., Brookhaven NY). The
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detailed protocol for preparing the microgel samples for zeta potential analysis can be
found in Appendix A. Briefly, samples for zeta analysis were prepared in a less turbid
suspension than their particle size analysis counterparts. The diluted suspensions of
microgels were added to disposable, polystyrene cuvettes and the zeta electrode unit
was inserted inside the cuvette. Each sample was analyzed for 30 cycles a total of 5
times. The samples were rested for 30 seconds between runs to prevent the samples
from overheating. The zeta potential values from each run set were averaged and

standard deviation was calculated.

5.3.3 Release Kinetics of GED and Toluidine Blue O from Microgels

Release kinetics and sample collection — The goal of this protocol was to

measure the release of Toluidine Blue O and GED over time in an aqueous solution
formulated with physiological pH and ion concentration. The PBS as a release medium
has been well documented in literature and is often the first measure of drug release
kinetics from drug delivery devices [213]. For both Toluidine Blue O and GED loaded
microgels, approximately 15 mg of each formulation (n=3 each dye/drug loading) was
placed in 2 mL cryovials and re-suspended in 1.5 mL of PBS (pH = 7.4). The vials were
then mixed by rotation end over end in a 37°C warming oven. Samples of the release
medium were taken at 1, 4, 8, and 24 hours first, followed by sampling every 2 days for
a total of 9 days for GED microgels and 42 days for Toluidine Blue O microgels. At
each time point, the vials were removed from the warming oven and each vial was
centrifuged at 2500 rpm for 10 minutes at room temperature. An aliquot of 1.2 mL was

extracted from the supernatant in each vial, placed in separate sample tubes, and

107



stored at -20°C (GED) or room temperature (Toluidine Blue O). Fresh PBS (1.2 mL)
was added back to each microgel-containing vial to return the release medium vial
volume to 1.5 mL. The microgel vials were then placed back inside the warming oven
and rotated until the next sample time point.

Quantification of GED release — Released GED was quantified using high

performance liquid chromatography (HPLC) techniques by Mr. Yuqun Hong in the
Department of Surgery at Stony Brook University Hospital (column: Superco 5u C18
RP, 250 x 4.6 mm; mobile phase: 40 mM KH,PQO4, 3% acetonitrile, pH=3; flow rate: 1
mL/min; temperature: 25° C; UV-Vis detector: Agilent HP G1314A; detection
wavelength: 245 nm). Release samples were first filtered to eliminate any microgel or
microgel degradation products that could damage the HPLC column during
measurement. The amount of GED released from the microgels was expressed as
fraction of GED released compared to the total amount of GED loaded:

M
F — Re leased ( 2 )

M Loaded

where Mgeleased IS the cumulative measured GED released (ug GED/mg microgel) and
Mioaded (Mg GED/mg microgel) is the theoretical loading of GED per microgel sample.
Mgeleased iS calculated by multiplying the measured concentration of GED from the HPLC
measurement (ug GED/mL PBS) by total volume of supernatant (1.5 mL) and dividing
the amount of GED released by the total weight of the microgel sample. M oageqd iS
calculated by dividing the total amount of GED loaded in one microgel batch (either 1 or
10 mg) by the total polymer weight (160 mg). The cumulative amounts were plotted

versus time in hours.
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Quantification of Toluidine Blue O release — Toluidine Blue O release was

quantified using a visible light spectrophotometer (Infinite M200, Tecan, Mannedorf,
Switzerland) and a detection wavelength of 691 nm. A standard curve of Toluidine Blue
O in PBS was performed and the resulting equation from the curve was used to
calculate the amount of dye released at each time point. Dye release over time was
calculated using F, similar to the GED release calculations described previously
(Equation 2).

Toluidine Blue O total loading — To measure total Toluidine Blue O loading in the

microgels, the amount of Toluidine Blue O lost during the recovery period was
measured using visible light spectrophotometry. The mixture of mineral oil, residual
water, and isopropanol in the recovery solutions creates an absorption spectrum
different from pure water and it was necessary to produce similar diluents for a
calibration curve. Mixtures of 4 mL of light mineral oil/SPAN 80 (oil:span, 80:1), 1 mL
aqueous Toluidine Blue O (0 - 0.08 mg/mL), and 5 mL of pure isopropanol were
produced. The resulting standard solutions had dye concentrations ranging from 0 to
0.014 mg/mL after accounting for dilution by mineral oil/SPAN 80 and isopropanol.
Approximately 0.1 mL samples of the primary wash solutions from microgel batches (1
or 10 mg dye initially loaded) were placed in a 96-well plate and an equal amount of
pure isopropanol was added to dilute each sample. Total amount of dye was calculated

from the standard curve equation and correcting for total volume of wash solution.
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5.3.4 Macrophage Cell Culture

Macrophage cells, RAW 264.7, were purchased from American type cell culture
(TIB-71, ATCC, Manassas, VA). Cells were cultured in Dulbecco’s modified essential
media (DMEM) (Invitrogen, Camarillo, CA) supplemented with 10% heat inactivated
fetal bovine serum (Atlantic Biosciences, Atlanta, GA) and 1% penicillin/streptomycin
(Gibco, Invitrogen, Camarillo, CA). The media was changed every 2 days. Cells that

were destined for experiments were not given fresh media 24 hours before re-plating.

5.3.5 Biocompatibility and Inflammation Potential of Release Samples from
Microgels

The microgel release samples were obtained from either microgels that were
initially loaded with a high dose of GED (63 ug GED/mg microgel) or no GED. The goal
of this experiment was to determine whether the released GED or any degraded by-
products of the Odex/CEC microgels may induce any cytotoxicity or inflammatory
reaction in macrophage cell culture. The release samples were prepared and collected
using a similar method as described in Section 3.2.7, except that the release media
used in this study was cell culture media (DMEM without fetal bovine serum) instead of
PBS. Prior to adding the release media to the microgel samples (n=3, each
formulation), the microgels were first disinfected by soaking in 100% isopropanol for 1
hour. The microgels were then centrifuged at 2000 rpm to pellet and the isopropanol
was aspirated out of each sample under sterile conditions. Any residual isopropanol
remaining in the microgel pellets was extracted under vacuum. The average sample

weight for GED loaded microgels and no GED loaded microgels was 19.2 mg and 18.5
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mg, respectively. The release time points used in this experiment were 1, 2, 4, 8 h first,
then 1, 3, 5, 7, 10, and 12 days thereafter. Release samples were placed in sterile
sample tubes and stored at -20°C until use.

RAW 264.7 cells were plated in 96-well plates at a density of 9.5 x 10* cells per
well in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. The plated
cells were allowed to acclimate to the new plates overnight at 37°C with 5% CO, before
any microgel releasate samples were added. The next day, the macrophage cells were
treated with release samples from high dose GED and no GED microgels. The media
from each well was aspirated out, approximately 0.1 mL of release samples were added
to each well (n=3 for each release sample), and the cell plates were placed back inside
the cell culture incubator. The cells were exposed to the release samples for 24 hours

before performing the

5.3.6 Biocompatibility of Whole Microgel Particles With and Without GED Loaded
RAW 264.7 cells were plated in 48 well plates at a density of 2.5 x 10* cells per
well in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. For ROS
measurements, macrophage cells were cultured in phenol-red free DMEM (Gibco,
Invitrogen, Camarillo, CA) and supplemented with similar concentrations of heat
inactivated serum and antibiotics. The cells were allowed to acclimate to the multi-well
plates for 24 hours at 37°C with 5% CO, before adding any microgels to the cultures.
After the plating procedure, microgels destined for cell culture were first weighed
(9.8 mg per microgel formulation or 75 ug microgel per well). The amount of microgels

used per well was determined from literature investigating inflammation potential of
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microparticles with RAW 264.7 macrophage cells. According to published studies,
inflammation-causing particulates at concentrations 50 to 300 pg/mL produced robust
levels of inflammatory cytokines (e.g. TNF-a, IL-6, IL-8) within 24 hours of exposure
[189,214,215]. In this protocol, we decided to use a concentration of 300 ug/mL of
microgels per well. The microgels were disinfected by soaking in 100% isopropanol for
1 hour. Afterwards, the isopropanol was aspirated out of each vial under a sterile hood
and a piece of aluminum foil was placed over the vial opening. A small hole was
punctured in the foil and the residual isopropanol was evaporated from microgels under
vacuum. When the microgels were thoroughly dried (24 hours after disinfection), the
vials were removed from the vacuum vessel and then sealed with the original vial lid
under sterile conditions. Before the microgels were added to the cells, the cell culture
media was removed from each well and replaced with 0.15 mL of fresh DMEM. The
microgels were suspended in DMEM at a concentration of approximately 0.75 mg
microgels/mL DMEM and 0.1 mL aliquots of the suspension were added to each well.
Negative control cells received 0.1 mL of fresh DMEM in each well instead of microgel
suspension. The cell plates were then placed back inside the cell culture incubator.
Time points for measuring nitrite production, TNF-a production, metabolic activity, cell
density, and ROS production occurred at baseline (Day 0) and at 1, 3, and 7 days after
microgel treatment. Cells were fed with 0.25 mL of fresh DMEM on Day 3 and Day 5

(not a data collection time point).
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5.3.7 Microgel Co-Incubation with Endotoxin Stimulation

Lipopolysaccharide (LPS) has been utilized as an inducer of inflammation in
RAW 264.7 cells. The objective of this experiment was to measure inflammatory
response of LPS-activated RAW 264.7 cells after they are treated with microgels
containing GED (2 doses) or no GED. This experiment was performed in parallel with
the protocol in Section 5.3.6, except that 1 ug of LPS (E.coli B5:55, Sigma Aldrich, St.
Louis, MO) was added to each well containing either no microgels or microgels with 0O,
6.3, or 63 ug GED/mg microgel. Microgels used in this experiment set were the same
microgels that were used in the previous protocol. Time points for measuring nitrite
production, TNF-a, metabolic activity, INOS detection, adhered cell density, and ROS
production occurred at baseline (Day 0) and at 1, 3, and 7 days after microgel and LPS
treatment. Cells were fed with 0.25 mL fresh DMEM with LPS on Day 3 and 5 (not a

measurement time point).

5.3.8 Adhered Cell Density.

Following treatment of macrophage cells to microgel release samples or whole
microgels, the adhered cell density was measured by staining methanol-fixed
macrophage cells with a 0.5% crystal violet solution and then measuring the amount of
dye contained inside the fixed cells after the stain is extracted using detergents
[185,188,216,217]. The measured optical density of each treatment sample was
compared with the measurements obtained from the negative control cells. Briefly, the
media from each well was removed completely and stored in sample tubes for nitrite

determination. The cells were rinsed twice with cold PBS, fixed with a 70% aqueous
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methanol solution (ice-cold), and the plates were placed on ice for 20 minutes. After the
fixation process, the methanol solution was aspirated from each well and replaced with
100 pL of 0.5% crystal violet solution for 10 minutes at room temperature. When the
staining process was completed, the dye solution was removed and the wells were
rinsed with tap water until all unbound dye was washed away. The crystal violet was
then extracted from the stained cells using a 1% solution of sodium dodecyl sulfate
(SDS) in distilled water. To increase the dye extraction rate, the plate was placed on an
orbital shaker at room temperature for 1.5 hours. After the dye was completely
extracted from the adhered cells, 0.1 mL aliquots of each extraction supernatant were
loaded into a 96 well plate. The optical density of each solution was measured using a
visible light plate spectrophotometer set at 570 nm. The optical density readings from
each microgel release sample treatment were compared to the readings obtained from

the negative control cells.

5.3.9 Nitrite Measurement

Nitrite concentration was determined by Greiss reaction (Molecular Probes,
Eugene, OR). Sulfanilic acid (Reagent A) is quantitatively converted to a diazonium salt
by reaction with nitrite in acid solution. This salt is then coupled to N-(1-
naphthyl)ethylenediamine (Reagent B), forming an azo dye that can be quantified with a
spectrophotometer based on its optical density at 548 nm. Media from each cell culture
well (baseline and 24 hours) were collected before determining adhered cell density and
stored in sample tubes (-20°C). At the time of analysis, the samples were defrosted at

room temperature and 0.15 mL of each sample was combined with 0.02 mL of Greiss
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reagent (50:50, Reagent A:Reagent B) and 0.130 mL of distilled water was added to
each sample in a 96-well plate. The assay was incubated at room temperature in the
dark for 30 minutes. The optical density of each sample was measured using a visible
light spectrophotometer set at 548 nm. A calibration curve of nitrite (0 — 200 mM) was

also produced in parallel to the unknown samples using DMEM as a dilution agent.

5.3.10 TNF-a ELISA

Cell culture supernatant from each well was collected and frozen at -20°C before
the ELISA assay protocol (TNF-a Mouse ELISA Kit, Invitrogen, Camarillo, CA). At the
time of this assay, the supernatants were defrosted on ice and then briefly vortexed.
Approximately 0.05 mL of each sample (n=3 for each treatment per time point) was
added to the wells of the assay plate along with 0.05 mL of the supplied diluents
solution from the kit. The samples were prepared and treated with the supplied
antibodies and wash solutions per the manufacturer’s instructions. The optical density
readings were measured using a visible light spectrophotometer (EL 800, BioTek,
Winoosk, VT) using a 405 nm wavelength. The optical densities of the microgel treated

samples were normalized to cell density and averaged for each treatment group.

5.3.11 Metabolic Activity in Macrophage Cells

The MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation Assay,
Promega, Madison, WI) measures mitochondrial activity (i.e. oxidative metabolism) of
cells in culture by measuring the reduction of a tetrazolium salt to formazan producing a

color change in the cell culture supernatant. The depth of this color change is indicative
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of the amount of reduction reaction: the greater the oxidative metabolic activity in cells,
the darker the solution becomes. Macrophage cells that are activated by inflammation-
inducing substances have an increased oxidative metabolism compared to inactive cells
[218]. The goal of this protocol was to measure the metabolic activity of macrophage
cells after co-incubation with whole microgels (with and without GED) as a measure of
microgel inflammatory potential. To perform this assay, the cell media was removed
and replaced with 0.25 mL of fresh media without additional microspheres.
Approximately 0.0125 mL of MTS reagent was added to each well and the plates were
incubated for 1 hour in the cell culture incubator at 37°C. At the end of one hour, 0.1
mL of each well supernatant was transferred to an empty 96-well plate and the optical
density of each sample was read at 490 nm using a spectrophotometer (Tecan M200,

Tecan Mannedorf, Switzerland).

5.3.12 Reactive Oxygen Species (ROS) Determination

This assay measures levels of ROS in the form of hydrogen peroxide that is
produced by macrophages inside the cytoplasm when the cells are challenged with
bacterial endotoxins or a foreign body. The production of ROS is detected by the
oxidation of 2’,7’-dichlorofluorescin diacetate (DCFH-DA) to dichlorofluorescein (DCF)
and the oxidized molecule is detected by fluorescence spectrophotometry [219]. Cells
in this portion of the study were cultured in phenol-red free DMEM with 10% heat
inactivated fetal bovine serum. At the start of the assay, the media was removed from
all the wells and replaced with fresh phenol-red free DMEM containing 15 mM DCFH-

DA (Sigma Aldrich, St. Louis, MO) and the cells were returned to the cell culture
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incubator for 15 minutes. After 15 minutes, the DCFH-DA solution was removed and
the wells were rinsed with PBS to remove any un-reacted DCFH-DA. An aliquot of 0.2
mL of 0.1% Triton-X100 (in PBS) was added to each well and the cells were incubated
at room temperature for 7 minutes. The Triton-X100 is added in order to lyse the
macrophage cells and release the DCF into solution. Approximately 0.1 mL of each
well's content was added into an empty 96 well plate. The fluorescence of each sample
was read at ex 504/em 530 nm (gain=50) by a fluorescent plate reader (Infinite
M200,Tecan, Mannedorf, Switzerland). The results were averaged for each treatment

group (n=3) and reported as percent of control readings.

5.3.13 Subdermal Implantation of Microgel Particles Containing GED and Measure
of Inflammatory Reaction and Fibrotic Encapsulation

Animal Care and Welfare - Mice used in this protocol were wild-type, CD-1 males

(weight: 20 - 30 grams) that were 6-7 weeks of age at the time of the procedure. The
animal experiments were carried out in accordance with a protocol approved by the
Institutional Animal Care and Use Committee (Protocol number: 2007-1722). Housing
and care for the animals was in accordance with the National Research Council
guidelines (National Research Council. Guide for the Care and Use of Laboratory
Animals. National Academy Press. Washington. DC. 1996).

Sterilization of microgels — Approximately 10 mg of each microgel formulation (O,

6.3, and 63 pyg GED/mg microgel) and 10 mg of poly(lactic-co-glycolic acid) (PLGA
50:50) were measured into sample vials and disinfected by soaking in 1 mL of pure

isopropanol for 1 hour. After 1 hour, the vials were centrifuged at 2500 rpm for 10
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minutes to pellet the microgels and PLGA microspheres and the supernatant was
aspirated under a sterile hood. Any residual isopropanol was removed by placing the
samples under vacuum overnight. The dry microgels and PLGA microspheres were
then stored at room temperature until the implantation time. The zeta potential and
effective diameter values of each microparticle treatment (from Section 5.3.2) are found
in Table 5.1.

Subdermal implantation — Mice were first anesthetized with inhaled isoflurane

(5% for induction and 2.5% for maintenance). The fur and skin between the shoulder
blades was cleaned thoroughly with 70% isopropanol. Each Odex/CEC microgel
sample (n=3, each GED loading) was re-constituted with 0.2 mL of saline prior to
implantation. The microgel suspension was loaded into 1 mL syringes with 25 gauge
needles and placed vertically with the shielded needle pointing down. The microgels
were injected under the dorsal skin between the shoulders of the animal. PLGA
microsphere samples (n=3) were prepared in the same manner as the microgels.
Control animals (n=3) received 0.2 mL of saline only. Odex/CEC microgels and PLGA
microspheres that remained in the syringes after implantation were flushed out with
isopropanol, dried, and weighed (Table 5.2). The residual microgel/microsphere
weights were subtracted from the starting sample weight to determine the approximate
amount of particles implanted. The implant area was marked on the animal’s fur using
permanent ink markers and the animal was then returned to its cage. The implants
remained for 3, 7, or 29 days after placement. Saline control animals were only
sacrificed at Day 29. For animals in the Day 29 implant group, the site of implantation

was re-colored every 7 days with permanent ink until the sacrifice time point.
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5.3.14 Subdermal Implant Collection

Tissue sample collection — At 3, 7, or 29 days after implantation, the mice were

sacrificed by inhaled carbon dioxide. The time points for sacrifice and tissue evaluation
were chosen based on an evaluation of the literature available for wound healing
studies and subdermal implantation for biocompatibility testing. Day 3 represents an
early time point following implantation where the process of inflammation has reached
its peak of activity [220]. At this time point, the predominant cell type in the implant area
would be polymorphonuclear leukocytes (PMN) cells, such as neutrophils and
macrophages. Measuring the density of PMN cells in the implant site would yield
information about the tolerability of the microgels in the subdermal space and whether
released GED has an effect on these cell populations. Day 7 represents the later
portion of the normal inflammatory reaction. In the late inflammatory period, the cell
population inside a wound shifts from predominantly neutrophils to mostly
macrophages. The later time point at Day 29 represents the remodeling phase of
wound repair in which collagens are re-arranged into thick, fibrils and scar tissue begins
to form. In terms of subdermally implanted biomaterials, the re-arrangement of collagen
fibrils occurs in the form of a fibrous capsule that segregates the material from the
body’s immune system. The thickness of the collagen capsule surrounding the
implanted material is largely dependant on the severity and length of the inflammatory
period caused by the foreign body reaction [203].

At each sacrifice time point, the site of implant was determined by the permanent
ink markings on the animals’ fur. The tissue was excised under the pen markings (skin

and dorsal muscle), rinsed briefly in distilled water, and placed in 10% buffered formalin
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to fix. Within 24 hours, the saline and microgel implant samples were embedded in
paraffin (embedding and sectioning performed by McClain Laboratories, Smithtown,
NY). Microspheres made from PLGA could not be processed for paraffin embedding
because this polymer is readily soluble in xylene (a required solvent for paraffin
processing). Instead, PLGA microsphere samples were embedded in optimal cutting
temperature (OCT) compound for cryosectioning (OCT embedding and sectioning was

also performed by McClain Laboratories).

5.3.15 Histological Evaluation of Inflammation and Microgel Localization Inside
the Tissue
Inflammatory cell infiltration (macrophages and neutrophils) was determined

using a semi-quantitative grading system described previously by De Jong et al. [221]:

1 = Minimal inflammatory response with 1 or more small conglomerates of
macrophage or neutrophil cells present or a few single cells
present;

2 = Moderate inflammatory response, several small conglomerates or

single macrophage or neutrophil cells are regularly present;

3 = Marked inflammatory response, several large conglomerates of

macrophage or neutrophil cells present;

4 = Severe inflammatory response, large confluent areas of macrophages

or neutrophils present.
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H&E staining for the inflammatory cell infiltration study was performed by McClain
Laboratories as part of their standard embedding and sectioning service. All H&E
stained sections were examined with 10x magnification and a minimum of 5 images
were captured throughout each section. The inflammation scores were collected for
Day 3, 7, and 29. The resulting scores were reported as median values.

Microgel localization inside and surrounding the microgel implant area was
determined using a standard Masson’s Trichrome Staining protocol (see Appendix B for
complete details). Tissue sections of 5 ym thickness were stained using this method

and images were captured using a 20x objective.

5.3.16 Picrosirius Staining to Evaluate Capsule Fibrosis

Although Masson’s Trichrome staining can identify collagens in tissue, it does not
differentiate between types of collagen or whether the collagens present are in the
cytoplasm of fibroblasts or assembled into mature fibrils. The picrosirius red staining
protocol utilizes a birefringent stain that allows the identification of Collagen type | and
[ fibrils under polarizing light microscopy. The staining method used in this study was
modified from a previously published protocol [222] and performed by the author (see
Appendix B for full details). After re-hydrating, the sections were placed in a solution of
0.1% Sirius red (Direct Red 80, Sigma Aldrich, St. Louis, MO) dissolved in an aqueous
0.1% saturated picric acid.

Polarizing microscopy was performed by the author using a Nikon inverted light
microscope. Images were captured using the attached camera system (Retiga EXi Fast

1394, Quantitative Imaging Corp., Surrey, British Columbia) and image capture software
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(Qcapture v.2.71.0.0, Quantitative Imaging Corp., Surrey, British Columbia). Collagen
type | fiber content was measured in the cyst capsule directly surrounding each implant
by digitally capturing 1 image at 2x magnification and measuring the intensity of the
coloring using ImagedJ (ver. 1.430, National Institutes of Health, http://rsbweb.nih.govi/ij/).
Collagen type | was quantified by first splitting the color image of the birefringence into
separate RGB channels. The green channel was utilized to measure intensity of the
red/yellow fibers that indicate the presence of Collagen type I. The implant area was
traced using the polygon select tool to denote the area over which the collagen
measurements will take place. The threshold was then adjusted to mask off the grey-to-
white collagen fibers displayed in the image. Output readings were adjusted to display
both area fraction (Collagen type | vs. total implant area) and area in pixels squared.
The resulting normalized measurements were averaged for each animal and then

averaged with other animals within each treatment group.

5.3.17 Data Analysis and Statistics

Particle diameter, zeta potential, and GED/Toluidine Blue O release kinetics
results were expressed as mean + standard deviation. Statistical analysis was
performed for all tests using the One-Way ANOVA (power = 0.800, p<0.05 for
significance) with Tukey HSD post-hoc test using a statistical program package (SPSS
v. 14.0.0, LEAD Technologies Inc., Charlotte, NC).

Results of in vitro tests including cell density, metabolic activity, nitrite production,
ROS, and TNF-a production were calculated as mean % standard deviation. The

averaged results within each test group were statistically compared using the One-Way
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ANOVA (power = 0.800, p<0.05 for significance) with Tukey HSD post-hoc tests also
using SPSS software.

Where a graded scale was used, the Kruskal-Wallis One-Way Analysis of
Variance on Ranks was performed (p<0.05) followed by a Dunn’s post-hoc test. A
Mann-Whitney Rank Sum test was used to evaluate graded scale scores when only 2
treatment groups are compared (p<0.05). Student’s t-test was utilized to compare the

amount of Collagen | in 29 day implant tissue sections (p<0.05).

5.4 Results
5.4.1 In vitro characterization of Odex/CEC microgels

Microgels from all GED loadings demonstrated a smooth, spherical topology
(Figure 5.1). The range of diameters microgels in the SEM images appears to fall
between 3600 and 260 nm. There also appear to be some much smaller particles
(>130 nm) that were compressed against the surface of some of the larger microgel
particles; otherwise, these particles appear only sporadically in the image. Dynamic
light scattering analysis showed the mean effective diameters for microgels loaded with
0 ug GED/mg microgel (no GED microgels), 6.3 ug GED/mg microgel (low dose GED
microgels), and 63 pyg GED/mg microgel (high dose GED microgels) were 1954.1 +
150.8, 2080.0 + 373.4, and 1988.8 + 370.1 nm, respectively (Figure 5.2). No significant
difference was detected in average, effective diameters between GED loadings in
microgel particles (p=0.888).

The zeta potential measurements for each GED loading are located in Table 5.3.

There were no significant differences (p=0.748) in zeta potential measurements
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between drug loadings in the microgels: -22.2 + 0.4, -21.3 £ 2.3, and -20.9 £ 2.7 mV for
no GED, low dose GED, and high dose GED microgels, respectively. However, some
significant differences in zeta potential measurements were detected between batches
of GED-loaded microgels (Table 5.4). Both microgels containing low dose and high
dose GED loaded initially showed some significant differences between lots (p<0.001,
both drug loadings). There was no significant difference detected between no GED

microgel batches (p=0.331).

5.4.2 GED Release Kinetics

The high dose GED microgels demonstrated a burst release of 12.5+£0.48% at
the 1 hour time point (Figure 5.3). At 24 hours after the study began, approximately
32.1 + 1.3% total of the GED was released from the high dose GED microgels. GED
continued to release, but at lower levels than the 24 hour time point, until the 9 day time
point, which showed a cumulative release of 36.9 £+ 1.4% of loaded GED. After this
point, the amount of GED released plateaus and does not release significant amounts
of drug. The release of GED from the low dose GED (6.3 yg GED/mg microgel)
particles could not be measured by HPLC because the amount of GED was below the

detection threshold of 1 pg/mL.

5.4.3 Toluidine Blue O release kinetics and total dye loading
The release of Toluidine Blue O from microgels demonstrated modest burst
releases (1 hour after experiment start) of 10.5 £ 0.24% and 5.2 + 0.78% for microgels

loaded with high dose Toluidine Blue O (63 pug dye/mg microgel) and low dose Toluidine
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Blue O (6.3 pg dye/mg microgel), respectively (Figure 5.4). After 24 hours, the total
accumulated release of dye was 30.6 £ 0.68% and 9.0 £ 0.76% for microgels loaded
with high dose and low dose Toluidine Blue O, respectively. At 9 days, the cumulative
fraction of dye released from high dose microgels was up to 55%, which was
significantly higher than the cumulative release of GED with similar loading. Microgels
loaded with the high dose of Toluidine Blue O initially demonstrated dye release past
the 24 hour time point and eventually reached a slower rate of release after 15 days in
release buffer. There was a significant difference between the accumulated amounts of
dye at Day 63 versus Day 15 in the high dose Toluidine Blue O microgel samples (p <
0.05). Samples with a low dose of Toluidine Blue O did not show any significant
increases in dye release after Day 5 (p > 0.9). Both microgel formulations showed
some blue dye was retained inside the polymer matrix after 15 days. Microgels with the
highest concentration of Toluidine Blue O appeared to be darker blue in color than
microgels with the lowest concentration at this later time point. The release kinetics
experiment was allowed to be continued past the reported 15 days with total release
media changes every 2 days.

Wash solutions from microgels loaded with Toluidine Blue O were light blue in
color, signifying loss of the dye into the isopropanol/light mineral oil mixture during the
first wash. The loss of the dye into the first wash solution is not unexpected, as
Toluidine Blue O is soluble in many types of alcohols, including isopropanol. Toluidine
Blue O containing microspheres were found to have an 88.9% loading rate for microgels

loaded with 10 mg dye and 83.2% for microgels loaded with low dose of dye.
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5.4.4 Microgel Release Samples Co-Incubated with Macrophage Cells

Overall cell density — As demonstrated in Section 5.4.2, microgels loaded with

GED exhibit burst release in the first time point (1 hr) followed by a more modest
release of GED after 24 hours. A dose response could be observed with cells that were
exposed to GED released from microgels. Macrophage cells treated with the earliest
time samples (1, 4, and 8 hr) showed a significant decrease in overall cell density (54%
of negative control cell readings) (Figure 5.5B). Cells that were treated with releasate
samples from microgels without GED did not show any significant differences in relative
cell density after exposure to any of the samples (Figure 5.5A). However, the cell
density of treated macrophage cells was nonetheless increased over the negative
control cells at the same time point. Unfortunately, a few groups had to be excluded
from the statistical analysis because the sample sizes were too small (n=2), including 8
hour and 3, 5, and 7 days. These samples had optical densities that were in excess of
the measurement limits of the spectrophotometer.

Nitrite Production — Cells that received release samples from no GED microgels

did not show any difference in nitrite production (0.8 < p <1.0) between any of the
release sample time points (Figure 5.6A). Cells exposed to early time point GED
release samples (1 and 2 hrs) produced significantly higher (p<0.01) amounts of nitrites
compared to later time point (8 hrs and later) (Figure 5.6B). After the 8 hour release
sample, there were no significant differences in nitrites produced in macrophage cells
exposed to release samples from the 24 hour collection time point to the 12 day GED

release sample. Normalized levels of nitrites produced from exposure to later GED
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release samples showed magnitudes similar to nitrite levels from release samples of

microgels without GED.

5.4.5 Whole microgels co-cultured with macrophage cells

Overall cell density — The complete summary of relative cell density of microgel

treated cells (both with LPS and without LPS activation) is found in Figure 5.7. Microgel
treated cells displayed a decrease in cell density at Day 1 for all GED doses.
Macrophages treated with high-dose GED microgels (63 ug GED/mg microgel) at this
same time point demonstrated significantly higher cell density than macrophages
treated with microgels with no GED loaded (p=0.002). Microgels without GED loaded
had the lowest cell density compared with low or high dose GED microgels and the
negative control cells. At Day 3, low dose and high dose GED microgel treated cells
had significantly lower cell density than the negative control cells or the microgels
without GED loaded. However, at Day 7, all microgel treated cells showed significantly
higher cell density than the negative control cells.

At Day 1, cells treated with only LPS showed significantly higher cell density than
all other treatment groups (p<0.001). Visual inspection of LPS-only treated cells before
stain extraction showed an increase in cell density. Similarly, macrophages treated with
high-dose GED microgels plus LPS showed significantly increased cell density
compared with cells receiving only microgels without GED loading (p = 0.002).
However, there was no statistical difference between cells exposed to low dose GED
microgels and the no GED microgels with LPS stimulation. At Day 3, all LPS treated

cells (with and without microgels) showed significantly decreased cell density compared
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with the Day 1 results. The morphology of these cells showed increased cell spreading
and surface area compared with their non-LPS treated cell counterparts. Cells that
were not exposed to LPS with or without microgels did not demonstrate extensive cell
spreading and these cells remained small and rounded with occasional elongation. At
Day 7, LPS treated cells maintained a spread morphology. Overall, at this time point,
the relative cell density of all LPS treated cells had fewer attached cells than their non-
LPS treated counterparts. However, the cell density for the LPS treated cells across all

microgel treatments was still slightly higher than the results measured at Day 3.

Nitrite production — Macrophage cells exposed to only microgels showed very
low levels of nitrite production Day 3 and Day 7 that were similar in magnitude to
negative control cells (Figure 5.8A). There was an increase of nitrite detected in high
dose GED microgels at the Day 3 time point compared with the other microgel
treatments and negative control cells, but no statistical significance was determined.
However, at Day 7, there were no significant differences between any treatment group
and the measured levels were similar in magnitude to the Day 1 nitrite levels. There
were significant decreases between the negative control cells and cells treated with no
GED or low dose GED microgels.

Cells treated with both microgels and LPS showed significantly higher nitrite
production levels at Day 3 and Day 7 time points than cells treated with microgels alone
(Figure 5.8B). However, LPS treated control cells and all microgel treatments with LPS
produced similar nitrite levels as the non-LPS treated cells at Day 1. At Day 3, cells
treated with high dose GED microgels plus LPS showed significantly lower nitrite

production than cells treated with LPS and microgels containing no GED and a low dose
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GED. The nitrite levels in cells treated with no GED and low dose GED microgels in the
presence of LPS were also significantly lower than in cells treated with LPS alone. At
Day 7, nitrite levels were decreased in LPS treated control cells and cells receiving no
GED microgels and low dose GED microgels plus LPS compared with Day 3 results.
However, at Day 7, cells treated with LPS plus high dose GED microgels showed a
significant increase in nitrite production from Day 3. The high dose GED microgels also
had significantly higher nitrite levels than the other LPS-treated cells with either low
dose GED or no GED microgels co-incubated for 7 days.

TNF-a production — Macrophages exposed to all microgels treatments produced

significantly higher levels of TNF-a compared to negative control macrophages at Days
1 and 3 (Figure 5.9A). At Day 3, there is there is significantly higher TNF-a production
in macrophages exposed to high dose GED microgels compared with the other microgel
treatments. However, at Day 7, the levels of TNF-a in these cells is significantly
decreased compared with earlier time points. Within the Day 7 time point, the no GED
microgel and high dose GED microgel treatments showed significantly increased levels
of TNF-a production compared with the control cells.

When the cells were exposed to LPS stimulation and microgels, the levels of
TNF-a were increased across all treatment groups (including LPS-treated control) from
Day 1 to Day 3 (Figure 5.9B). The levels of TNF-a remained elevated at Day 7, but
slightly decreased in magnitude compared with Day 3 measurements. At Day 1, all
microgel treatment groups, except for high dose GED microgels, had significantly higher
levels of TNF-a in their cell culture media compared with the LPS treated control cells (p

< 0.01). At Day 3, the no GED microgel and low dose GED microgel groups could not
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be incorporated into the statistical analysis because the sample size was too low (n=2
instead of 3). LPS controls at Day 3 had significantly increased TNF-a production
compared to the high dose GED microgels (p = 0.01). The no GED microgels and low
dose GED microgels which also had a similar trend of increased TNF-a production
levels as the LPS treated control cells. By Day 7, the levels of TNF-a production are
slightly decreased across the control and microgel treatment groups. Also, the LPS
treated control cells produced less TNF-a than all the microgel treatment groups. The
microgels without GED produced the highest level of TNF-a compared with the other
treatment groups (p < 0.01) at Day 7.

Metabolic Activity Assay - In general, cells treated with microgels alone, the MTS

assay showed some changes in metabolic activity over 7 days (Figure 5.10A). A
significant increase in metabolic activity was seen in high dose GED microgels on Day 3
compared with the negative control cells and the other microgel treatments. At the
same time point, there were no significant differences seen between the negative
control cells, no GED microgels, and low dose GED microgel treatments. Day 7 results
showed a significant decrease in metabolic activity in microgel treated cells compared to
the negative control cells. At Day 7, all microgel treatment groups showed decreased
levels compared with Day 1, but the control cells had a significantly elevated level of
metabolic activity compared with the Day 1 time point and Day 7 microgel treatments.
Macrophage cells that were treated with LPS showed a significant increase in
metabolic activity from Day 1 to Day 3 (Figure 5.10B). At Day 3, macrophages treated
with low dose GED microgels showed a trend of a slight increase in metabolic activity

compared with other treatment groups and LPS treated control cells. At Day 7, all
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treatment groups showed a trend of decreasing metabolic activity compared with Day 3;
however, the levels remained higher than Day 1 measurements. There were no
significant differences between microgel treatment groups at any of the time points.

Reactive Oxygen Species - The data from this experiment followed similar trends

seen in the metabolic activity assay. There were some more significant differences
between negative control and microgel treated cells at some of the time points in the
ROS data (Figure 5.11A). At Day 1, the microgels without GED showed a significant
increase compared with the negative control cells, but there was no significant increase
above both of the GED loaded microgel treatments. Day 3 showed a significant
increase in ROS produced in high dose GED microgels. At the same time point, both
the no GED microgels and low dose GED microgels also had ROS levels that were only
slightly increased over the control cells. On Day 7, the ROS levels of all microgel
treated cells were significantly lower than the control cells. Among the microgel
treatment groups, high dose GED microgels had significantly higher ROS production
than the other two microgel treatments (low dose GED and no GED).

LPS treated cells (with and without microgels) showed progressively higher
levels of ROS from Day 1 to Day 7 (Figure 5.11B). The high dose GED microgels
showed similar ROS levels as the control cells at all time points. In fact, there was no
statistical significance between the high dose GED microgels and the LPS-treated
controls. At all time points, low dose GED microgels produced significantly more ROS

than the LPS-treated controls.
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5.4.6 Subdermal implant of microgels containing GED

Overall observations - Microgels stained bright red with the Masson’s protocol

and greatly aided in pinpointing the location of both microgels and macrophages
containing microgels within the cyst capsule at all time points (Figure 5.12). However,
some bright blue particles/spheres could also be seen inside the cyst capsule and
surrounded by leukocytes (Figure 5.12C). One hypothesis as to the origin of these blue
particles was that they were impurities from the raw dextran material before oxidation or
un-crosslinked Odex aggregates. To test this hypothesis, separate slides of dried
Odex, CEC, and crosslinked Odex/CEC solutions were stained using Masson’s method.
Crosslinked Odex and CEC at a 0.8% concentration stained bright red (data not shown)
from the Biebrich scarlet fuchsin step. The dried Odex stained bright blue (data not
shown), similar to the color shown in the blue particles in the tissue sections. Dried
CEC did not show any staining from the Masson’s method.

Animals at all time points and with all treatments did not experience pili muscle
(in epidermal layer)/dorsal muscle layer degradation or hair loss at the site of
implantation. Also, Masson's trichrome staining did not reveal any blood vessel
formation inside the implant area at any time point. Some blood vessel formation
outside the cyst capsule was noted on Day 29 samples.

Day 3: All animals treated with Odex/CEC microgels showed a raised subdermal
lump at time of sacrifice. The median inflammatory cell scores for the microgel implants
were 4, 3, and 3 for no GED, low dose, and high dose GED microgels, respectively
(Table 5.5, reported scores for all time points). H&E staining also revealed areas of

dark, blue/black stain accumulation usually found inside the cyst lumen, not the cyst
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capsule wall. Specifically, these accumulations of dye were usually observed in areas
directly adjacent to microgel aggregates or in ribbon-like formations traversing areas of
microgel aggregates. Further treatment of the sections with DAPI stain showed strong
binding of the fluorescent dye to similar areas, suggesting these areas are
accumulations of nucleic acids from groups of cells that ruptured during the initial
inflammatory period.

Animals treated with PLGA microspheres did not show any palpable lump at the
site of implantation. During examination of H&E stained PLGA implant samples, only 1
of 2 animals had microspheres present in the cyst wall and lumen. At this time point,
the median inflammatory score was 3. This score could not be calculated into the
statistical comparison with the microgel treatment inflammatory cell scores because the
N for this group was too low.

Day 7: Animals that received Odex/CEC microgels (with no GED, low dose GED,
and high dose GED) had palpable lumps under their skin in the area of implantation.
Masson’s trichrome staining highlighted the cytoplasm of the fibroblasts in light blue,
indicating the presence of soluble collagen pre-cursors; however, this staining method is
not sensitive enough to discern between smaller, soluble collagens and thicker, fibrillar
collagens that are seen in fibrous capsules in a foreign body reaction that can occur
weeks after implantation of a biomaterial. At 7 days, there was an absence of
organized collagen in the cyst capsule surrounding any of the implants when the tissue
sections were stained with picrosirius red and viewed with polarized light microscopy.
Instead, the microsphere implants were surrounded by a macrophage-dense ring that

sequestered the implant. Fibroblasts were also present in all cyst capsules and
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dispersed between the microgel-swollen, macrophage cells. The macrophage cells
within the cystic capsules also appear to have phagocytized many microgels (4+ per
cell, on average) within a single cell body (Figure 5.13). The median inflammatory cell
infiltration scores for No GED, low dose GED, and high dose GED microgels were 2, 4,
and 4, respectively. The inflammatory cell infiltration scores from each treatment group
indicated that there was a significantly higher infiltration in microgels that contain either
low or high dose GED relative to the no GED microgel treatments. However, no
significant difference in inflammatory cell infiltration was seen between the low and high
dose GED microgels at this time point.

PLGA microsphere implanted mice did not have a discernable lump under their
skin that would indicate the presence of those microspheres. PLGA microspheres were
observed in all 3 treated animals at this time point. The microspheres were found in
very thin, elongated collections (Figure 5.14). Additionally, the microspheres did not
appear to be surrounded by a multiple layer of macrophages and fibroblast cells like the
Odex/CEC microgel treated animals (Figure 5.12). The median inflammation score for
the PLGA microsphere implanted animals was a 2. In statistical analysis, these
microspheres had a significantly lower score than both low and high dose GED
microgels (p < 0.05). No statistical differences were observed between PLGA
microspheres and no GED microgel inflammation scores.

Day 29: Implanted animals at this time point showed different degrees of cellular
infiltration and new tissue formation within the implant area of Odex/CEC microgel
implanted animals. Animals that received either the microgel vehicle alone or high dose

GED microgels showed palpable lumps under the skin. In animals treated with low
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dose GED microgels, there was no palpable lump under the skin where the implant
would have been located. In only two out of three mice, the implant appeared to be
smaller in area with the low dose GED microgel treated animals compared with both the
no GED and high dose GED microgel treated animals. In these cases, the tissue from
the low dose treated animals was excised directly under the indelible pen-marked area
on the animal's fur where there had been a lump in the previous weeks. The
inflammatory cell infiltration scores for no GED, low dose GED, and high dose GED
microgels were 2, 2, and 3, respectively. At the 7 Day time point, there appeared to be
no difference in the median score of infiltrated inflammatory cells or fibroblast cells
between the low and high dose GED microgels. Animals that received high dose GED
microgels showed more inflammatory cells presence inside the capsule surrounding the
implant compared with the no GED microgels (p < 0.001). Low dose GED microgel
treated animal inflammatory cell scores could not be included in the statistical analysis
because only 2 animals showed evidence of the implanted microgels after 29 days.
Using polarized light microscopy and picrosirius red staining, animals that received high
dose GED microgels had significantly lower amounts of Collagen Type |
inside/surrounding implant area than animals receiving the microgel vehicle alone (p =
0.026) (Figure 5.15). The total area fraction of Collagen | was 11.62 + 1.48% and 4.45
+ 2.47% for microgels without GED loaded and high dose GED microgels, respectively
(Figure 5.16). The area fraction of Collagen | for low dose GED microgels could not be
incorporated into the statistical analysis also because the sample size was too small
(n=2). However, the total area fraction of Collagen | at the implant sites had an average

of 17.61% area of fibrosis. This showed a trend of greater fibrosis in the implant site
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and capsule compared with the high dose GED microgels and microgel vehicle without
GED.

Similar to Day 7, PLGA microspheres were observed subcutaneously in 2 out of
3 animals for this later time point. The microspheres were collected in elongated
capsules with some elongated, fibroblast-like cells located between groups of
microspheres. In one of the treated animals, a single foreign body giant cell was
observed (Figure 5.14B). The median inflammatory cell infiltration score was 2 for both

animals.

5.5 Discussion
In the previous chapter, the efficacy of a self-crosslinking hydrogel composed of

Odex and CEC was tested in a prophylactic treatment for post surgical adhesions in the
abdominal area of rats. The hydrogel demonstrated significant reductions in adhesion
severity and allowed the damaged bowel/abdominal wall surfaces to heal with minimal
inflammatory reaction. In this present study, the synthesis of microgel particles
composed of 0.8% Odex and 0.8% CEC was demonstrated using a water-in-oil
emulsion method and the physical characteristics (i.e. morphology, mean particle
diameter and zeta potential) of the microgels were measured. We also evaluated the
inflammation and cytotoxic potential of microgels with or without GED, an iNOS
inhibitor, encapsulated. To examine these two conditions, we measured levels of
nitrites, TNF-a, and ROS produced by a macrophage cell line that were exposed to

whole microspheres. These measured products have been previously utilized in similar
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literature studying the inflammatory potentials of micro- and nano-particles using murine
macrophage cell lines [188,197]. In the final phase of this study, we investigated the in
vivo biocompatibility and inflammatory potential of microgels with GED and without GED
in a murine subdermal model by evaluating the infiltration of inflammatory cells into and
the formation of fibrotic tissue surrounding the implanted microgels.

The characterization of the Odex/CEC microgels as drug release vehicles was
performed by measuring the in vitro release of GED in buffer at physiological
temperature and pH 7.4. High dose GED microgels exhibited a moderate burst release
of drug after 1 hour and nearly 1/3™ of the total payload after 24 hours. Significant
release of GED continues after the first day, but after 9 days, the cumulative release
reached a plateau during which very insignificant amounts of drug were released. A
therapeutic application that would take advantage the moderate burst release
characteristics of the microgels involved the early suppression of acute inflammation to
reduce later scar tissue formation. In spinal cord injuries, the acute inflammation phase
is most strong in the 3-12 hours following nerve tissue damage [181]. During this time,
iINOS is up-regulated by tissue macrophages and peroxynitrites are formed in large
quantities by the combination of NO and O, in the vicinity of the damaged tissue. Early
scavenging of peroxynitrites within the first 24 hours following injury was shown to
reduce damage of existing nerve cells and increase the survival of neuronal stem cells
also implanted at the site [88,177]. GED may further augment the preservation of both
nerve cells and implanted therapeutic cells by reducing the amount of NO produced by
iINOS, thereby reducing the formation of peroxynitrite. The reduction of peroxynitrite

formation would also reduce the amount of scar tissue formation surrounding the
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damaged spinal cord that follows the acute inflammatory phase [175]. Any scar tissue
formation at the site of injury would reduce the ability of damaged nerve cells to
regenerate and reduce the ability of any implanted stem cells from differentiating into
competent nerve cells. The application of GED microgels would have to occur within
the first 12 and 24 hours after injury to help reduce the damage caused by acute
inflammation. At this point, few studies have examined the application of peroxynitrite
scavengers and/or iNOS inhibitors applied at later time points (24 hours plus) after
wounding.

Another portion of the physical characterization study of the microgels was
designed to investigate the effect of GED incorporation on the zeta potential and particle
diameter of the microgels. Macrophage cells have demonstrated sensitivity to different
types of charged surfaces [223] and particle size/morphology [204,223,224], and these
properties affect the cell’s ability to attach to or internalize the materials. Zeta potential
is not a direct measurement of the actual surface charge of the particles, but rather the
measurement of the particle’s surface interaction with the dispersion media and the
propensity of the particles to aggregate in a physiological buffer solution [225]. In some
published studies, the drug loading in polymer microspheres can cause differences in
zeta potential by the presence of drug located on the surfaces when compared with just
the vehicle [226,227]. Prior et al. observed a significant difference in zeta potential
between PLGA 50:50 microspheres loaded with gentamicin sulfate (-86.2 mV) versus
microspheres without the drug (-41.0 mV) [226]. While observing phagocytosis of
microspheres by murine macrophages in vitro, the research group recorded a significant

increase in macrophage-microsphere uptake with gentamicin sulfate-loaded

138



microspheres compared to the PLGA 50:50 vehicles by themselves [226]. They
suggested that the difference in zeta potential was caused by the presence of the drug
on the surface of the microspheres. All Odex/CEC microgel batches containing a low or
a high dose GED showed no significant differences in measured zeta potential. This
outcome suggested that that there was not an abundance of GED on the microgel
surfaces that the GED is dispersed throughout the microgel bulk instead.

Particle size can also be influenced by drug loading and the interaction of the
drug with the polymer structure [228]. Molecules of GED have a total of 4 amine groups
on their terminal ends. The Odex and CEC monomers crosslink by forming Schiff-base
linkages between the two molecules, which is caused by the amine side groups of the
CEC interacting with the aldehyde residues on the Odex molecules [72,212]. Previously
published research from our laboratory studied the effect of GED concentration on
oxidized hyaluronan and gelatin microsphere diameters [212]. The crosslinking method
of these two polymers was also believed to be the formation of Schiff-base-linkages.
Their study found that as GED concentration increased in the polymer phase, the
diameter of their microspheres decreased. The proposed mechanism for the diameter
changes was a decrease in polymer phase viscosity due to GED interfering with the
Schiff-base linkages between the two polymers. In this study, we also hypothesized
that the CEC/Odex microgels would show similar differences in diameter based on GED
loading. However, this material behavior was not measured in any of the microgel
batches and this signified that the crosslinking was not affected by the inclusion of GED.

The microgel diameters were instead influenced solely by the emulsion process.
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Control of microgel diameters was dependent on a two key parameters in the
formation of the suspension emulsion: polymer phase viscosity and continuous phase
(oil/surfactant) temperature. In our microgel formulation, we utilized very dilute
solutions of CEC and Odex (0.8%) which produced a final solution with low viscosity.
The continuous phase both produced a shear force to break up the initial polymer
solution into droplets and aided in preventing the polymer droplets from
coalescing/aggregating [99]. The low viscosity allowed for the formation of smaller
droplets by the continuous phase compared to a polymer solution with a higher viscosity
(1-2% Odex/CEC). Another consequence of utilizing a low viscosity polymer phase was
the increase in crosslinking time. Along with polymer phase viscosity, continuous phase
temperature was also important in increasing the crosslinking time and maintaining the
spherical shape of the microgels. Low temperature maintained in the first hour of
processing helped to increase the crosslinking time and decrease the water loss from
the polymer droplets. If the water was removed from the droplets too quickly at the
beginning of the emulsion, the result would have been non-spherical and non-uniform
microgels. The water was later removed by heating the emulsion one hour after the
initial droplet formation and crosslinking occurred. Another result of water loss was the
intensifying of crosslinking between the Odex and CEC in each microgel droplet. The
end result of the synthesis is the production of micron-sized, hard microgels.

Although an Odex/CEC hydrogel was found to be biocompatible as a wound
covering [75] and adhesion barrier [183], it was necessary to understand how
compatible the same material would be in microgel form. Inflammatory response to an

implanted material is caused by several factors including surface chemistry, water
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content, and density of polymer strands. Foreign body reaction to a material can also
be influenced by the size of the implant. Implanted biomaterials that exceed 20 um in
diameter cannot be phagocytized by macrophages or neutrophils [229]. To degrade
these larger pieces of the material, macrophage and neutrophil cells will secrete
lysosomic enzymes on the material surface in an attempt to create smaller fragments of
material that would be more easily endocytosed [203,220]. When materials of a smaller
size (<10 ym) are implanted, phagocytes are able to separate and engulf the particles
more readily than the same cells attempting to break down the surface of a larger piece
of the biomaterial [16]. In both cases, the macrophages secrete several cytokines and
signaling molecules in reaction to the biomaterial that helps direct the inflammation
response; however, the degree and length of the inflammatory reaction is dependent on
the size of the implanted material [220]. Additionally, the incorporation of a drug into the
microgels can also affect their inflammatory response compared to the microgel vehicle
alone [230]. It was also necessary to measure the reaction of macrophage cells to
released GED without exposure to microgel particles directly. Several studies have
indicated that released drugs from microparticle systems can cause significant
inflammation and cytotoxicity after implantation compared with unloaded microparticles
[231-233]. In this chapter, we chose a macrophage cell line (RAW 264.7) to perform
these two protocols since they are a type of phagocytic cell and they are widely utilized
in particulate screening studies [185].

In the first test of in vitro biocompatibility, GED released from microgels
containing a high dose (63 pg GED/mg microgel) appeared to produce elevated NO

levels with release samples from the first few time points. Conversely, cells exposed to
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release samples from microgels without GED showed levels of NO similar to the
negative control cells. Chitosan-based materials and material extracts have been
shown to decrease NO production in RAW 264.7 cells [234]. Additionally, cell density
was decreased with the same early time point GED release samples. Although it is
possible for some types of ultrafine particles (12-120 nm in diameter) to produce cell
necrosis in vitro [235], macrophage cells exposed to release samples from non-GED
loaded microgels did not show a decrease in attached cell density relative to the control.
In fact, the density of cells treated with these samples showed increased density (up to
120% of control) with 24 hours of exposure. The decrease in cell density with GED
release sample treated macrophage cells could be best explained by the “burst” release
of a higher amount of GED from the microgels during the early release time points,
which was measured in PBS in Section 5.3.3. GED is cytotoxic to cells at
concentrations above 0.1 mg/mL (results not shown). Furthermore, it was also likely
that the combination of fine, microgel degradation products and released GED could be
augmenting a mild inflammatory reaction, observed as an increase in NO, in these
macrophage cells. Even though the early time point release samples from GED
microgels reduced cell viability and significantly increased NO levels, the later release
sample time points had viability and NO levels close to the negative control cells. This
effect was reported in a previously published study by Yamaguchi and Anderson where
they observed localized inflammation occurred when they applied a PLGA microsphere
vehicle loaded with naltrexone subcutaneously in rats [230]. The microsphere vehicle
itself was found to be well tolerated in the subcutaneous space, but when the

microsphere was loaded with drug, the combination produced a strong inflammatory

142



reaction far above what was seen with the vehicle alone. A similar effect was likely
produced in vitro using release samples from GED loaded microgels versus release
samples from non-GED loaded microgels.

When whole microgels were added to macrophage cell culture, interesting
differences between nitrite and TNF-a production was observed. Across all microgel
formulations, the levels of nitrites produced were similar to the negative control cells,
and at least 1/10™ of the nitrite levels produced by LPS treated cells. At the same time,
TNF-a production levels at early time points were significantly increased relative to the
negative control cells. At Day 7, TNF-a production decreased to levels comparative to
the negative control cells. Early time point behavior indicated that the RAW 264.7 cells
did not perceive any of the microgel treatments as invading pathogens, but rather
recognized them as a foreign body and secreted TNF-a far above control cell levels. In
visual observation, cells treated with the microgels did not show any spreading or
elongation/branching that is typical of macrophage cells in an activated state [236,237].
Similar observations were recorded in previously published studies where RAW 264.7
cells were challenged with silica microparticles [187]. Cardona et al observed other
biomaterials, such as polyurethane and Dacron, produce high levels of TNF-a in human
macrophage cells when co-cultured [238]. The cells exposed to silica microparticles
produced more than twice as much TNF-a as the negative control cells, but the NO
levels of silica treated cells was exactly at the level of the negative control cells [187].
Another indicator of an activated, inflammatory macrophage cell is a marked increase in
oxidative metabolism [218]. The metabolic activity of the microgel treated cells

remained similar in magnitude to the negative control cells at each time point,
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suggesting that the cells were not fully activated like their LPS-treated counterparts, but
only slightly more activated with the microgel treatments [187,229]. Any activation of
the cells above the negative controls between Day 1 and 3 time points could be
attributed instead to the increase in metabolism the cells experience during
phagocytosis of the particles.

Macrophage interaction with some materials, from bulk materials to particulate
matter, can also elicit some elements of an inflammatory response in the absence of
endotoxins or bacterial infection [239,240]. According to the literature, a macrophage
cell can have multiple activation states and these different states have differences in
cytokine production and gene expression. The two states of activation that will be
discussed are classical and alternative. Classical activation is produced by exposing
macrophages to bacterial or endotoxin challenge, such as LPS [241,242]. The signs of
classical activation include a change in cell morphology (e.g. spreading and branching),
increases in NO, TNF-a, IL-1, IL-6, and ROS production [241-243]. Classically
activated macrophages also produce matrix metalloproteinases that help to
disassemble damaged collagen fibers in the wound bed shortly after repair is initiated
[244]. In a wound, classically activated macrophages are present early stages of
inflammation during healing. Over time, these macrophages receive cytokine signals
from fibroblast cells and even other macrophage cells to decrease their production of
NO, TNF-a, IL-1, IL-6, and ROS [245]. The macrophage cells convert into an
alternatively activated state and begin to produce new types of cytokines, including IL-
10 and transforming growth factor beta-1 (TGF-B1) [246]. Also, collagen deposition,

which occurs in late inflammation/early remodeling stage of healing [247], is controlled
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by TGF-B1, which is secreted by alternatively activated macrophages. Changes
between activation states have been noted in other biomaterial studies and have also
been shown to occur within a similar time frame as this study [248]. In this project,
macrophages treated with microgels likely changed their activation state from classically
activated to an alternatively activated state, as evidenced by a significant drop in TNF-a
production after 7 days of co-culture.

In the final set of in vitro cell culture experiments, RAW 264.7 cells were exposed
to both the gram-negative bacterial product LPS, which causes inflammation in these
cells [242], and microgels with encapsulated GED to observe whether the released drug
reduces TNF-q, nitrite, and ROS production in these activated cells. Microgels without
GED were also tested in parallel in this portion of the study. All three products are
abundantly produced in this macrophage cell line upon incubation with LPS. Little
response of the RAW 264.7 cells to LPS was seen in the first 24 hours; however, it
typically takes between 48 and 72 hours for these macrophage cells to become fully
activated with LPS exposure and produce high levels of NO, TNF-a, and ROS [185]. At
Day 3, the levels of TNF-a increased significantly across all treatment groups when LPS
was added to the culture medium. Several studies also reported increases in TNF-a
with silica particles [187], Dacron [238], and polytetrafluoroethylene (PTFE) [188] added
to macrophage/monocyte culture in the presence of LPS-induced inflammation. Since
one function of TNF-a is the recruitment of macrophage cells during inflammation, a
significant increase TNF-a would increase the number of these cells to the implant area
and further lead to an increase in peroxide damage to the surrounding tissue [238]. By

themselves, the materials induced the cells to produce this cytokine above the negative
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control cell levels. The induced inflammation state (caused first by LPS) in the cultured
cells was utilized to observe whether the particles would further augment the
inflammatory response and TNF-a release. Our results showed that there was a
significant decrease in TNF-a production with the high dose GED microgels and no
difference in production with the other microgel treatments from the positive control
levels. At the later time point, however, the no GED and low dose microgels had
significantly increased TNF-a level over the positive control. The high dose microgels
did not have significantly higher TNF-a level over the positive control at this later time
point, which suggested that these microgels were not augmenting the inflammatory
reaction, unlike their low dose and no GED counterparts. The NO levels produced by
cells by Day 3 demonstrated that all microgel treatments exerted some anti-
inflammatory effects. The levels of NO were significantly decreased compared to the
positive control at this time point, with the high dose microgels producing the most
dramatic decrease. The higher dose microgels released a large “burst” of GED during
the first 3 days that suppressed iNOS function and NO production. However, at Day 7,
the effects of all microgel treatments appeared to have an additive effect on NO
production in a dose-dependent manner. To a similar note, the ROS levels of microgel
treated cells appeared to significantly increase with activated cells at Day 3 and Day 7.
This cellular behavior would suggest that application of these microgels with a low dose
of GED in a condition where inflammation already existed, such as during a mild
infection or early post-injury tissue, would enhance the inflammation response.

After studying the microgels using in vitro cell culture models and finding them to

be satisfactorily biocompatible, the microgels were subdermally implanted in mice to
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test for inflammatory potential and fibrotic tissue formation surrounding the implants
utilizing the same 3 GED doses. Animals at Days 3 and 7 displayed a strong immune
response with Odex/CEC microgels (0, 6.3, and 63 pg GED/mg microgel). The
predominant cell type inside the implant area at these early time points was leukocyte-
derived (e.g., macrophages, neutrophils). Studies have reported that implanted
microspheres/microparticles produced from positively charged polymers, such as
dextran, can augment wound healing [249,250] and enhance connective tissue
response in subdermal implant sites [251]. At Day 7, the no GED microgel treatments
showed a robust infiltration of inflammatory cells inside the implant area. The attraction
of macrophages into the implant area could be attributed to the charged microgel
surface [251,252]. Once attached, the macrophages would proceed to phagocytize the
microgels and produce more cytokines to recruit additional monocytes from the
circulating blood into the wound/implant area. @ While microgels without GED
demonstrated a vigorous inflammatory cell infiltration at the implant site, microgels
containing either a low or high dose of GED had significantly higher inflammatory cell
infiltration scores at the same time point. The increase in inflammatory cell infiltration in
GED microgel treated animals may be attributed to the presence of necrotic cells that
were produced by the initial burst release of the drug from the microgels after
implantation (Days 3 and 7). In this case, the high number of newly infiltrated cells
would remain inside the implant area and phagocytize the cell debris. At Day 29,
microgels with high dose GED maintained a significantly higher cell infiltration score
compared with the other microgel formulations. These results suggest that a high dose

of GED is increasing the inflammatory cell infiltration and not decreasing it, as it was
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originally hypothesized. Furthermore the data from the GED-containing microgels
suggest that the NO produced by macrophages at the implant site is important to
prevent further leukocyte (i.e. neutrophil and monocytes) infiltration from the peripheral
blood supply and lengthen the inflammatory period [179]. Liu et al. reported that
physiological levels of NO produced during inflammation reduces the expression of
leukocyte-binding receptors on the endothelial surface of blood vessels located near the
area of tissue damage [253]. When NO production was decreased by using a NOS
inhibitor (L-NAME), the researchers observed a significant increase in neutrophil
infiltration into the damaged tissue and significant increases in the gene expression of
P-selectin and intracellular adhesion molecule-1 in blood vessel endothelium, which
bind leukocytes passing through the blood vessel [253]. Other studies demonstrated
that the total ablation of macrophages in the wound bed in the early portion of healing
does not affect neutrophil infiltration into the wound area and the presence of
neutrophils in the wound at later time points [207,254]. In addition to decreasing NO
production by macrophages, GED may also act as a scavenger for peroxynitrites, the
molecular product of combining super oxides (O2) and NO [255]. The traditional role for
peroxynitrite in the wound healing process has been defending the wound bed from
bacterial infiltration and proliferation shortly after wounding [172]. Other studies have
suggested that peroxynitrites may also have a role in thwarting leukocyte infiltration into
the wound bed during later stages of the inflammatory period and subsequent removal
of peroxynitrites by using scavenger molecules also resulted in a significant influx of
neutrophils into the wound bed [255]. In our study, it is likely that the GED acted to

decrease NO production through both the competitive inhibition of INOS and the
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scavenging of any peroxynitrites inside the implant area, leading to an increased influx
and persistence of leukocyte-derived cells and further inflammation.

At the early implant time points (Days 3 and 7), there was an abundance of
amorphous, basophilic, stained material (black) located inside the microgel implant
area. This phenomenon was not observed in the tissue samples from PLGA
microsphere treated animals at both time points. The darkly stained material appeared
to ooze between areas of inflammatory cells and aggregated microgels. The results of
hematoxylin and eosin staining suggested that the dark material was strongly
basophilic, much like cell nuclei, which also stain a dark, blue/black color with the same
stain. Counterstaining the same tissue sections with DAPI demonstrated that the dark
material also had an affinity for the fluorescent dye and that the darkly stained areas are
most likely pooled DNA that was spilled from necrotic neutrophils and macrophages
[256]. Large scale apoptosis is not unusual when even a biocompatible material is
implanted inside the body [220]. Typically, when a macrophage or neutrophil
encounters a piece of material that is too large to be phagocytized, the cells will
transport their lysosomal contents (including digestion enzymes and an acidic solution)
along with O, outside of its cytoplasm to attack the material surface directly [170];
however, if too many neutrophils/macrophages exocytose their lysosomal contents, they
cause localized, strong toxicity at the material surface that can cause necrosis of cells in
the vicinity [201]. In this case, aggregates of microgels formed in the subdermal space
after implantation would also have a similar effect on neutrophils and macrophages.
The presence of any pooled DNA is not detected at Day 29. Although there were no

time points checked between Day 7 and 29 in this experiment, the tissue samples from

149



the later time point suggest that the implant site reached the resolution of the acute
inflammatory stage. Macrophages at the end of the acute inflammatory phase cleared
away any necrotic cell debris to prepare the implant area for the chronic, steady-state
phase of biomaterial interaction. The resolution of the acute inflammatory stage is
necessary before the assembly of fibrillar Collagen | can be performed by transformed
fibroblast cells that surround the microgels [257].

The effect of GED dose on fibrotic encapsulation of the microgel implants was
most noticeable on Day 29. Microgels containing the lowest dose of GED showed the
most aggressive particle clearance from the implant area versus the high dose GED
microgels and the microgels without GED. With the same low dose GED microgels,
there was also a trend of higher fibrosis inside and surrounding the capsule area.
Macrophage cells that had engulfed multiple microgel particles remained nestled in a
network of Collagen | and Il fibers inside the subdermal capsule. It is likely that these
macrophage cells will remain trapped in the capsule/implant area, not migrate towards
nearby blood vessels, and deliver the microgels to the lymph nodes [258]. The low
dose of GED appeared to have caused a more prominent, pro-fibrotic reaction inside
the implant area compared with the other microgel treatments. There are reported
connections between the suppression of NO produced by macrophages in early stage
of inflammation that could affect collagen deposition by fibroblasts at later points in the
healing process [85,208]. In previous studies, the pro-fibrotic reaction to INOS inhibitors
was investigated for systemically applied iINOS inhibitors added before or after
experimentally inflicted damage. Dharmani et al. utilized a tendon crush model in rats

to determine how the iINOS inhibitor L-NAME would affect the healing process if applied
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systemically directly after the crush injury was initiated [259]. L-NAME was
administered only once, but the effect on healing outcome at the later time points was
profound. Their findings demonstrated that a systemic dose of 5 mg/kg produced a
strong initial increase in neutrophils at the early time point (3 days) after crush injury, but
they also observed the persistence of chronic inflammation (4 weeks after injury)
resulting in collagen fiber adhesions to form between tendons [259]. As discussed in a
previous paragraph, the production of NO during the wound healing process by
macrophages may help conduct the normal wound healing process by scavenging
peroxynitrites to reduce tissue damage [260], signal fibroblast cells to deposit Collagen
lIl 'in the wound bed [260], and block excess neutrophils from entering the wound site
when the acute inflammation phase is nearing its end. The low dose GED microgel
released a small, but significant, burst of GED during the first few days of implantation.
This burst of drug then caused a similar effect as seen in the Dharmani study, albeit in a
localized manner.

In contrast to the low dose GED microgels, high dose GED microgels
demonstrated significantly lower fibrotic tissue formation around the implant area
compared with the no GED and low dose GED microgels at Day 29. The decreased
fibrosis surrounding the high dose GED implants is likely due to a prolonged
inflammatory period that was also perpetuated by an influx of leukocytes in the absence
of the inhibitory signal from NO. An explanation for this observed behavior is the high
dose GED microgels were releasing the drug for a longer period of time than the low
dose GED microgels, thus increasing the duration of leukocyte infiltration and presence

inside the implant area. During inflammation, matrix metalloproteinases (MMP) are also
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produced by macrophage cells during classical activation to aid in breaking down
damaged collagen structure within the wound area [244]. The presence of MMPs
produced by the macrophage cells also hinder the formation of new fibrillar collagens
around the implant area during the inflammatory period [261]. At Day 29, the
histological analysis showed the presence of collagen-producing fibroblasts in the
capsule surrounding the implant (Masson’s trichrome staining), but the picrosirius red
staining did not show a large accumulation of fibrillar Collagen | in the same vicinity.
The inflammatory cell infiltration score was also lower for the high dose GED microgel
treated animals at Day 29 compared to Day 7. Typically, as inflammation tapers off,
alternatively activated macrophages begin to dominate the wound bed and promote
fibrotic tissue formation by fibroblasts [247]. Despite a decreased inflammatory cell
infiltration score at Day 29, the fibroblasts in the high dose GED microgel implant
capsule would not have had enough time to produce a fibrous capsule similar to those
observed surrounding the low dose and no GED microgel treatments [199].

When the Odex/CEC microgels were compared to PLGA microspheres at the
same time points, the no GED microgels demonstrated similar inflammatory cell
infiltration scores as the PLGA microspheres at Day 7 and 29. PLGA has widely
demonstrated good biocompatibility in both a microsphere form [258,262] and also in a
bulk scaffold material [263]. This result confers that the Odex/CEC microgel vehicle by
itself has a similar in vivo biocompatibility as PLGA in particulate form during the mid
inflammation (Day 7) and early reorganization (Day 29) phases following implantation.
However, the median scores deviate at Day 3 with the microgel vehicle showing a

higher inflammatory cell infiltration score than the PLGA microspheres. This result
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suggested that the charged dextran and chitosan polymers in the microgels were more
attractive to inflammatory cells than the PLGA microspheres and there was a larger
observed infiltration of these cells as a result.

In summary, we have successfully synthesized Odex/CEC microgel particles to
be used as a delivery vehicle for GED. The microgels (with and without encapsulated
GED) demonstrated good overall biocompatibility when co-cultured with macrophage
cells. However, when the high-dose GED microgels were co-incubated with LPS-
activated macrophages, the inflammation reaction was augmented. Lastly, the in vivo
subdermal implantation of the microgels demonstrated some dose-dependent
differences in inflammation cell infiltration and fibrotic tissue encapsulation. The results
of this study suggest that the Odex/CEC microgels could be further studied in a model
of oxidative damage prevention, such as spinal cord injury. Examination of the fibrotic
capsule surrounding GED-loaded microgel implants demonstrated that the high dose of
GED microgels produce an anti-fibrotic function that could be utilized in the clinic to

reduce undesirable scar tissue formation.
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Table 5.1: Physical characteristics of Odex/CEC microgel batches and PLGA microsphere batch
used for subdermal implant

GED Loaded
Microparticle per batch Zeta Potential Effective
Composition (mg) (mV) Diameter (nm)
0.8% Odex/CEC 0 -22.46 + 3.29 1528.1 + 297.8
0.8% Odex/CEC 1 -19.7 £ 3.88 1649.6 + 232.6
0.8% Odex/CEC 10 -17.09 £ 4.06 1480.4 + 230.6
PLGA (50:50) 0 -4.32 +2.03 —
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Table 5.2: Weights of implanted microspheres per time point and percent initial weight loaded.
Averages are reported with * standard deviation, except for Day 3 PLGA microspheres where the
standard deviation was not calculated due because the number of replicates was too low (n=2).

Total MS
Composition GED Average Weight % Initial
Loading Time Initial Implanted Weight
(mg) n (Days) Weight (mg) (mg) Loaded
3 3 10.3 0.10 8.47 + 0.51 82.20
0.8% 0 3 7 10.6 + 0.38 8.23 + 0.50 77.64
Odex/CEC 3 29 104+021 | 7.47£0.60 71.83
3 3 10.2 0.15 9.23 + 0.47 90.49
0.8% 1 3 7 10.51 0.10 9.23 £ 0.35 87.90
Odex/CEC 3 29 103+0 7.33£0.25 7117
3 3 10.2 £ 0.12 9.77 +0.30 95.78
0.8% 10 3 7 10.5 + 0 9.3 +0.40 88.57
Odex/CEC 3 29 10.6 + 0.17 9.97+08 94.06
2 3 10.7 4.35 40.65
PLGA 0 3 7 10.3+0 6.03 + 0.64 58.54
(50:50) 3 29 105+021 | 4.40+0.95 41.90
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Table 5.3: Average zeta potential measurements for each GED loading

Initial GED Loading (mg) N Average Zeta Potential * SD (mV)
0 3 -22.20+£0.40
1 3 -21.38 + 2.38
10 4 -20.90 £ 2.70
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Table 5.4: Zeta potential measurements for all batches within GED loaded batches and statistical
power between each batch.

Initial GED Loading (mg) Zeta Potential + SD (mV) P-value

-21.73+1.87
0 -22.39 + 3.81 0.331
-22.46 + 3.29

-19.71 £ 3.88
1 -20.33 + 3.47 <0.001
-24.11 +1.94

-22.82+£3.24
10 -22.77 £ 3.53
-17.09 £ 4.06 <0.001
-20.93+2.24
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Table 5.5: Inflammatory cell infiltration scores for subdermally implanted Odex/CEC microgels and
PLGA (50:50) microspheres

Time Point Median
(Days) Treatment Inflammation Score

No GED MGs
3 Low Dose GED MGs
High Dose GED MGs
PLGA (50:50) MS
No GED MGs
7 Low Dose GED MGs
High Dose GED MGs
PLGA (50:50) MS
No GED MGs
29 Low Dose GED MGs
High Dose GED MGs
PLGA MS (50:50)

N
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Figure 5.1: Scanning electron microscope image of microgels composed of Odex/CEC without
GED loaded (scale bar = 2 ym).
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Figure 5.2: Results of dynamic light scattering analysis of microgel diameter by initial GED
loading. No significant difference was detected in diameter measurements between GED loadings
(One-Way ANOVA, p=0.888).
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Figure 5.3: Cumulative GED released from microgels over 9 days (or 216 hours), where F is the
cumulative GED released (mg) divided by total GED loaded (n=3). The data represented in this
figure comes from release kinetics of microgels loaded with 63 pyg GED/mg microgel only. Error
bars represent standard deviation.
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Figure 5.4: Cumulative release of Toluidine blue O (TBO) released from microgels over 42 days (or
1008 hours), where F is the cumulative TBO released (mg) divided by actual TBO loaded (n=3,
each TBO loading). Error bars represent standard deviation. (High TBO MGs = 63 ug Toluidine
Blue O/mg microgel, and Low TBO MGs = 6.3 ug Toluidine Blue O/mg microgel)
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Figure 5.5: Relative cell density measured by crystal violet staining. Cell density was calculated
from the ratio of the measured absorbance of each treatment and the measured absorbance of the
control cells after 24 hours. Macrophage cells were exposed to either release samples from
microgels (A) without GED, or microgels (B) with GED. The horizontal axis refers to the time point
in the microgel release study was obtained. Samples in (A) without error bars represent samples
with sample size too small for statistical analysis (n=2). For all other samples, n=3. Error bars
represent mean * standard deviation.
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Figure 5.6: Nitrites released by macrophage cells after exposure to microgel release samples
containing either (A) no GED, or (B) high dose GED (63 pg GED/mg microgel). The
spectrophotometer data was normalized to the crystal violet staining results of cell density (see
Figure 5.5). There was no statistical difference between treatments of release samples from non-
GED microgels (A). However, microgel release samples from GED containing microgels (B)
demonstrated statistically increased nitrites produced by cells treated with 1 and 2 hour release
samples compared with other treatments. Error bars represent the mean * standard deviation of
each release sample treatment (n=3).
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Figure 5.7: Relative cell density of macrophage cells that were treated with microgels and/or
media containing no LPS, or LPS (1 pg). The LPS control treated cells only received media with
LPS. The resulting optical density of the re-solubilized crystal violet dye was compared with the
negative control cells at each time point (n=5). (No GED MGs = 0 ug GED/mg MGs; Low dose MGs
= 6.3 ug GED/mg MG; High dose GED MGs = 63 uyg GED/mg MGs)
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Figure 5.8: Nitrite measurement in macrophage cells that were either treated with microgels and/or
cell culture media containing (A) no LPS, or (B) LPS (1 pg). The LPS was used to initiate a
classically activated state in the macrophages. Nitrite levels were measured with the Greiss
Assay and all nitrite levels were normalized to cell density (compared to control cells) at each time
point (n=6). (No GED MGs = 0 uyg GED/mg MGs; Low dose MGs = 6.3 uyg GED/mg MG; High dose
GED MGs = 63 yg GED/mg MGs)
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Figure 5.9: TNF-a measurement in macrophage cells that were either treated with microgels and/or
cell culture media containing (A) no LPS, or (B) LPS (1 pg). The LPS was used to initiate a
classically activated state in macrophages. The TNF-a levels were measured using an ELISA
assay (n=3). (No GED MGs = 0 uyg GED/mg MGs; Low dose MGs = 6.3 yg GED/mg MG; High dose
GED MGs = 63 ug GED/mg MGs)
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Figure 5.10: Metabolic activity (MTS assay) in macrophage cells that were either treated with
microgels and/or cell culture media containing either (A) no LPS, or (B) LPS (1 pg). The LPS was
utilized to produce a classically activated state in the macrophages. Error bars represent mean
standard deviation of each treatment (n=6). (No GED MGs = 0 yg GED/mg MGs; Low dose MGs =
6.3 yg GED/mg MG; High dose GED MGs = 63 ug GED/mg MGs)
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Figure 5.11: Reactive oxygen species (ROS) measurement in macrophage cells that were either
treated with microgels and/or cell culture media containing either (A) no LPS, or (B) LPS (1 ug).
The LPS was utilized to produce a classically activated state in the macrophages. The ROS levels
were measured by incubating cells with DCFH-DA, lysing the cells, and then measuring the
amount of DCFH that attached to cytoplasmic hydrogen peroxide (precursor to ROS). Error bars
represent mean * standard deviation of each treatment (n=3). (No GED MGs = 0 yg GED/mg MGs;
Low dose MGs = 6.3 yg GED/mg MG; High dose GED MGs = 63 ug GED/mg MGs)
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Figure 5.12: Cyst capsule cross sections of mice treated with Odex/CEC microgels and stained
with Masson’s trichrome method: (A) no GED microgels, (B) low dose GED microgels, (C) high
dose GED microgels. Collagens are stained light blue with this staining method and the
microgels stain red. Arrows point to fibrocytes containing soluble collagens in their cytoplasm.
The yellow circles highlight the location of microgel-engorged macrophages at different depths of
the cyst wall. White asterisks demonstrate residual, un-crosslinked oxidized dextran found mixed
in with the microgels. These areas are surrounded by macrophages (Scale bar = 20 pm)
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Figure 5.13: Macrophages phagocytosing multiple microgels in the (A) capsule surrounding the
implant and (B) inside the implant zone. The animal was treated with microgels containing no
GED for 7 days. Masson’s trichrome staining was performed to highlight the microgels inside the
macrophage cells (light blue cytoplasm). Arrows indicate some sample cells containing multiple
microgels (Scale bar = 20 ym).

171



Figure 5.14: Implanted PLGA microspheres at (A) 7, and (B) 29 days post implantation. Sections
at Day 7 show significant cell infiltration inside the implant area (yellow arrows). At 29 days, the
amount of cellular infiltration has diminished. Also, a single foreign body giant cell (*) can be
observed in the Day 29 sample. The cyst wall (CW) is also highlighted in both time point images.
The tissue sections were stained with H&E (Scale bar = 20 pym).
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Figure 5.15: Area fraction of fibrosis involving Collagen type | at 29 days after microgel subdermal
implant. A significant increase (p=0.013) in fibrosis inside and surrounding the implant capsule
was seen in the microgel vehicle alone versus microgels with high dose GED (63 pg GED/mg
microgels). Low dose microgels (6.3 uyg GED/mg microgels) were not included in the statistical
calculations because the sample number was too low (n=2). Saline treated animals (negative
control) did not have a capsule area after 29 days and were excluded from analysis.
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Figure 5.16: Picrosirius red staining to measure overall fibrosis inside implant area at Day 29.
Images were captured at 2x magnification in both bright field and with linear polarized light.
Microgels containing (A,B) no GED, (C,D) low dose GED, and (E,F) high dose GED are represented
in these images (Scale bar =1 mm).
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Chapter 6

Conclusions and Future Studies

PLGA/PEG-g-CHN microspheres to deliver therapeutic proteins

In Chapter 2, PEG-g-CHN/PLGA blended microspheres were developed and
tested as a delivery vehicle for a therapeutic protein, bFGF. The results of the study
suggested that the PEG-g-CHN added to the PLGA polymer solution aided in the
modulation of protein release. Fibroblast cell culture experiments demonstrated that
bFGF released from microspheres after exposure to aqueous medium was bioactive
and caused morphological changes similar to prepared solutions of native bFGF. In
vivo, the PEG-g-CHN also reduced inflammation-associated microvascular dilation after
placement in the hamster cheek pouch, with either encapsulated BSA or bFGF.
Furthermore, chronic exposure to bFGF released from implanted microspheres
enhanced endothelin expression in the blood vessel walls and augmented
vasoconstriction. The results suggest that the endothelin produced by exposure to
bFGF after vascular pre-conditioning with SNP acted as a negative feedback
mechanism to reduce blood vessel dilation in this animal model.

The results of bFGF release kinetics show very low levels of conformationally
correct protein released from the PLGA/5% PEG-g-CHN microspheres as determined

by a receptor-based ELISA assay. In our microsphere synthesis protocol, we used a
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standard water-in-oil-in-water (W/O/W) method that utilized both a strong organic
solvent (chloroform) and high mechanical shear forces (impeller mixing) to produce the
polymer droplets inside the continuous phase. Both parameters can damage proteins
before the microspheres have had the time to harden [264]. In addition to structural
damage, proteins that are released from the microspheres can adhere back onto the
surface of the microspheres, thus removing them from the samples of aqueous release
media [265]. A method to check the amounts of particle adhered proteins would be to
add surfactants to the release medium, such as Tween20 [266,267]. Tween20 is a
detergent that is used frequently to discourage released proteins from sticking to the
polymer microspheres and the sample vessel walls. The use of this detergent may
prevent released bFGF from being adsorbed back onto the PLGA/PEG-g-CHN
microsphere surfaces and would allow for a more accurate quantification of bFGF
release from the microspheres.

Future studies of protein encapsulation with PLGA/PEG-g-CHN microspheres
should also examine the aggregation potential of released. The aggregation of proteins
occurs when proteins are damaged and expose complementary binding sites to
produce dimers and trimers of proteins after release [266]. Aggregates can also form
inside the polymer microspheres during synthesis and prevent facile diffusion of
proteins from the microsphere matrix [268,269]. A serious consequence of protein
aggregation after release involves the production of antibodies and an allergic reaction
due to the body’s inability to recognize the aggregated proteins [270]. Previous studies
of protein stability in PLGA microspheres after a W/O/W preparation used measurement

tools such as size exclusion high performance liquid chromatography (SE-HPLC) [266]
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and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [265,271].
SE-HPLC is a quantitative method of determining the concentration of aggregated
proteins, whereas SDS-PAGE is a semi-quantitative measure. Both methods can also
identify whether bFGF has been fragmented into smaller units. By quantifying the
extent of bFGF aggregation, the amount of non-aggregated protein (quantified by
ELISA) with the aggregation results can be compared. Even if there was significant
aggregation of released bFGF, the aggregates did not increase the inflammatory

potential of the bFGF-loaded microspheres in the hamster cheek pouch model.

HA film and CEC/Odex hydrogel adhesion barriers

In Chapter 3 and 4, two barrier materials were evaluated for the reduction of post
surgical adhesions in an experimental model of bowel trauma in the rat. The HA film
and the Odex/CEC hydrogel had significantly reduced adhesion severity compared with
the untreated control animals at 21 days after surgery. The hydrogel did not show any
significant advantage in adhesion reduction over the clinically available Seprafilm.
However, the hydrogel has the advantage of adapting to complex geometries and small
spaces inside the abdomen, which is a difficult task to accomplish with the brittle
Seprafilm. The hydrogel could also be adapted to use in laparoscopic procedures.
Future studies of laparoscopic applications would require that the mixed hydrogel not
crosslink in the delivery catheter and clog it before the hydrogel reaches the visceral
surface. In the hydrogel study, it was noted that the time for gelation of the autoclaved

polymer solutions was slightly longer than non-autoclaved solutions from previous
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studies. The laparoscopic study should include viscometry studies of the autoclaved
solutions to determine how long it takes for the solution to gel at room temperature.

The goal of the HA film and Odex/CEC hydrogel barrier studies was focused on
the long-term outcome of adhesions. Adhesions were assumed to be permanent and
severe if they could not be separated with blunt dissection or without bleeding/visceral
tearing at 21 days after surgery. As discussed in Chapters 2, 3, and 4, abdominal
adhesions typically begin to form within the first 36 hours following surgery and
strengthen several days later. At 21 days after surgery, it is assumed that any visceral
or abdominal wall damage would be completely healed. Because the film and hydrogel
treated animals demonstrated significantly lower adhesion scores, it is indicated that the
barrier materials were present between the damaged tissues for at least the first several
days following surgery. Multiple remnants of hydrogel were observed in some animals,
and a nearly intact film on the cecum at 21 days after surgery in one animal. In the
future, the localization and degradation rate of both the film and hydrogel should be
investigated in the same rat cecum/abdominal wall injury model. The experiments could
be performed by utilizing earlier sacrifice time points (e.g., 12 hours, 1 day, 3 days, 5
days, and 7 days). In addition to examining the state of the barrier materials after their
placement, samples of the injured tissue in contact with the materials will yield insight
into whether the material augments wound inflammation and how the materials interact
with blood materials at the site of injury.

Although animal models of pelvic adhesions were not investigated in this
dissertation, adhesions represent a pervasive problem that occurs after most

reproductive surgical procedures. The repercussions from severe, fibrous, pelvic
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adhesions can cause intense pain and infertility [272]. Even if the adhesions are lysed
after they have been diagnosed, the recurrence rate is approximately 67% [273]. Both
the HA film and Odex/CEC hydrogel barriers were effective barriers to adhesions in the
abdomen, but they have not yet been tested in a gynecological surgical model. In
Chapter 2, the commercially available adhesion barrier Interceed was initially approved
for use in both abdominal and pelvic surgical applications. However, after reviewing the
clinical data after abdominal implementation of Interceed, it was determined that the
barrier had no significant improvement in adhesion scores compared to negative control
patients. After gynecological surgeries, Interceed was found to be more effective in
reducing severe adhesions. The FDA recommended that Interceed be utilized only
during pelvic surgeries. The barriers used in our studies could encounter similar issues
if applied in the pelvic cavity.

Post-surgical adhesions can form in other areas of the body besides the
abdomen and pelvis. Adhesions of the pericardium after myocardial tissue damage due
to ischemic events or surgical interventions also require an effective barrier material as
a prophylactic. Similar to events in the abdomen, myocardial adhesions form by the
accumulation of exudates/fibrin after injury, followed by the accumulation of
inflammatory cells to the injury site, and the population of the fibrin bridges with
collagen-fiber producing cells [274]. Naito et al. studied the application of Seprafilm in
combination with a PTFE membrane for the reduction of pericardial adhesions after
pericardial reconstruction and found that the HA films significantly reduced the adhesion
severity scores when utilized in an animal model of open heart surgery [275]. The HA

film studied in Chapter 3 would have several advantages over Seprafiim in this
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application including ease of handling by the surgeon and the crosslinked film would

withstand re-hydration without disintegrating.

Microgels synthesized from Odex and CEC to deliver an iNOS inhibitor

In Chapter 5, we synthesized microgels for the delivery of the iINOS inhibitor drug
GED, and characterized their physical characteristics and inflammatory potential using a
macrophage cell line and a murine subdermal implant model. The results of the study
demonstrated the synthesis of microgel particles using a single water-in-oil emulsion
method. The microgels exhibited an initial burst release of either GED or Toluidine Blue
O (a model dye molecule) followed by a lesser, more moderate payload release over 9
days. When macrophage cells were co-incubated with whole microgels with or without
GED in vitro, cells produced a complex response. The microgels, regardless of GED
dose encapsulated, did not produce significantly high levels of nitrites (an indicator of
classical inflammatory response in macrophage cells); however, the cells produced high
levels of TNF-a compared with the negative control cells. This result indicated that the
macrophage cells recognized the microgels as a foreign body, but they did not produce
classical activation. When the microgels were implanted in a murine subdermal model,
both the high and low dose GED microgels produced significantly higher inflammatory
cell infiltration compared with animals receiving microgels without GED loaded at Day 7.
On the final time point, Day 29, animals that received microgels with the highest GED
dose maintained a high inflammatory cell infiltration score compared with low dose and
no GED microgels at the same time point. This indicated that the GED may augment

the acute inflammation phase following implantation and allow for additional PMN cells
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(e.g. neutrophils) to migrate to the implant area. The fibrosis scores for the implanted
microgels at Day 29 revealed that high dose GED microgels had significantly lower
fibrotic content of the implant and capsule compared with microgels without GED. This
result confers that the high dose of GED inhibited the assembly of Collagen | fibers. We
also hypothesized that the use of GED with the microgel particles may produce an
effective anti-fibrotic treatment in certain clinical applications.

After reviewing the cell culture data, we hypothesized that the microgel particles
were producing some elements of classical inflammation. It was also observed that the
cells decreased their output of TNF-a, a pro-inflammatory cytokine, after 7 days of
culture with the microgels. We hypothesized that the macrophage cells were changing
their activation states from classical to alternative. In future studies, a panel of ELISA
assays or custom protein array should be performed to measure the levels of classical
(IL-1, IL-6, matrix metalloproteinases) and alternative (IL-10 and TGF-B1) activation
cytokines at each time point to further verify a change in macrophage activation states
during the course of co-incubation of microgels.

The data from the subdermal implantation study suggested that GED can reduce
the amount of Collagen-I formed and we hypothesized that this attribute can be utilized
in certain medical situations where the initiation of the healing process and the
formation of scar tissue need to be inhibited. One example of this is glaucoma, where it
is advantageous to generate a non-healing wound in the eye to relieve excess pressure
and preserve eyesight. Glaucoma affects about 70 million people worldwide [276,277]
and 2.2 million people in the US [278,279]. The disease is characterized by optic

neuropathy caused by increased intraocular pressure (IOP), which can lead total
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blindness if left untreated [278,280,281]. IOP is regulated by aqueous humor
production, resistance to aqueous humor outflow, and episcleral venous pressure [282].
Glaucoma can be controlled and vision loss slowed by lowering IOP through topical
medication and laser treatments [278]. However, pharmaceutical interventions may not
lower or stabilize IOP in some patients and surgical intervention (i.e., Trabeculectomy)
is required to create an alternate draining route for excess aqueous humor to leave the
anterior chamber and relieve the pressure focused on the optic nerves. The surgeon
cuts a small pocket between the conjunctiva (outer membrane on eye surface) and the
sclera (white outer wall of the eye) where the fluid is eventually absorbed by the blood
or lymph vessels near the pocket [277]. The surgical procedure can provoke
scar/fibrotic tissue formation at the bleb site that can close the bleb prematurely starting
12 hours after the surgery, similar to skin [283]. To keep the filter open for drainage and
prevent scarring, the surgeon typically applies an anti-mitotic drug, such as 5-
Fluorouracil (5-FU) or Mitomycin C (MMC), which slows healing of the filter opening
[277,282,284,285] by reducing the number of cells involved in the wound healing
pathway (i.e., fibroblasts, macrophages, endothelial cells) near the filter site and thus
preventing fibrotic tissue from closing the filter within hours of the surgery [277,286].
Evidence presented by Daniels et al. also suggests that growth arrested Tenon's
fibroblast cells can still produce bioactive growth factors that can affect the behavior of
normal fibroblast cells; thus, even though the growth arrested cells are not proliferating,
they can still participate in the scar tissue formation process [287]. It is possible that

using an iNOS inhibitor after glaucoma surgery may reduce bleb scaring by decreasing
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the number of macrophage cells and their associated cytokines that encourage
fibroblast proliferation at the bleb site [288].

The local application of iINOS inhibitor drugs may decrease the fibrotic closure of
Trabeculectomy blebs by directly targeting NO signaling of wound fibroblasts to produce
collagen during the proliferative phase of healing. The exact mechanism behind the
stimulation of collagen production through NO signaling is not exactly known. NO has
been suggested as a regulator of the cytokine environment inside the wound bed [289].
The production of NO during the mid- to late-inflammatory stage may suppress the
production of additional inflammatory cytokines through the direct suppression of
transcriptional factor NF-kB [208]. It is also possible that NO affects collagen deposition
by enhancing post-translational collagen synthesis rather than de novo transcription of
relevant genes in wound fibroblasts [260]. In several small animal studies, the inhibition
of INOS activity, either through breeding an iINOS-knock out animal [290] or through the
administration of INOS inhibitor drugs [208,291], showed significant decreases in wound
bed collagen content compared with wild type/untreated animals. Although iINOS
inhibitors such as GED have not yet been tested as an anti-fibrotic treatment after
Trabeculectomy procedures, future studies utilizing a standard rabbit eye model would
be necessary to examine the connection between NO and fibrosis in the eye. Another
aspect of GED application after glaucoma surgery is the experimentation needed to test
different doses of the drug and how the fibrotic tissue cascade is affected. In the
subdermal study, different GED doses produced different levels of fibrosis: low doses
produced higher fibrosis, while high doses produced much lower fibrosis. Finding the

optimal therapeutic range in an experimental animal model will help better modulate the
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fibrosis occurring at the bleb site and allow excess aqueous humor to leave the anterior

chamber of the eye.
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Appendix A

Microgel Sample Preparation for Particle Size Analysis and Zeta Potential

A.1 Preparation for Particle Size Analysis

Equivalent diameter values were determined using dynamic light scattering
(DLS) (ZetaPlus, Brookhaven Instruments, Brookhaven NY). The diameter measured
using DLS is determined by both the core size of the particle and the velocity of the
particle (translational diffusion) through the suspending medium. The measured
velocities of the particles are then used to calculate the actual diameter of the particles
using the following equation:

H)=—"L (A1)
3znD

where d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient

(particle velocity), k is Boltzmann’s Constant, T is temperature (absolute), and n is the

viscosity of the suspending medium.

Approximately 2.5 mg of microspheres were placed in 4 mL of phosphate
buffered saline (PBS, pH=7.4) solution and the vessel was placed in a sonicator bath for
5 minutes, with intermittent removal to decrease heating effects from sonication. The
sonication step is necessary to produce separate particles and break up any aggregates
that formed during sample re-suspension with PBS. The microsphere suspension (2
mL) was added to a disposable, 1 cm path-length, polystyrene cuvette and capped.
The cuvette was placed in the zetasizer instrument and particle size analysis was
initiated by the provided software and algorithm (ZetaPlus Particle Sizing Software
v.4.10, Brookhaven Instruments, Brookhaven NY). The program ran 5 size
measurements for 5 minutes total for each batch of microgels. Sizing was performed on
3 different batches of each GED loading. Average and standard deviation of effective
diameter were used in statistical analysis.

A.2 Zeta Potential Analysis

Zeta potential describes the propensity of particles in suspension to flocculate by
measuring the charge potential difference between the supernatant solution and the
stationary fluid layer around the particle [292]. Zeta potential analysis was performed
using the same instrument (ZetaPlus) as described in the particle sizing protocol. The
zeta potential measurements were determined by utilizing phase analysis light
scattering (PALS) technique and Smoluchowski Equation, calculated internally by the
installed software package (PALS Zeta Potential Analyzer v.3.57, Brookhaven
Instruments Corp., Brookhaven NY).

Samples for zeta analysis were prepared in a less turbid suspension than their
particle size analysis counterparts. Approximately 2.5 mg of each microgel formulation
was placed in 4 mL of PBS (pH=7.4) and sonicated for 5 minutes, with intermittent
removal. After the microgels were suspended in PBS, a 1 mL aliquot of the microgel
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suspension was further diluted into 3 mL of fresh PBS solution. Approximately 2 mL of
each diluted suspension was added to a disposable, polystyrene cuvette, and the zeta
electrode unit was inserted into the cuvette. Cycle number (specifying the number of
times the voltage potential is switched between electrodes in Zeta unit) was set to 30
and 5 runs were performed in triplicate per formulation (No GED, low dose GED, and
high dose GED). The microgel slurry was allowed to “rest” for 30 seconds between run
sets to decrease the chance of over-heating the samples inside the cuvette. The zeta
potential values from each run set were averaged and standard deviation was
calculated.
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Appendix B
Tissue Staining Theory and Methods

B.1 Masson’s Trichrome Staining Method

This method stains any collagen present in tissue a light-to-dark blue color while
other tissue elements will be stained red and nuclei will stain black. Masson’s trichrome
staining also highlights blood vessel formation by darkly staining the annular tissue
layers surrounding the vessel structure. The staining process was performed by the
author for all samples using prepared staining solutions from the Electron Microscopy
Sciences (Hatfield, PA). For paraffin embedded samples, the sections were
deparaffinized in xylene and rehydrated to distilled water using a series of ethanol
solutions. Sections from cryosectioning were rehydrated directly with distilled water. All
sections were briefly soaked in distilled water and then transferred to Weigerts iron
hematoxylin working solution for 10 minutes. The slides were liberally rinsed with
running tap water for 10 minutes and then placed in a solution of Biebrich scarlet-acid
fuchsin solution for 15 minutes. After rinsing away excess Biebrich scarlet-acid fuchsin
from the sections, the slides were then placed in a solution of phosphomolybdic-
phosphotungstic acid for 15 minutes. The slides were then placed (un-rinsed) in aniline
blue solution for 5 minutes. Slides were then rinsed briefly in distilled water before
differentiating in a 1% acetic acid solution for 5 minutes. The sections were dehydrated
in ethanol solutions and cleared in xylene before applying a xylene-based resin
(Permount, Fisher Scientific). High magnification images of the cyst capsules helped
localize the microgels. PLGA microsphere treated tissue was not dehydrated like the
microgel treated tissue. Instead, the tissue sections were removed from the acetic acid
soak and mounted with a coverslip using a drop of Fluoromount (Electron Microscopy
Sciences, Hatfield, PA).

B.2 Picrosirius Red Staining for Collagen-l Formation

Although Masson’s Trichrome staining can identify collagens in tissue, it does not
differentiate between types of collagen or whether the collagens present are in the
cytoplasm of fibroblasts or assembled into mature fibrils. Other staining methods for
connective tissues include Van Gieson’s method; however, the stain tends to fade
within several months even with proper storage conditions [293]. Picrosirius red
staining is a more stable and a stronger collagen-binding staining method than both Van
Giesons and Masson’s Trichrome. The thickness/alignment of collagen fibers is
measured by observing birefringence of stained collagen fibers under polarizing light
microscopy [294,295]. Thicker collagen fibers are colored red/light orange (Collagen
type 1) in polarized light, while thinner fibers are more yellow/green (Collagen type Ill) in
color. In addition, the birefringence observed is only seen with Collagen type | or llI;
however, other molecules such as Collagen type IV (basal lamina) and mucosal
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membranes will stain red with the dye, but they do not demonstrate birefringence under
polarized light [222,295,296].

The picrosirius red staining method used in this study was modified from a
previously published protocol [222] and performed by the author. To stain paraffin
embedded sections, the tissue was deparaffinized in xylene and re-hydrated to distilled
water through a series of ethanol solutions. The tissues were then stained in Weigert’s
hematoxylin for 8 minutes and then rinsed in running tap water for 10 minutes. After
rinsing, the sections were placed in a solution of 0.1% Sirius red (Direct Red 80, Sigma
Aldrich, St. Louis, MO) dissolved in an aqueous 0.1% saturated picric acid. The
sections stained in the picrosirius red solution for 1 hour at room temperature. At the
end of this staining step, the slides were rinsed in 2 changes of acidified water (0.5%
glacial acetic acid in distilled water). The sections were then quickly dehydrated with
absolute ethanol, cleared in xylene, and mounted with resinous mounting media
(Permount, Fisher Scientific, Pittsburgh, PA). PLGA microsphere treated tissues were
stained in a similar manner, except that the alcohol re/dehydration steps were omitted
and an aqueous based mounting media, Fluoromount (Electron Microscopy Sciences,
Hatfield, PA), was utilized instead of Permount.
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