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For many biomedical applications, there is a need for porous
implant materials. The current article focuses on a method for
preparation of drug-eluting porous structures for various
biomedical applications, based on freeze drying of inverted
emulsions. This fabrication process enables the incorporation
of any drug, to obtain an “active implant” that releases drugs
to the surrounding tissue in a controlled desired manner.
Examples for porous implants based on this technique are
antibiotic-eluting mesh/matrix structures used for wound
healing applications, antiproliferative drug-eluting composite
fibers for stent applications and local cancer treatment and
protein-eluting films for tissue regeneration applications. In
the current review we focus on these systems. We show that
the release profiles of both types of drugs, water-soluble and
water-insoluble, are affected by the emulsion’s formulation
parameters. The former’s release profile is affected mainly
through the emulsion stability and the resulting porous
microstructure, whereas the latter’s release mechanism occurs
via water uptake and degradation of the host polymer. Hence,
appropriate selection of the formulation parameters enables
you to obtain the desired controllable release profile of any
bioactive agent, water-soluble or water-insoluble, and also fit
its physical properties to the application.

Introduction: Techniques for Preparation of Porous
Structures for Biomedical Applications

For many biomedical applications, there is a need for porous
implant materials. Some of the many applications in which porous
biomaterials are used include artificial blood vessels,"” skin,>*
bone>® and cartilage”® reconstruction, periodontal repair’ and
drug delivery systems.'”

In the most basic sense, porosity is sought to promote new
tissue formation by providing an appropriate surface to encourage
cellular attachment and an adequate space to host cells as they
develop into tissue. However, recent studies have demonstrated
how cells are highly sensitive to geometrical constraints from their
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microenvironment, which regulate tissue formation by affecting
cell migration, proliferation and also differentiation.''"?

The manner in which a bulk material of an implant is
distributed from the macro down to the micro and nano-scales
often corresponds to the tissue, cellular and molecular scales,
respectively. Such hierarchical porous architecture defines the
mechanical properties of the scaffold as well as the inital void
space that is available for regenerating cells to form new tissues,
new blood vessels and the passageways for mass transport via
diffusion or convection.'*"

Porous materials have to fulfill specific requirements which are
application-dependant. For example, for skin growth and wound
healing the optimum pore size is in the range of 20-120 pm,'
whereas for bone ingrowth, the optimum pore size is in the range
of 75-250 um." For ingrowth of fibrocartilagenous tissue, the
recommended pore size is somewhat larger and ranges
200-300 um."” Larger voids are required to allow for
vascularization of a developing tissue, but at the same time, it is
important to identify the upper limits in pore size since large pores
may compromise the mechanical properties of the scaffolds by
increasing void volume.'®

In contrast to tissue engineering constructs described above, in
biomaterials loaded with therapeutic agents, pores with size less
than 10 um in diameter are needed to administer release of the
agent by a slow, local, continuous and controlled flux."” In
complex systems such multifunctional devices which act as
scaffolds with controlled release, there may come a need to
combine different pore sizes within the same structure. Besides
pore size, other parameters which are linked to porosity, such as
pore interconnectivity (% of non-isolated pores), pore intercon-
nection throat size and changes in porosity due to degradability
also play an important role.'”*

Some of the main techniques used to prepare porous
biomaterials are outlined below.

Particulate-leaching techniques. Particulate leaching has been
widely used to fabricate scaffolds for tissue engineering applica-
tions. In this method, small particles of sal,*' sugar**** or
another substance (porogen) of the desired size are transferred into
a mold. A polymer solution, or ceramic slurry, is then cast into the
porogen-filled mold. After the evaporation of the solvent and/or
solidification of the matrix, the porogen is leached away using

water,” or burnt out,”® to form the pores of the scaffold.
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Alternatively to solvent casting, a polymer can also be melt
molded in the presence of a porogen which is then leached in a
similar way. The pore size and shape attained in this method can
be controlled by the size and geometry of the porogen and the
porosity is controlled by the porogen/polymer ratio. Pore sizes
between 50-200 pm and porosities up to 90% have been
reported.”**** Although salt/sugar fusion in humid environment
can be employed to get scaffolds with enhanced interconnectivity,
pore shape and inter-pore openings are usually difficult to control
using this method.”* Another disadvantage of these fabrication
methods is the exposure of the matrix material to organic solvents
or elevated temperatures, which may be harmful to cells or
bioactive agents if they are to be incorporated in the material
during fabrication.

Gas has also been used as a porogen. The process begins with
the formation of solid discs of polymer which are placed in a
chamber and exposed to high pressure CO, for three days, at
which time the pressure is rapidly decreased to atmospheric
pressure. Porosities of up to 93% and pore sizes of up to 100 um
can be obtained using this technique, but the pores are largely
unconnected, especially on the surface of the foam.”” While this
fabrication method requires no leaching step and uses no harsh
chemical solvents, the high temperatures involved in the disc
formation prohibit the incorporation of cells or bioactive
molecules and the unconnected pore structure make cell seeding
and migration within the foam difficult. Nam et al.*® reported a
technique which includes both gas foaming and particulate
leaching aspects which does not result in the creation of a
nonporous outer skin. Ammonium bicarbonate is added to a
solution of polymer in methylene chloride or chloroform.
Vacuum drying causes the ammonium bicarbonate to sublime
while immersion in water results in concurrent gas evolution and
particle leaching. Porosities as high as 90% with pore sizes from
200-500 pm are attained using this technique.

Phase separation techniques. Under certain conditions a
homogeneous multi-component system may become thermo-
dynamically unstable and separate into more than one phase in
order to lower the system free energy. A polymer solution may
separate in such way into two phases, a polymer-rich phase and a
polymer-lean phase.”” Alternatively, phase separation may be
induced by mechanical shearing, or emulsification of two or more
phases.”® After the solvents are removed, often by vacuum or
freeze-drying, the polymer-rich phase solidifies to become the
scaffold, while the polymer lean phase becomes a void.
Manipulation of the thermodynamics and kinetics of phase
separations leads to a wide variety of morphologies of the phase-
separated domains, which greatly impacts the architecture of the
scaffold. The pores formed using such techniques usually have
small diameters on the order of a few to tens of microns, which
can be unsuitable for certain tissue engineering applications but
extremely advantageous in designing controlled drug release
systems.

Another advantage of the phase separation technique is the
ability to incorporate sensitive bioactive agents such as growth
factors growth directly into the scaffold without loss in bioactivity
due to exposure to harsh solvents or elevated temperatures.’’
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Textile technologies. Fibers are a fundamental unit of most
tissues, and collagen fibers are the most abundant protein in the
body. It is not surprising that natural and synthetic fiber-based
structures have been widely used for biomedical applications.

Fibers can be formed into three-dimensional structures such as
knitted, braided, woven and nonwoven. The orientation of fibers
in these structures may range from highly regular to completely
random. The final structure of the fibers affects the behaviors of
the fibers when they are applied. Most often, the porosity of a
textile is determined by the void space between fibers, but
porosity could also occur in the fibers themselves.>*

Woven structures are porous and more stable compared with
other textile structures. Some applications of wovens include
arterial grafts,® cartilage reconstruction® and rotator cuff repair.*®
As a disadvantage, wovens can be unraveled at the edges when
they are cut squarely or obliquely for implantation. Knit structures
are flexible and highly porous and have an inherent ability to resist
unraveling when cut. Due to the high level of conformability and
porosity, knitted fabrics are ideal candidates
implants.”” Other applications include aortic valves,’
cartilage reconstruction® and ligament reconstruction.*” Braided

for vascular
8 tracheal

structures are mostly used as sutures and ligaments*' because the
spaces between the yarns, which cross each other, make them
porous but still enable them to withstand high loads during the
healing process. A braided structure has also been used in nerve
guide constructs.”> Non-woven structures may have a wide range
of porosities and their isotropic structure provides good
mechanical and thermal stability.” They can easily compress
and expand. These advantages make them a suitable material for
many tissue-engineering applications ranging from heart tissue**
to a corneal graft.” Emerging nano-fabrication methods such as
electro-spinning now enable to produce non-wovens from
synthetic nano-scale fibers which are dimensionally similar to
collagen fibers and thus allow stronger interfacing with the host
tissue.'!

Sintering. Porous metals have been used as coatings for fixation
of dental and orthopedic implants since they encourage bone
growth and enhance fixation. The most common approach in
fabrication of porous metal and metal alloys are sintering of loose
powder,”* or slurry sintering.***> The process of sintering
involves heating alloy beads and a substrate to about a half of the
alloy's melting temperature to enable diffusive mechanisms to
form necks that join the beads to one another and to the surface.
Loose powder sintering yields relatively small pores (< 20 pum),
and low porosities (< 40%).7%*** In order to increase porosity
and pore size, the metal powder can be mixed with a porogen such
as ammonium hydrogen carbonate as which is later burnt out
leaving behind voids. This process enables to increase the porosity
to 74%.°" The pores attained in this method are a mixed
population of 5-20 pum pores as resulting from conventional
sintering and much larger pores 300-800 pm, as resulting from
the presence of the porogen.

Rapid prototyping techniques. Rapid prototyping techniques
have attracted much interest in recent years as powerful tools to
fabricate scaffolds. These scaffolds are built layer by layer, through

material deposition on a stage, either in a molten phase’>>
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(known as fused deposition modeling) or in droplets together with
a binding agent®® (referred to as 3D Printing). These methods can
be applied to an extended range of basic materials including
polymers,” metals® and ceramics.”> The 3D outcomes of this
process can be guaranteed to have 100% interconnected pores if
during fabrication the layers are deposited as interpenetrating
networks. Another advantage of these methods is the ability to
incorporate cells within the structure during fabrication.>

Part of the mentioned above methods can serve for preparation
of implants and scaffolds loaded with drugs, that in addition to
their regular role (of support for example) they also release drug
molecules in a controlled desired manner to the surrounding
tissue, and therefore induce healing effects. In such cases it is
necessary to incorporate the drug molecules in the porous
structure during the process of scaffold formation and to be able
to control their release profile. It is also important to preserve the
drug’s activity during the process of encapsulation in the porous
structure. This is not simple because many drugs and all proteins
lose their activity when they are exposed to organic solvents or
elevated temperature. Protein incorporation during the process of
preparation is still a challenge in all methods mentioned above.
Also, most of the suggested methods do not describe how the drug
release profile from the porous structure can be controlled and fit
the application.

The current article focuses on a method for preparation of
drug-eluting porous structures for various biomedical applications,
based on freeze drying of inverted emulsions. Any bioactive agent
(drug or protein) can be incorporated during the process of
preparation, without losing the activity. Examples are given for
controlled release of hydrophilic drugs, hydrophobic drugs and

proteins.

Drug-Eluting Porous Structures Based
on Freeze-Dried Inverted Emulsions

Emulsions. An emulsion is a metastable mixture of two
immiscible liquids such as oil and water in the form of droplets
of one substance (discontinuous phase) in the other (continuous
phase). Emulsions are generally categorized into two groups: oil in
water (O/W), where water is the continuous phase, and water in
oil (W/O) where water is the discontinuous phase, i.e., inverted
emulsion. Emulsions are obtained by activating shear forces
between the phases, leading to the fragmentation of one phase
into the other. The outward pressure (Laplace pressure) of the
formed droplets is inversely proportional to the droplet diameter
and the droplet diameter therefore decreases as shear forces are
increased.””

During destabilization, an emulsion goes through several
consecutive and parallel steps, which eventually lead to separation.
At first, the droplets move due to diffusion or stirring to the
fusion of two Brownian driven adjacent droplets, irreversibly, and
if the repulsion potential is too weak, they become aggregated to
each other. This process is called flocculation. The single droplets
are now replaced by twins or multiplets, which are separated by a
thin film. The thickness of the thin film is reduced due to the van
der Waals attraction, and when a critical value of its dimension is
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reached, the film bursts and the two droplets unite to a single
droplet in a process called coalescence. The decrease in free energy
caused during the process of thinning of the interdroplet film
determines the contact angle.”””® In parallel to the processes
described above, the droplet also rises through the continuous
phase (creaming) or sinks to the bottom of the continuous phase
(sedimentation) due to differences in density of the dispersed and
continuous mediums.’”’

The presence of surface active agents (surfactants) stabilizes an
emulsion since they reduce the interfacial tension between the two
immiscible phases. Proteins are widely used as emulsion stabilizers
in the food industry.®>" It has been reported that metastable
“water in oil” emulsions can be stabilized by bovine serum
albumin.®**>* Hydrophilic polymers, such as poly(vinyl alcohol)
and poly(ethylene glycol), act as surfactants due to their
amphiphilic molecular structure, thus increasing the affinity
between the aqueous and organic phases.®*

The concept of freeze-dried inverted emulsions. In the current
study we developed a special technique termed freeze drying of
inverted emulsions, and studied the effects of process and
formulation parameters on the obtained microstructure and on
the resulting drug release profile and other properties that are
relevant for the application. The inverted emulsions used in our
study are prepared by homogenization of two immiscible phases:
an organic solution containing a known amount of poly (DL-
lactic-co-glycolic acid) (PDLGA) in chloroform, and an aqueous
phase containing, double-distilled water. Homogenization of the
two phases is usually performed for the duration of 90 sec at an
average rate of 16,000 RPM using a homogenizer. Both process
parameters and formulation parameters, are controllable and affect
the microstructure and properties. The “process parameters” are
the homogenization rate and duration and are termed as kinetic
parameters, and the “formulation parameters” are the polymer
content of the organic phase, the polymer’s molecular weight, the
copolymer composition (glycolic acid: lactic acid), the organic:
aqueous (O:A) phase ratio, the drug content and incorporation of
surfactants. These are termed “themodynamic parameters,” due to
their strong effect on the microstructure through the emulsion’s
stability, as will be explained in details and examples below. The
formulation parameters were found to be more important than
the process parameters in determining the microstructure.®’”>

After preparing the inverted emulsions they can be poured into
a dish, followed by immediate freezing in a liquid nitrogen bath so
as to form a porous drug-loaded film. It can also coat any
structure (dense fiber, stent or any bulky 3D structure). The
following freeze drying process enables to preserve the micro/
nano-structure of the inverted emulsion and get a solid implant
encapsulated with drug molecules. The whole process of
preparation is described in Figure 1. Examples for implant
structures are presented in Figure 2. These include a porous film
(Fig. 2A), a composite mesh/matrix structure composed of a mesh
made of dense fibers and porous matrix (Fig. 2B), and a core/shell
composite fiber (Fig. 2C). All porous elements in these structures
are prepared using the freeze drying of inverted emulsion
technique. Their microstructure is shown in high SEM
magnification in a separate circled part of Figure2.
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Figure 1. A schematic representation of the freeze drying of inverted emulsion process.

The freeze-drying of inverted emulsions technique is unique in
being able to preserve the liquid structure in solids and was
employed in our studies in order to produce highly porous micro
and nano-structures, as those presented in Figure 2, that can be
used as basic elements or parts of various implants and scaffolds
for tissue regeneration. This fabrication process enables the
incorporation of both water-soluble and water-insoluble drugs
into the film in order to obtain an “active implant” that releases
drugs to the surrounding in a controlled manner and therefore
induces healing effects in addition to its regular role (of support,
for example). Water-soluble bioactive agents are incorporated in
the aqueous phase of the inverted emulsion, whereas water-
insoluble drugs are incorporated in the organic (polymer) phase.
Sensitive bioactive agents, such as proteins, can also be
incorporated in the aqueous phase. This prevents their exposure
to harsh organic solvents and enables the preservation of their
activity.

There are numerous medical applications for our freeze-dried
drug-eluting structures. For example: porous films, fibers or
composite structures loaded with water-soluble drugs, such as
antibiotics, can be used for wound dressing applications,
treatment of periodontal diseases, meshes for Hernia repair, as
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well as coatings for fracture fixation devices. Fibers loaded with
water insoluble drugs such as antiproliferative agents can be used
as basic elements of drug-eluting stents and also for local cancer
treatment. Films and fibers loaded with growth factors can be
used as basic elements of highly porous scaffolds for tissue
regeneration. These structures for the suggested applications were
investigated by us and selected examples are presented in the three
following chapters. We will also show how appropriate selection
of the formulation (thermodynamic) parameters enables to obtain
desired controllable release profile of any bioactive agent, water-
soluble or water-insoluble, that fits the application.

Porous Structures with Controlled Release
of Water-Soluble Drugs

Water-soluble agents, such as many antibiotic drugs, are
incorporated in the aqueous phase of the inverted emulsion and
therefore, after the freeze drying process are located on the pore
walls of the highly porous solid structures. In such structures
relatively high burst release can be obtained when immersed in
aqueous surrounding, due to the high water solubility of these
drugs. Their location in the pores (rather than in the polymeric
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A Drug-Eluting
Porous Film Structure

C Drug-Eluting
Core/Shell Fiber

B Drug-Eluting
Composite Structure

High magnification of porous
structure derived from freeze
dried inverted emulsion

Figure 2. SEM micrographs of biodegradable drug-loaded porous structures derived from freeze-dried inverted emulsions: (A) cross section of a film,
(B) composite mesh/matrix structure and (C) cross section of core/shell fiber. High magnification of the porous structure is shown in the circle.

domains), as a result of the process of preparation, also tend to
increase the burst release. Therefore it is extremely important to
be able to control the release profile of such drugs through
structuring of the porous matrix. Such structuring effects are
obtained by choosing the appropriate formulation parameters.
The effects of the formulation parameters on the microstructure
and on the resulting drug release profile were investigated by us.
In this study we chose to focus on antibiotic release from wound
dressing structures, prepared using the freeze drying of inverted
emulsion technique. We present here the effect of structuring on
the antibiotic release profile and on the mechanical and physical
properties of the wound dressings. The biological performance
and in vivo results are presented as well.

In addition to the wound healing applications, antibiotic release
from porous structures can be used for other medical applications,
such as treatment of periodontal diseases, meshes for hernia repair
and coatings for fracture fixation devices. Water-soluble drugs can
even be used for broader range of applications. Hence, this study
of porous structures with controlled release of water-soluble drugs
is beneficial for many biomedical applications.

Antibiotic-eluting composite wound dressings. The skin is
regarded as the largest organ of the body and has many different
functions. Wounds with tissue loss include burn wounds, wounds
caused as a result of trauma, diabetic ulcers and pressure sores. The
regeneration of damaged skin includes complex tissue interactions
between cells, extracellular matrix molecules and soluble mediators
in a manner that results in skin reconstruction. The moist, warm
and nutritious environment provided by wounds, together with
diminished immune functioning secondary to inadequate wound
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perfusion, may allow build-up of physical factors such as
devitalized, ischemic, hypoxic or necrotic tissue and foreign
material, all of which provide an ideal environment for bacterial
growth.”

The main goal in wound management is to achieve rapid
healing with functional and esthetic results. An ideal wound
dressing can restore the milieu required for the healing process,
while protecting the wound bed against penetration of bacteria
and environmental threats. The dressing should also be easy to
apply and remove. Most modern dressings are designed to
maintain a moist healing environment, and to accelerate healing
by preventing cellular dehydration and promoting collagen

74 Nonetheless, over-restriction of

synthesis and angiogenesis.
water evaporation from the wound should be avoided, since
accumulation of fluid under the dressing may cause maceration
and facilitate infection. The water vapor transmission rate
(WVTR) from the skin has been found to vary considerably
depending on the wound type and healing stage, increasing
from 204 gm™ d' for normal skin to 278 and as much as
5,138 gm™ d' for first degree burns and granulating wounds,
respectively.”” The physical and chemical properties of the
dressing should therefore be adapted to the type of wound as
well as to the degree of wound exudation.

A range of dressing formats based on films, hydrophilic gels and
foams are available or have been investigated. Thin semi-
permeable polyurethane films coated with a layer of acrylic
adhesive, such as Optsite™ (Smith and Nephew) and Bioclussive®™
(J and ]), are typically used for minor burns, post-operative
wounds, and a variety of minor injuries including abrasions and
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lacerations. Gels such as carboxymethylcellulose-based Intrasite
Gel®™ (Smith and Nephew) and alginate-based Tegagel™ (3M) are
used for many different types of wounds, including leg ulcers and
pressure sores. These gels promote rapid debridement by
facilitating rehydration and autolysis of dead tissue. Foam
dressings, such as Lyofoam (Mélnlycke Healthcare) and Allevyn
(Smith and Nephew) are used to dress a variety of exudating
wounds, including leg and decubitus ulcers, burns and donor
sites.

Films and gels have a limited absorbance capacity and are
recommended for light to moderately exudating wounds, whereas
foams are highly absorbent and have a high WVTR and are
therefore considered more suitable for wounds with moderate to
heavy exudation.”® The characteristics of the latter are controlled
by the foam texture, pore size and dressing thickness.

Infection is defined as a homeostatic imbalance between the
host tissue and the presence of microorganisms at concentrations
that exceeds 10° organisms per gram of tissue or the presence of

B-hemolytic streptococci.”””®

The main goal of treating the
various types of wound infections should be to reduce the
bacterial load in the wound to a level at which wound healing
processes can take place. Otherwise, the formation of an infection
can seriously limit the wound healing process, can interfere with
wound closure and may even lead to bacteremia, sepsis and multi-
system failure. Evidence of bacterial resistance is on the rise, and
complications associated with infections are therefore expected to
increase in the general population.

Bacterial contamination of a wound seriously threatens its
healing. In burns, infection is the major complication after the
initial period of shock, and it is estimated that about 75% of the
mortality following burn injuries is related to infections rather
than to osmotic shock and hypovolemia.” Bacteria in wounds are
able to produce a biofilm within approximately 10 h. This biofilm
protects them against antibiotics and immune cells already in the
early stages of the infection process.*® The rapidity of biofilm
growth suggests that efforts to prevent or slow the proliferation of
bacteria and biofilms should begin immediately after creation of
the wound. This has encouraged the development of improved
wound dressings that provide an antimicrobial effect by eluting
germicidal compounds such as iodine (Iodosorb®™, Smith and
Nephew), chlorohexidime (Biopatch®™, J and J) or most frequently
silver ions (e.g., Acticoat™ by Smith and Nephew, Actisorb®™ by
J and J and Aquacell® by ConvaTec). Such dressings are designed
to provide controlled release of the active agent through a slow but
sustained release mechanism which helps avoid toxicity yet
ensures delivery of a therapeutic dose to the wound. Some
concerns regarding safety issues related to the silver ions included
in most products have been raised. Furthermore, such dressings
still require frequent change, which may be painful to the patient
and may damage the vulnerable underlying skin, thus increasing
the risk of secondary contamination.

Bioresorbable dressings successfully address this shortcoming,
since they do not need to be removed from the wound surface
once they have fulfilled their role. Biodegradable film dressings
made of lactide-caprolactone copolymers such as Topkin®™
(Biomet) and Oprafol® (Lohmann and Rauscher) are currently
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available. Bioresorbable dressings based on biological materials
such as collagen and chitosan have been reported to perform
better than conventional and synthetic dressings in accelerating
granulation tissue formation and epithelialization.®**> However,
controlling the release of antibiotics from these materials is
challenging due to their hydrophilic nature. In most cases, the
drug reservoir is depleted in less than two days, resulting in a very
short antibacterial effect.®®*4

The effectiveness of a drug-eluting wound dressing is strongly
dependent on the rate and manner in which the drug is released.*
These are determined by the host matrix into which the antibiotic
is loaded, the type of drug/disinfectant and its clearance rate. If
the agent is released quickly, the entire drug could be released
before the infection is arrested. If release is delayed, infection may
set in further, thus making it difficult to manage the wound. The
release of antibiotics at levels below the minimum inhibitory
concentration (MIC) may lead to bacterial resistance at the release
site and intensify infectious complications.*®® A local antibiotic
release profile should therefore generally exhibit a considerable
initial release rate in order to respond to the elevated risk of
infection from bacteria introduced during the initial shock,
followed by a sustained release of antibiotics at an effective level,
long enough to inhibit latent infection.®

There is currently no available synthetic dressing that combines
the advantages of occlusive dressings with biodegradability and
intrinsic topical antibiotic treatment. In order to obtain this
combination of properties we have recently developed and studied
a composite wound dressing based on the concept of core/shell
(matrix) composite structures. Its characteristics are described
here.

Composites are made up of individual materials, matrix and
reinforcement. The matrix component supports the reinforce-
ment material by maintaining its relative positions and the
reinforcement material imparts its special mechanical properties to
enhance the matrix properties. Taken together, both materials
synergistically produce properties unavailable in the individual
constituent materials, allowing the designer to choose an
optimum combination. In our application, a reinforcing
polyglyconate mesh affords the necessary mechanical strength to
the dressing, while the porous Poly(DL-lactic-co-glycolic acid)
(PDLGA) binding matrix is aimed to provide adequate moisture
control and release of antibiotics in order to protect the wound
bed from infection and promote healing. Both structural
constituents are biodegradable, thus enabling easy removal of
the wound dressing from the wound surface once it has fulfilled
its role. This new structural concept in the field of wound healing
is presented in Figure 2B.

The freeze-drying of inverted emulsions technique which was
used to create the porous binding matrix is unique in its ability to
preserve the liquid structure in the solid state.*® The viscous
emulsion, consisting of a continuous PDLGA/chloroform
solution phase and a dispersed aqueous drug solution, formed
good contact with the mesh during the dip-coating process.
Consequently, an unbroken solid porous matrix was deposited by
the emulsion following freeze-drying (Fig. 2B). The freeze-drying

of inverted emulsions technique has several advantages. First, it
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Table 1. Structural characteristics of the ceftazidime-loaded porous matrix”®

Formulation O:A Drug  Polymer content
loading* in the organic
(w/w) phase**(w/v)
Basic (1) Reference 6:1 15%
formulations () High OA 121 5% 15%
(3) High polymer  6:1 5% 20%
content
(4) High polymer  6:1 5% 15%
MW
Formulations (5) BSAT: ref,, 6:1 5% 15%
with surfactants stabilized
with BSA
(6) BSA2: high 12:1 5% 15%
O:A, stabilized
with BSA
(7) SPAN: high 12:1 5% 15%
O:A, stabilized
with Span

Polymer Surfactant** Freeze-dried emulsion
MW (KDa)
Porosity (%) Pore diameter (um)

100 None 68 1.5+ 06

100 None 45 1.6 £ 04

100 None 22 1.2+ 09

240 None 16 0.5+ 04

83 BSA (1% w/v in the 63 14+03
aqueous phase)

83 BSA (1% w/v in the 35 14 +03
aqueous phase)

83 Span80 (1% w/v 45 1.1+£03

in the organic phase)

*Relative to the polymer weight, **relative to the liquid phase volume (organic or aqueous).

enables attaining a thin uninterrupted barrier, which unlike mesh
or gauze alone can better protect the wound bed against
environmental threats and dehydration. Second, it entails very
mild processing conditions which enable the incorporation of
sensitive bioactive agents such as antibiotics.'™® and even growth
factors®® to help reduce the bio-burden in the wound bed and
accelerate wound healing. Third, the microstructure of the freeze-
dried matrix can be customized through modifications of the
emulsion’s formulation to exhibit different attributes, namely
different porosities or drug release profiles. Such structuring
effects are described in this chapter. The mechanical and physical
properties of these new wound dressings and their biological
performance are also presented. Finally, a guinea pig model was
used to evaluate the effectiveness of these antibiotic-eluting
dressings and the main conclusions are brought here.
Structure-controlled release effects. The controlled release of
antibiotics from wound dressings is challenging, since various
related design considerations need to be addressed. Specifically,
porosity which is desired to provide adequate gaseous exchange
and absorption of wound exudates” may act as a two-edged
sword; allowing rapid water penetration which typically leads to a
rapid release of the water soluble active agent within several hours
to several days.”"?* Structural effects on the controlled release of
gentamicin and ceftazidime from our composite structures were

d.'””® and the most important results are

extensively studie
presented here.
As mentioned above, the emulsion’s formulation parameters
which determine the porous matrix structure and also the
resulting properties are the organic:aqueous (O:A) phase ratio, the
drug content in the aqueous phase, the polymer content in the
organic phase, the polymer’s initial molecular weight (MW) and
also surfactants incorporated in the emulsion so as to increase its
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stability. The characteristic features of our studied samples are
presented in Table 1. The basic formulations were used for the
microstructure-release profile study. A highly interconnected
porous structure poses almost no restriction to outward drug
diffusion once water penetrates the matrix, and drug release in this
case is most probably governed by the rate of water penetration
into the matrix. Hence, the antibiotic release from our reference
formulation (formulation 1, Fig. 3A, O) clearly demonstrates the
prominent effect of pore connectivity on the burst release of the
antibiotics, i.e., release of drug within the first 6 h. Samples with
relatively low emulsion’s O:A phase ratio (up to 8:1) typically
demonstrate much pore connectivity (Fig. 3B) and their in vitro
release patterns display a burst release of approximately 95%
(Fig. 3A, O). In contradistinction, porous shell structures derived
from higher O:A phase ratios (for example 12:1), display reduced
pore pore (Fig. 3C
and Table 1), resulting in a significant half-fold decrease in the
burst release of antibiotics to approximately 45% (Fig. 3A, A).
An increase in the polymer’s molecular weight (MW) from
100 KDa to 240 KDa resulted in a tremendous effect on the shell
microstructure. The porosity of the shell in this case was reduced
to only 16% (Fig. 3D and Table 1). Since high viscosity increases
the shear forces during the process of emulsification and also

connectivity and a lower fraction

reduces the tendency of droplets to move, it is expressed in a
significantly smaller pores and relatively thick polymeric domain
between them. These changes in microstructure reduced the burst
release of the encapsulated antibiotics to approximately 30% and
enabled a continuous moderate release over a period of one month
(Fig. 3A,0J).

Finally, an increase in the emulsion’s polymer content to 20%
w/v also resulted in a dramatic decrease in the burst release
(Fig. 3A, ©). A higher polymer content in the organic phase
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Figure 3. (A) Controlled release of the antibiotic drug ceftazidime from composite structures based on various formulations. Reference formulation
(formulation 1): 5% w/w ceftazidime and 15% w/v polymer (75/25 PDLGA, MW = 100 KDa), O:A = 6:1; formulation 2: increased O:A phase ratio (12:1);
formulation 3: increased polymer MW (240 KDa); formulation 4: increased polymer content in the organic phase (20%). (B-E) SEM fractographs showing
the effect of a change in the emulsion’s formulation parameters on the microstructure of the binding matrix for formulations 1-4, respectively."

results in denser polymer walls between pores after freeze-drying
(Fig. 3E) and therefore poses better constraint on the release of
drugs out of pores. Interestingly, samples containing a 20%
polymer content exhibited a three-phase release pattern: an initial
burst release, a continuous release at a declining rate during the
first two weeks until release of 50% of the encapsulated drug,
followed by a third phase of release of a similar nature reaching
99% release after 42 d. The second phase of release is governed by
diffusion, whereas the third phase is probably governed by
degradation of the host polymer which enables trapped drug
molecules to diffuse out through newly formed elution paths. In
other cases described thus far, drug release was governed primarily
by diffusion, since almost the entire amount of drug was released
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before polymer degradation would in fact be able to affect the
release profile. Thus, when drug diffusion out of the shell is
restricted as in the case of high polymer content, and a
considerable amount of drug still remains within the porous
matrix, polymer degradation will contribute to further release the
antibiotics, which leads to an additional release phase.

Other modifications to the emulsion formulation included the
addition of surfactants. Surfactants promote stabilization of the
emulsion by reduction of interfacial tension between the organic
and aqueous phases, resulting in refinement of the microstructure.
We examined three matrix formulations loaded with surfactants
(listed in Table 1), which display distinctly different micro-
structural features (Fig. 4A—C and Table 1). The effect of the O:
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A phase ratio was examined on formulations containing bovine
serum albumin (BSA) as surfactant. As expected, a higher O:A
phase ratio, i.e., lower aqueous phase quantity, resulted in a
smaller porosity of the solid structure. However, both micro-
structures were homogenous and characterized by a similar
average pore size. The stabilization effect of Span 80 was even
higher than that obtained using BSA, and therefore resulted in a
smaller pore size (Table 1). The release profile of antibiotics from
wound dressings varied considerably with the changes in
formulation (Fig.4D). Ceftazidime release from the dressings
based on the BSA1 formulation was relatively short, reaching
almost complete release of the encapsulated drug within 24 h. An
increase in the emulsion’s O:A phase ratio from 6:1 to 12:1
reduced the burst release. Specifically, burst release values of 97%
and 57% were recorded after 6 h for formulations BSAl and
BSA2, respectively, after which the release of the antibiotics from
BSA2 dressings continued for 5 d at a decreasing rate. The
ceftazidime release profile from the SPAN formulation was totally
different. It exhibited a low burst release of 6% during the first 6 h
of incubation and then a release pattern of a nearly constant rate
for 10 d. Surfactant incorporation can contribute to the
achievement of more than merely a stabilizing effect, by binding
to antibiotics and thus counteracting drug depletion. We have
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found, for instance, that dressings containing mafenide in
combination with albumin as surfactant display a lower burst
release and a moderate release rate.'

In summary, we demonstrated the release of antibiotic contents
at high (> 90%), intermediate (40-60%) and low (~5%) burst
release rates and release spans ranging from several days to three
weeks. The versatility of the drug release profiles was obtained
through the effects of the inverted emulsion’s formulation
parameters on the porous structure. In particular, lower burst
release rates and longer elution durations can be achieved through
structuring toward a reduced pore size, pore connectivity and total
porosity.

Physical and mechanical properties. Moisture management.
Successful wound healing requires a moist environment. Two
parameters must therefore be determined: the water uptake ability
of the dressing and the water vapor transmission rate (WVTR)
through the dressing. An excessive WVTR may lead to wound
dehydration and adherence of the dressing to the wound bed,
whereas a low WVTR might lead to maceration of healthy
surrounding tissue and buildup of a back pressure and pain to the
patient. A low WVTR may also lead to leakage from the edges of
the dressing which may result in dehydration and bacterial
penetration.””* It has been claimed that a burn dressing should
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ideally possess a WVTR in the range of 2,000-2,500 g/m?*/d, half
of that of a granulating wound.” In practice, however,
commercial dressings do not necessarily conform to this range,
and have been shown to cover a larger spectrum of WVTR,
ranging from 90 (Dermiflex®, J&]J) to 3,350 g/m’/d (Beschitin®,
Unitika).” Clearly, the WVTR is related to the structural
properties (thickness and porosity) of the dressing as well as to the
chemical properties of the material from which it is made.

In this part of the study, we examined the specific emulsion
formulations that included surfactants (BSA1, BSA2, SPAN, see
Table 1). These were chosen based on emulsion stability and
resultant microstructure (Fig.4A—C), and also on drug release
profiles (Fig.4D). Evaporative water loss through the various
dressings was linearly dependant on time (R* > 0.99 in all cases),
resulting in a constant WVTR, between 480-3,452 g/m?*/d,
depending on the formulation (Fig.4E). These results dem-
onstrate how the WVTR can be customized based on modifica-
tions of the porous matrix’s microstructure. The lowest value is
similar to that reported for film type dressings (e.g., Tegaderm,
491 t 44 g/m?*/d),”” while the highest value is similar to that of
foam type dressings (e.g., Lyofoam, 3052 t 684 g/m*/d).”
Further investigation of O:A phase ratios between 6:1 and 12:1
with albumin may generate a WVTR specifically in the 2,000
2,500 g/m?*/d range. A WVTR of 2,641 + 42 g/m*/d which was
achieved for 12:1 O:A with the surfactant Span80 (formulation 7)
is close to this range and seems the most appropriate.

Water uptake by the wound dressing may occur either as the
result of water entry into accessible voids in the porous matrix
structure (hydration effect), or as the polymer matrix material
gradually uptakes water and swells (swelling effect). Our water
uptake patterns for wound dressings based on formulations loaded
with BSA demonstrated both these effects.”” Both types of wound
dressing (formulations 5 and 6) demonstrated a 3-stage water
uptake pattern.

Mechanical properties. The mechanical properties of a wound
dressing are an important factor in its performance, whether it is
to be used topically to protect cutaneous wounds or as an
internal wound support, e.g., for surgical tissue defects or hernia
the setting, appropriate
mechanical properties of dressing materials are needed to ensure
that the dressing will not be damaged by handling. Porous
structures typically possess inferior mechanical properties

repair. Furthermore, in clinical

compared with dense structures, yet in wound healing

Table 2. Mechanical properties of various wound dressings”
Material/format

BSA1 (composite polyglyconate mesh, coated with PDLGA

Elastic modulus (MPa)

applications porosity is an essential requirement for diffusion
of gasses, nutrients, cell migration and tissue growth. Most
wound dressings are therefore designed according to the bi-layer
composite structure concept and consist of an upper dense
“skin” layer to protect the wound mechanically and prevent
bacterial penetration and a lower spongy layer designed to
adsorb wound exudates and accommodate newly formed tissue.
Our new dressing design integrates both structural/mechanical
and functional components (e.g., drug release and moisture
management) in a single composite layer.”® It combines
relatively high tensile strength and modulus together with good
flexibility (elongation at break). It actually demonstrated better
mechanical properties than most other dressings currently used
or studied, as demonstrated in Table 2.

The initial mechanical properties of natural polymers such as
collagen or gelatin can be satisfactory. However, considerable
degradation of these properties is expected to occur rapidly due to
hydration®® and enzymatic activity.”” The results of the three
weeks degradation study of our wound dressings show a
significant decrease only in Young’s modulus (Fig.5). The
maximal stress and strain of our composite wound dressing
(24 MPa and 55%, respectively) are dictated mainly by the
mechanical properties of the reinforcing fibers which fail first
during breakage. At these time periods they are not subjected to
considerable degradation, which explains the constancy in these
properties. In contradistinction, the Young’s modulus of the
dressings is considerably affected by the properties of the binding
matrix that makes up the largest part of the cross-sectional area.
The degradation of the matrix material which is clearly in progress
after two weeks of exposure to PBS thus leads to a decrease in
Young’s modulus. The mechanical properties of our wound
dressings are superior to those reported before, and remain good
even after three weeks of degradation (Young’s modulus of
69 MPA, maximal stress 24 MPa and maximal strain 61%), as
demonstrated in Figure 5.

In summary, the mechanical properties of our wound-dressing
structures were found to be superior, combining relatively high
tensile strength and ductility, which changed only slightly during
three weeks of incubation in an aqueous medium. The parameters
of the inverted emulsion as well as the type of surfactant used for
stabilizing the emulsion were found to affect the microstructure of
the binding matrix and the resulting physical properties, i.e.,
water absorbance and water vapor transmission rate.

Tensile strength (MPa)  Elongation at break (%)

porous matrix) 126 + 27 242 £ 45 55+5
Electrospun poly-(L-lactide-co--caprolactone) (50:50) mat®® 84 £ 09 47 £ 2.1 960 + 220
Electrospun gelatin mat 490 + 52 1.6 + 0.6 170 + 44
Electrospun collagen mat 114 +1.2
Resolut™ LT regenerative membrane (Gore). Glycolide fiber 1.7 2
mesh coated with an occlusive PDLGA membrane
Kaltostat® (ConvaTec) Calcium/Sodium Alginate fleece 13 +0.2 09 + 0.1 10.8 £ 0.4
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Biological performance. Bacterial inbibition. The strategy of
drug release to a wound depends on the condition of the wound.
After the onset of an infection, it is crucial to immediately respond
to the presence of large numbers of bacteria (> 10° CFU/mL)
which may already be present in the biofilm,** and which may
require antibiotic doses of up to 1,000 times those needed in
suspension.”®”” Following the initial release, sustained release at
an effective level over a period of time can prevent the occurrence
of latent infection. We have shown that the proposed system can
comply with these requirements (see “Structure-controlled release
effects”).

The time-dependent antimicrobial efficacy of these antibiotic-
eluting wound dressing formulations was tested in vitro by two
complementary methods. The first method is based on the
corrected zone of inhibition test (CZOI),* which is also termed
the disc diffusion test. According to this method presence of
bacterial inhibition in an area that exceeds the dressing material
(CZOI > 0) can be considered beneficial. This method gives a
good representation of the clinical situation, where the dressing
material is applied to the wound surface, allowing the drug to
diffuse to the wound bed. The results from this method are
dependent on the rate of diffusion of the active agent from the
dressing, set against the growth rate of the bacterial species
growing on the lawn, and are highly dependent on the
physicochemical environment. The second method is actually a
release study from selected wound dressings in the presence of
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bacteria, which was performed in order to study the effect of drug
release on the kinetics of residual bacteria.®” This method, which
is termed viable counts, provides valuable information on the kill
rate, which is a key comparator for different formulations and
physicochemical conditions.

The bacterial strains = Staphylococcus  aureus (S.  aureus),
Staphylococcus  albus (S. Albus) and  Pseudomonas aeruginosa
(P. aeruginosa) were used in this study. The minimal inhibitory
concentration of the antibiotics gentamicin and ceftazidime
against these strains are presented in Table 3. The results for
wound dressings stabilized with BSA using the CZOI method
are presented in Figure 6. Wound dressings containing genta-
micin demonstrated excellent antimicrobial properties over two
weeks, with bacterial inhibition zones extending well beyond the
dressing margin at most times (Fig. 6A-C). Interestingly,
inhibition zones around dressing materials containing gentamicin
remained close to constant over time and for the different drug
loads. The largest CZOI were measured for the gram-positive
bacteria (S. aureus and S. albus) and especially for S. albus.
Despite having the lowest minimal inhibitory concentration
(MIC) (Table 3), The gram-negative P. aeruginosa was least
inhibited, and exhibited the smallest CZOI (Fig. 6). This was
not the case for ceftazidime-loaded materials, for which CZOI
were found to decrease over time, and with lower drug loads. In
contradistinction to gentamicin-loaded materials, ceftazidime
was found to be most effective against P. aeruginosa and less
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effective against S. albus and S. aureus, and in good correlation
with their MIC’s (Table 3).

Cell cytotoxicity. In order to complete the results of bacterial
inhibition, it is also necessary to ensure that the dressing material
we developed is not toxic to the cells that participate in the healing
process. Previous studies have shown that dressing materials may
impose a toxic effect on cells, caused by the dressing material
itself, its processing or due to the incorporation of antimicro-
bials.'*»'®" We assessed cell viability by observations of cell
morphology, and by use of the Alamar-Blue assay, which is
comparable to the MTT assay in measuring changes in cellular
metabolic activity.'> This method involves the addition of a non-
toxic fluorogenic redox indicator to the culture medium. The
oxidized form of AB has a dark blue color and little intrinsic
fluorescence. When taken up by cells, the dye becomes reduced
and turns red. This reduced form of AB is highly fluorescent. The
extent of the AB conversion, which is a reflection of cell viability,
can be quantified spectrophotometrically at wavelengths of 570
and 600 nm. The AB assay is advantageous in that it does not
necessitate killing the cells (as in the MTT assay), thus enabling
day by day monitoring of the cell cultures. The AB assay was
performed on human fibriblast cell cultures before introducing
the dressing materials and then every 24 h for 3 d.

We saw no difference in the appearance of the cell cultures over
the three days during which they were exposed to the dressing
material devoid of antibiotics. The AB assay also shows a stable
preservation of cellular viability. Thus, we are assured that the
dressing material itself and its processing by freeze-drying of
inverted emulsions do not inflict a toxic effect. Similar results were
obtained for all the dressing materials containing antibiotics. No
more than a 10% reduction in the metabolic activity of cell
cultures was measured and in most cases metabolic activity even
increased as the cells became more confluent (Fig.7). These
results are promising, when compared with studies reporting the
similar testing of commonly used silver-based dressing materials.
Burd et al. and Paddle-Leinek et al. have reported that such
dressings induce a mild to severe cytotoxic effect on keratinicytes
and fibroblasts grown in culture, which correlated with the silver
released to the culture medium.'**'*” Specifically, it was shown
that commercial dressings such as Acticoat" Aquacel® Ag and
Contreet™ Ag reduce fibroblast viability in culture by 70% or
more. All silver dressings were shown to delay wound
reepithelialization in an explant culture model, and Aquacel®™
Ag and Contreet” Ag were found to significantly delay
reepithelialization in a mouse excisional wound model.'” These
findings emphasize the superiority of the proposed new antibiotic-
eluting wound dressings over dressings loaded with silver ions.

Table 3. Minimum inhibitory concentrations of antibiotics®®

Microorganism MIC (pg/mL)
Gentamicin Ceftazidime
Pseudomonas aeruginosa 25 6.3
Staphylococcus albus 3 125
Staphylococcus aureus 6.3 125
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In summary the microbiological studies showed that the
investigated antibiotic-eluting wound dressings are highly effective
against the three relevant bacterial strains. Despite severe toxicity
to bacteria, the dressing material was not found to have a toxic
effect on cultured fibroblasts, indicating that the new antibiotic-
eluting wound dressings represent an effective and selective
treatment option against bacterial infection.

In vivo study. The guinea pig is often used as a dermatological
and infection model.'**'”” Research on guinea pigs has included
topical antibiotic treatment,'®® delivery of delayed-release anti-
biotics'® and investigation of wound dressing materials."'>'"" A
deep partial skin thickness burn is an excellent wound model for
the evaluation of wound healing, not only for contraction and
epithelialization of the peripheral area such as in third degree
burns, but also for evaluation of the recovery of skin appendages,
to serve as the main source for the re-epithelization, which
completes the healing process. The metabolic response to severe
burn injury in guinea pigs is very similar to that of the human
post-burn metabolic response.'’> Furthermore, bacterial col-
onization and changes within the complement component of the
immune system in human burn victims is analogous to guinea
pigs affected by severe burns.'” Such a model was therefore used
in the current study to evaluate the effectiveness of our novel
composite antibiotic-eluting wound dressing. Four groups of
guinea pigs were used in this study.'"> After infliction of second
degree burns each animal was seeded with Pseudomonas
aeruginosa and then treated with the relevant treatment option,
as follows:

Group 1 was treated with a neutral non-adherent dressing
material (Melolin®, Smith and Nephew). Melolin®™ consists of
three layers: a low adherent perforated film, a highly absorbent
cotton/acrylic pad and a hydrophobic backing layer. According to
the manufacturer, it allows for rapid drainage of wound exudate,
thus reducing trauma to the healing tissue. This group is termed
“melolin.”

Group 2 was treated with our composite dressing, derived from
emulsion formulation containing 15% w/v PDLGA with 6:1 O:A
phase ratio and 1% w/v BSA, which did not contain antibiotics.
This group is termed “control.”

Group 3 was treated with a composite dressing derived from
emulsion formulation containing 15% w/v PDLGA with 6:1 O:A
phase ratio and 1% w/v BSA, which contained also 10% w/w
gentamicin. The gentamicin release profile from this dressing
demonstrated a relatively high burst release of antibiotics (68%),
followed by a gradual release in a decreasing rate over time
(Fig. 8A). This group is termed “fast release,” due to the provided
fast gentamicn release rate

Group 4 was treated with a composite dressing derived from
emulsion formulation containing 15% w/v PDLGA with 12:1
O:A phase ratio and 1% w/v sorbitan monooleate (Span 80),
which contained also 10% w/w gentamicin. The gentamicin
release from this dressing demonstrated a considerably lower burst
release (4%) and a longer overall release of gentamicin, with an
almost constant release rate for 4 weeks. This group is termed
“slow release,” due to the provided slow gentamicn release rate
(Fig. 8A).
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Figure 6. Histograms showing the effect of drug release on corrected zone of inhibition (CZOI) around (1% w/v) BSA loaded wound dressings (n = 3)
containing 5% (w/w), 10% (w/w) and 15% (w/w) drug, as a function of pre-incubation time in PBS. (A-C) gentamicin-loaded wound dressings, (D-F)
ceftazidime-loaded dressings. The bacterial strain (P. aeruginosa, S. albus and S. aureus) is indicated.®®
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Figure 7. Histograms demonstrating changes in the viability of dermal fibroblast cultures (Alamar Blue assay) in the presence of wound dressing discs
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containing 5% or 15% ceftazidime. Dressing materials devoid of antibiotics and pristine cell cultures served as control.®®

In all studied groups the wound dressing materials remained
in position over the course of treatment and were not disrupted.
The dressing material created good contact with the skin, turning
transparent in the exudating regions of the wound. All dressing
materials used in the study were easily removed from the wound.
Notable degradation of the binding matrix occurred in the
regions subject to exudation, creating visible voids between the
supporting fibers. This finding was supported by SEM
photographs of different regions of the retrieved dressing
material. The dressing’s margin demonstrated negligible degrada-
tion while its center demonstrated advanced degradation. The
fibrous mesh remained intact despite degradation of the binding

matrix.'?
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Second degree burn wounds were evaluated macroscopically by
two quantitative parameters ten and 14 d after infliction of the
burns: (1) percentage of the original area subjected to burn injury
which was still an open wound and (2) wound contraction as
depicted by the total wound area (epithelialized and non-
epithelialized) as a percentage of the original area subjected to
burn injury. Representative photographs of wounds treated with
the various dressing materials and the two endpoints are presented
in Figure 8B. As demonstrated, controlled release of gentamicin
had a beneficial effect on wound closure. Ten days after the
infliction of burns, an 88% of re-epithelization was observed with
the fast release formulation and a 95% of re-epithelization with
the slow release formulation (Fig.9A). Despite a half-fold
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Figure 8. (A) Cumulative release of gentamicin from wound dressings derived from emulsions with 10% drug contents, that were used in the animal
study: (blue square) formulation based on 6:1 O:A phase ratio, stabilized with 1% (w/v) BSA (“fast release”) and (green circle) formulation based on 12:1 O:
A phase ratio, stabilized with 1% (w/v) Span 80 (“slow release”). (B) Representative photographs of wounds, ten and 14 d after treatment with the four
types of wound dressings: Melolin® (group 1), “control” (group 2), “fast release” (group 3) and “slow release” (group 4).'"

decrease in the open wound area compared with Melolin®, the
superiority of the fast-release formulation was not proven
statistically. However, the non-epithelialized area under the
slow-release formulation was significantly smaller than with all
other formulations (p = 0.05), and 88% smaller than with
Meolin®. All wounds were almost fully epithelialized two weeks
after the infliction of burns.

Wound contraction is an ancient survival mechanism that
allows animals to overcome injury and reduce the size of a wound
without further treatment. However, it is an unfavorable process
in humans, since it can lead to disfigurement of the skin and poor
aesthetic results. It may also lead to loss of the normal flexibility of
the skin—a fixed deformity that entails a functional disability,
especially of the skin over the joints. Visible wound contraction is
not usually evident untl 5-9 d after injury, since significant
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fibroblast invasion into the wound area must occur before the
onset of contraction. Contraction is generally enhanced when the
healing process is delayed. It is therefore advisable to cause wound
closure as soon as possible.

After ten days, fast and slow gentamicin-eluting dressing
materials demonstrated less than 4% contraction compared with
17% and 26% contraction measured for the wounds treated with
the dressing material devoid of antibiotics and Melolin®,
respectively (Fig. 9B). After 14 d, wound contraction increased
in wounds treated with the non-antibiotic-eluting materials (37%
and 41%, respectively), while contraction in wounds treated with
controlled release of gentamicin increased mildly to 15% and
14% for the fast and slow releasing formulations, respectively,
which was significantly lower than with the non-antibiotic-eluting
materials (p = 0.05).
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To summarize, in vivo evaluation of the antibiotic-eluting
wound dressings in a contaminated wound demonstrated its
ability to accelerate wound healing compared with an unloaded
format of the wound dressing and a non-adherent dressing
material (Melolin™). Wound contraction was reduced signific-
antly, and better quality scar tissue was formed. The gold
standard local treatment with topical antibacterial agents, e.g.,
silverol™, requires daily or twice-daily replacements of the
dressing material, which are time consuming and painful to the
patient. As written above, several of the dressing materials used
today that provide controlled release of silver ions as an
antibacterial agent have been shown to induce a toxic effect on
cells, which can delay wound healing.'**'°"'**""" The current
dressing material shows promising results. It does not require
bandage changes and offers a potentially valuable and economic
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Figure 9. (A) Percentage of open wound measured at 10 and 14 d, with
respect to the inflicted wound area (mean = SEM), (B) Wound
contraction as percentage of total wound area measured at 10 and 14 d,

with respect to the inflicted wound area (mean + SEM).'"
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approach for treating the life-threatening complication of burn-
related infections.

Porous Structures with Controlled Release
of Water-Insoluble Drugs

Water-insoluble drugs do not tend to diffuse out from their host
polymeric structure and therefore they are released slowly in an
aqueous environment and it is hard to control their release profile.
Thus, when encapsulated in highly porous structures, their release
profile can be more controllable, due to the relatively high surface
area for diffusion. In the current study we chose to focus on
controlled release of antiproliferative drugs, which are extremely
hydrophobic, from our freeze-dried inverted emulsions and on the
resulting biological effects. The potential applications of anti-
proliferative drug release are mainly coatings for drug-eluting
vascular stents and local cancer treatment. However, the concept
of release of water-insoluble drugs from our highly porous
structures can be used also for many other biomedical
applications.

Antiproliferative drug-eluting core/shell fiber structures.
Drug-eluting fibers. Drug-eluting fibers may efficiently deliver
antiproliferative drugs locally at the tumor resection site or a few
cm from the tumor to help target tumor metastases. The
advantages of fibers include ease of fabrication, high surface area,
wide range of possible physical structures, and localized delivery of
the bioactive agent to the target. Two basic types of drug-eluting
fibers have been reported: monolithic fibers and reservoir
ﬁbers.] 15-122

» Monolithic fibers: in these systems the drug is dissolved or
dispersed throughout the polymer fiber. For example: curcumin,
paclitaxel and dexamethasone were melt spun with PLLA to
generate drug-loaded fibers'"”> and aqueous drugs were solution
spun with PLLA."'® Various steroid-loaded fiber systems have
demonstrated the expected first order release kinetics."'®'"”

* Reservoir fibers: these are hollow fibers, where drugs such as
dexamethasone and methotrexane were added to the internal
section of the fiber post melt extrusion.'**'*?

The main disadvantage of monolithic fibers is poor mechanical
properties, due to drug incorporation in the fiber. Furthermore,
many drugs and all proteins cannot tolerate the high temperatures
involved in the fabrication process of monolithic fibers. Reservoir
fibers also do not exhibit good mechanical properties.

The general goal of our study was therefore to develop and
investigate a novel drug-eluting bioresorbable core/shell fiber
platform that will successfully serve as a basic element for medical
implants. The concept of core/shell fibers is based on location of
the drug molecules in a separate compartment (“shell”) around a
melt spun “core” fiber (Fig. 2C). Such fiber platform is designed
to combine good mechanical properties with the desired drug
release profile. Preparation of the porous coating was based on the
freeze-drying of water in oil (inverted) emulsions technique,
described in “Introduction: Techniques for Preparation of Porous
Structures for Biomedical Applications.” The shell is highly
porous, designed to provide a large surface area for diffusion and
thus control the antiproliferative drug release. As written above,
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most antiproliferative drugs are hydrophobic and are therefore
released slowly in an aqueous environment. Furthermore, most
antiproliferative drugs are highly cytotoxic. Therefore, maintain-
ing the drug concentration between the effective and the toxic
levels, in a single dosage, is a complex task when incorporating
hydrophobic/cytotoxic drugs.

When loaded with antiproliferative agents, our new fibers are
designed for two purposes. The first is use as basic elements of
endovascular stents in order to mechanically support blood vessels
while delivering drugs directly to the blood vessel wall for
prevention of restenosis. The second application offers local
treatment of cancer post tumor resection in conjunction with
standard treatment.

Restenosis and stents. Restenosis (re-narrowing of the blood
vessel wall) and cancer are two different pathologies that have
drawn extensive research attention over the years. Antiproliferative
drugs such as paclitaxel inhibit cell proliferation and are therefore
effective in the treatment of cancer as well as neointimal
hyperplasia, which is known to be the main cause of restenosis.

Drug-eluting stents significantly reduce the incidence of in-
stent restenosis, which was once considered a major adverse
outcome of percutaneous coronary stent implantations. Localized
release of antiproliferative drugs interferes with the pathological
proliferation of vascular smooth muscle cells (VSMC), which is
the main cause of in-stent restenosis.'*’

Current drug-eluting biodegradable or biostable stent coatings
exhibit side effects due to delayed or incomplete healing and are
far from optimal in terms of controlled release of drugs within the
therapeutic range. Biodegradable stents may overcome current
DES endothelial related limitations and suggest a larger drug
reservoir if they could provide mechanical stability along the
healing period. Nevertheless, these stents cannot carry enough
drug because of the trade-off between the mechanical properties
and drug loading. Although both types of drug-eluting stents have
long been studied, there is still no such drug release device,
biodegradable or stable, that can provide controlled release of a
drug within the therapeutic dosage with safe healing of the tissue.
We present a new approach for the basic elements of
biodegradable endovascular stents that mechanically support the
blood vessels while delivering drugs for prevention of restenosis
directly to the blood vessel wall. Our novel fiber systems, derived
from drug-loaded emulsions, may provide targeted and controlled
drug release without interfering with the mechanical properties of
the device. The highly porous coating can also be applied
successfully on metal stents.

Local cancer treatment. Conventional approaches to treating
cancer are mainly surgical excision, irradiation and chemotherapy.
In cancer therapy, surgical treatment is usually performed on
patients with a resectable carcinoma. An integrated therapeutic
approach, such as the addition of a delivery system loaded with an
antiproliferative drug at the tumor resection site, is desirable.'**'*

The concept of drug-eluting devices for cancer treatment has
been studied extensively, and systems explored so far for localized
antiproliferative drug delivery in cancer treatment include wafers,
microspheres and fibers. However, current solutions include non-
selectivity of the drug, sub-optimal control over drug release, and
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problems in drug incorporation. Our delicate fibers are designed
to combine good strength with flexibility and can therefore be
handled easily and implanted in the desired location during and
post-surgery. Since these fibers are very delicate, they may also be
used stereotactically, obviating the need for surgery. The main
advantages of our composite drug-loaded fibers include ease of
fabrication and high surface area for controlled release.
Furthermore, an integrated therapeutic approach for cancer
treatment may be highly advantageous and may provide high
local concentrations of antiproliferative drugs at the tumor
resection site in a controlled manner. This method could prevent
re-growth and metastasis of tumors and may enable passage of
drugs directly through the BBB, which is crucial in cases of
glioblastoma, a pathology for which there is still no effective
treatment.

The drugs used in the current study. Several antiproliferative
drugs were examined in the current study, the most used were
paclitaxel and Farnesylthiosalicylate. Paclitaxel is the most popular
antiproliferative agent. It was originally isolated from a trace
compound found in the bark of the Pacific Yew (7axus
brevifolia)."*® Its anti-tumor activity was detected in 1967 by
the US National Cancer Institute (NCI) and it was later found to
be a promising novel antineoplastic drug. It was approved by the
FDA for ovarian cancer in 1992, for advanced breast cancer in
1994 and for ecarly stage breast cancer in 1999. Paclitaxel
eventually became a standard medication in oncology.'*'*” It acts
to inhibit mitosis in dividing cells by binding to microtubules and
causes the formation of extremely stable and non-functional
microtubules. Slow release of perivascularly applied paclitaxel
totally inhibits intimal hyperplasia and prevents luminal narrow-
ing following balloon angioplasty. However, paclitaxel’s narrow
toxic-therapeutic window may cause side effects during therapy.'*”

Farnesylthiosalicylate (FTS, Salirasib) is a new, rather specific,
nontoxic drug which was developed at the Tel-Aviv University.'*®
129130 which in its active form (GTP-

bound) promotes enhanced cell proliferation, tumor cell resistance

It acts as a Ras antagonist,

to drug-induced cell death, enhanced migration and invasion. Ras
is therefore considered an important target for cancer therapy as
well as for therapy of other proliferation diseases, including
restenosis. The apparent selectivity of FTS for active (GTP-
bound) Ras and the absence of toxic or adverse side effects were
proven in animal models'” and in humans (Concordia
Pharmaceuticals, Inc.). FTS was found to be a potent inhibitor
of intimal thickening in the rat carotid artery injury model which
serves as a model for restenosis, while it does not interfere with
endothelial proliferation.'” The incorporation of the new drug
FTS into a stent coating may overcome the incomplete healing
and lack of endothelial coverage associated with current drug-
eluting stents.

In the current study we investigated the effects of the inverted
emulsion’s parameters, ie., polymer content, drug content,
organic to aqueous (O:A) phase ratio and copolymer composition
on the shell microstructure and on the release profile of both
drugs, paclitaxel and FTS, from the fibers. Our results showed
that the effect of the copolymer composition, i.e., the relative
quantities of lactic acid and glycolic acid in the copolymer, on the
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drug release profile and on the shell microstructure was the most
pronounced of all parameters tested. In addition, we found the
optimal formulation which enabled us to obtain a relatively stable
emulsion for each drug (FTS or paclitaxel), as may be inferred
from the shell’s bulk porous microstructure. 50/50 PDLGA and
75/25 PDLGA were chosen as host polymers due to their
relatively fast degradation rate in order to be able to release the
hydrophobic antiproliferative agents at an appropriate rate.”"”>

Release profiles of antiproliferative drugs from core/shell
structures. As written above, the dense core of our composite
fibers enables obtaining the desired mechanical properties and the
drug is located in a porous shell so as not to affect the mechanical
properties. The shell is highly porous so as to enable release of the
relatively hydrophobic antiproliferative drugs in a desired manner.
In order to characterize our drug-eluting core/shell fiber platform,
we studied paclitaxel and FTS release from the fibers in light of
the shells’ morphology and degradation and weight loss profiles.
We also studied the activity of the drugs post-fabrication and then
the overall effect of the system as a tumor-targeted antiprolifera-
tive release device using cancer cell lines. The trial setting
measured the antiproliferative property of the fibers and is
believed to predict in vivo models for local treatment of cancer
and restenosis.

The diameter of the treated core fibers (i.e., without the
coating) was in the range of 200-250 pm and a shell thickness of
30-70 pm was obtained. The shell’s porous structure contained
round-shaped pores in all the specimens that were based on
relatively stable emulsions, usually within the 2-7 pm range, with
a porosity of 67-85%. The encapsulation efficiency of the studied
samples was in the range of 17 and 68% for the FTS-incorporated
coatings and in the range of 30% and 75% for the paclitaxel-
incorporated coatings (Table 4). The structural characteristics of
the shell and encapsulation efficiency values of the examined
specimens are also summarized in Table 4. The 50/50 PDLGA is
less hydrophobic than the 75/25 PDLGA due to its higher
glycolic acid content. The interfacial tension (difference between
the surface tensions of the organic and the aqueous phases) of the
50/50 PDLGA emulsion is therefore lower and the inverted
emulsion is more stable. This results in a lower shell pore size of
the 50/50 PDLGA for both paclitaxel and FTS-loaded fibers
(Table 4).

The drug release profiles from a shell based on 50/50 PDLGA
and from a shell based on 75/25 PDLGA are presented in
Figure 10 for fibers loaded with paclitaxel (Fig. 10A) and FTS
(Fig. 10B). The degradation profiles of the two copolymers are
presented in Figure 11A and their weight loss profiles are

Table 4. The structural characteristics of the shell structures loaded with antiproliferative agents and their encapsulation efficiency values

Sample Pore diameter (um)

FTS-loaded samples
50/50 PDLGA 29+ 1.1
75/25 PDLGA 45+ 13

Paclitaxel-loaded samples
50/50 PDLGA
75/25 PDLGA 6.4 +
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presented in Figure 11B. Paclitaxel’s cumulative release exhibited
the following three phases:

(1) The first phase of release (phase a) occurred during weeks
1-8, in which the drug was released in an exponential manner,
i.e., the rate of release decreased with time. Such a release profile
is typical of diffusion-controlled systems. A minor initial burst
release was obtained during the first day of release. Paclitaxel
release from the porous shell was relatively slow for both types of
host polymer, 50/50 PDLGA and 75/25 PDLGA, mainly due
to paclitaxel’s extremely hydrophobic nature. Moreover, the
release rate decreased with time, since the drug had a
progressively longer distance to pass and a lower driving force
for diffusion.

(2) The second phase of release (phase b) occurred during
weeks 5-20, in which the drug was released at a constant rate.
The rate of paclitaxel release from the 50/50 PDLGA host
polymer was significantly higher than that obtained from the 75/
25 PDLGA. This difference is attributed to a difference in the
degradation rate of these two copolymers, which assists the drug’s
diffusion. The 50/50 copolymer degrades faster than the 75/25
copolymer and therefore releases the drug at a faster rate. The
degradation rate of the 50/50 PDLGA is indeed significantly
higher than that of the 75/25 PDLGA, as inferred by the slope of
their molecular weight profile (Fig. 11A).

(3) The third phase of release (phase ¢) occurred during weeks
21-38, when the porous shell structure was already destroyed due
to intensive degradation. In fact, at this stage most of the shell
remains are no longer attached to the core fiber and the core fiber
also undergoes erosion.

Most of the encapsulated paclitaxel was released from the 50/50
PDLGA shell during phases a and b. However, in our system the
highly hydrophobic paclitaxel is probably attached to the surface
of the hydrophobic 75/25 PDLGA even after intensive
degradation. It is clear that the paclitaxel release profile during
phases a and b corresponds to the degradation profile of the
porous host PDLGA shell. Intensive degradation of the host
polymer is necessary in order to obtain release of the highly
hydrophobic bulky paclitaxel. Overall, about 10 pg paclitaxel,
corresponding to 90% of the loaded drug, was released from the
50/50 PDLGA shell, whereas about 4 g paclitaxel, correspond-
ing to 30% of the loaded drug, was released from the 75/25
PDLGA shell. Other investigators working on paclitaxel-eluting
systems also reported its relatively slow release rate from various
polymeric systems.'?"'??

The FTS release profiles from our fiber platform differ from the

paclitaxel release profiles. They exhibited a burst effect accom-
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Porosity(%) Encapsulation Drug amount
efficiency (%) (ng/cm fiber)
842 + 45 56.7 £ 7.9 0.336 £ 0.82
762 + 23 51.8 +43 0374 + 0.57
67.0 = 6.0 53+ 1.2 0.122 + 0.45
69.0 = 6.0 48 + 0.7 0.113 £ 0.12
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Figure 10. The effect of the copolymer composition on the cumulative drug release profile from core/shell fiber structures: (A) paclitaxel release and
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panied by a release rate which decreased with time (Fig. 10B).
The 50/50 PDLGA fiber released 62% of the encapsulated drug
during the first day of release, whereas the 75/25 PDLGA fiber
released only 30%. This difference is attributed mainly to
differences in the hydrophilic/hydrophobic balance of these two
copolymers. The 50/50 PDLGA copolymer contains more
glycolic acid groups and fewer lactic acid groups along the
polymer chain and is therefore less hydrophobic than the 75/25
PDLGA and probably exhibits higher water uptake during the
initial phase of release. This enables more rapid water inflow
which results in a higher burst release. Furthermore, the rate of
release from the 50/50 PDLGA formulation is slightly higher than
the rate obtained with the 75/25 PDLGA formulation and after
two weeks of degradation the 50/50 formulation released 100% of
the drug, whereas the 75/25 formulation released only 79%. Both
polymers exhibited a small weight loss of less than 10% during the
first 3 weeks of degradation, whereas after 3 weeks of degradation
the 50/50 PDLGA exhibited a fast weight loss while the 75/25
PDLGA did not erode during the measured time period
(Fig. 11B), as expected. These results indicate that most of the
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FTS is released from our porous coatings before they undergo
massive weight loss.

The changes in the shell microstructures of both copolymers
during exposure to the aqueous medium are presented in
Figure 12A (50/50 PDLGA) and Figure 11B (75/25 PDLGA).
The starting point (day 0) shows highly porous delicate structures
with round pores for both samples. The pore size of the 50/50
PDLGA shell (Fig. 12A) is significantly smaller than that of the
75/25 PDLGA (Fig. 12B) and its porosity is higher (Table 4).
Furthermore, the 50/50 PDLGA microstructure is highly
interconnected compared with the 75/25 PDLGA, which enables
more surface area for diffusion. The 50/50 PDLGA shell
exhibited a rougher structure after seven days of degradation in
the aqueous medium (Fig. 12A), whereas after 14 d of
degradation it exhibited a completely dense (non-porous)
structure (Fig. 12A). The 75/25 PDLGA also underwent a
similar change in microstructure (Fig. 12B). However, in this case
the entire process was slower and took approximately 126 d, due
to the more hydrophobic nature of the copolymer, which is rich
in lactic acid. The changes in microstructure are caused by early
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Figure 11. Degradation profile (A), weight loss profile (B) and water uptake (C) of 50/50 PDLGA and 75/25 PDLGA porous structures.'*?

swelling and water uptake and subsequent degradation and stabilizes, whereas the 75/25 PDLGA exhibited a slower water
erosion. uptake which lasts for 200 h (Fig. 11C). This further supports our

The water uptake measurements indicate an increase of 40% in  hypothesis that the early structural changes are due to water
the 50/50 PDLGA’s weight during the first 24 h, after which it uptake rather than degradation or erosion. Since the FTS
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days 0, 7, 14, 28, 56 and 126.'*

Figure 12. SEM fractographs of shell structures showing their microstructural changes with time: (A) 50/50 PDLGA at days 0, 7, 14, 28, (B) 75/25 PDLGA at

diffusion through the fiber’s shell occurs in an aqueous swollen
phase, a relatively high water uptake, such as that of our 50/50
PDLGA porous shell, enables faster diffusion of the relatively
small FTS molecules.'*

It can therefore be concluded that higher glycolic acid content
in the copolymer, i.e., a less hydrophobic copolymer, enables a
greater initial surface area for diffusion and higher FTS release
from the fibers mainly due to early swelling. Higher water uptake
affects the microstructure and results in a higher burst release and
a higher degradation rate of the host polymer, which assists
diffusion. The contribution of the swelling and the resulting
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microstructural effects are more significant for the FTS-eluting
systems than for the paclitaxel-eluting systems.

It is important to note that our drug delivery, water uptake and
degradation results clearly show that although antiproliferative
drugs are highly hydrophobic, their release profiles from
biodegradable polymers can be totally different. Some drugs,
such as paclitaxel, can be totally released only after intensive
degradation of the host polymer, and other drugs, such as FTS,
can be partially released even as a result of some water uptake, a
short time after being immersed in an aqueous medium. In order
to further investigate these systems, molecular simulations were
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Table 5. Physical properties of the hydrophobic drugs Paclitaxel and FTS'*

Drug Molecular weight (Da) Solubility parameter (5)(J/cm?) > Van der Walls volume (pm?3) Molecular area (pm?)
Paclitaxel 853.9 21.15 754 744
FTS 358.5 21.06 365 415

performed so as to evaluate the physical properties, such as the
solubility parameter, chemical structure, and molecular area of the
investigated drugs.

The Hildebrand solubility parameter, 8,"** is defined as the
square root of the cohesive energy density. Materials with similar
O values are likely to be miscible. The calculated solubility
parameters of paclitaxel and FTS, using the discover simulation
software, are 21.15 (J/cm®)"* and 21.06 (J/em?)'?, respectively,
i.e., they are almost the same (Table 5). The molecular weight,
calculated van der Waals volume and molecular areas of these
drugs are also presented in Table 5. The 3D images of these drugs
are presented in Figure13. It should be noted that paclitaxel
exhibit relatively high volumes (754 mp®) and high molecular area
(744 mp?), while FTS exhibit much lower volume (365 mp®) and
lower molecular area (415 mp?). Furthermore, paclitaxel has
spherical and complex molecular shape while FTS exhibits a
simpler straight linear shape (Fig.13). The complex shape and
large size of paclitaxel probably substantially reduce the diffusion
coefficient of the drug molecules, since they lower the molecular
mobility of the drug and thus delay its release. Additional water
insoluble drugs in our study also show that small narrow drug
molecules can diffuse out of the porous structure when some
water uptake occurs, while bulky drug molecules need intensive
degradation of the host polymer in order to diffuse out. This
phenomenon can be attributed to the fact that the hydrophobic
drug molecules are probably located in the polymeric domains of
the porous structure rather than in the pores.'”® Otherwise they
would be released much faster from the partially connected porous
structure.

In conclusion, highly porous structures for controlled release of
hydrophobic drugs such as antiproliferative agents were developed
and studied. The effects of both the polymer and the drug
structure and physical properties on the drug release profile were
studied through a combination of in vitro results and molecular
simulations. We conclude that both drug and polymer chain
structures strongly affect the release profile of hydrophobic drugs
from relatively hydrophobic host polymers. The chemical

structure of the polymer chain directly affects the drug release
profile through water uptake in the early stages or degradation and
erosion in later stages. It also affects the release profile indirectly
through the polymer’s 3D porous structure. However, this effect
is minor. The hydrophobic drug molecules are probably located in
the polymeric domains of the 3D structure, rather than in the
pores. The drug volume and molecular area have a dominant
effect on the drug’s diffusion rate from the 3D polymeric porous
structure.

Biological performance of the drug-eluting core/shell fibers.
The fabrication process of a drug-release device may affect the
activity of the incorporated drug. We examined the activity of
post-fabrication paclitaxel and FTS on cell growth. Both drugs
were extracted from the matrices and were then used in cell
culture experiments, in which we compared the effect of the
extracted drug with that of the control drug which was not
exposed to any fabrication process. Drug activities were tested on
three different cancer cell lines: H-Ras-transformed Rat-1
fibroblasts (EJ), U87 glioblastoma, and A549 lung cancer cells,
all of which were previously shown to be sensitive to FTS.'%¢'%
The cells were incubated with FTS (25, 50 or 100 nM) or with a
single dose of paclitaxel (50 nM) or with the vehicle control. The
FTS-treated and paclitaxel-treated cells were counted after four
days and one day, respectively. Figure14 shows that post-
fabrication paclitaxel and control paclitaxel caused a marked
decrease in the number of EJ, A549 and U87 cells relative to the
control (60-90% decrease). The decrease in cell number was
attributed to cell death, in line with the known cytotoxic action of
paclitaxel. Importantly, there was no difference between the
extent of activity of post-fabrication paclitaxel and control
paclitaxel (p > 0.8, Fig. 14), indicating that the fabrication
process did not affect paclitaxel’s pharmacological activity.

We showed that post-fabrication FTS extracted from the core/
shell fiber is as active as control FTS (Fig. 14). However, these
studies did not examine the impact of FTS that elutes from the
fibers directly onto the cells as would be the case in vivo.
Moreover, we could not tell whether the amount of drug

FTS

Paclitaxel

S, yellow."*

Figure 13. The 3D structures of sirolimus and paclitaxel. The various atoms are presented by colors as follows: H, white; C, gray; O, red; N, blue;
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incorporated into the fiber is high enough to inhibit cell growth.
In order to provide answers to these questions, we performed a set
of experiments in which cells were directly exposed to the FTS-
loaded core/shell fibers. Both slow and fast release fibers (Fig. 10)
were used to allow a relatively slow and fast accumulation of FT'S
in the wells. A relatively slow release rate was obtained with shells
based on 75/25 PDLGA, while a relatively fast FTS release rate
was obtained with shells based on 50/50 PDLGA. We used U87,
A549 and EJ cells in these experiments in order to document
inhibition of cell growth and induction of cell death. Cells were
imaged at various time points after being exposed to control (no
drug) or FTS-eluting fibers. We chose not to test paclitaxel-
eluting fibers because they are well-documented in the literature.
Furthermore, paclitaxel’s cytotoxic mechanism of action was not
damaged during fabrication, and the effect of the paclitaxel fibers
is therefore predictable. Our results indicate that FTS-eluting
composite fibers can effectively induce growth inhibition or cell
death by a gradient effect and a dose-dependent manner (Fig. 15).
We concluded that the combined effect of the rtargeted
mechanism of FTS as a Ras inhibitor together with the localized
and controlled release characteristics of the fiber is an advantage-
ous antiproliferative quality.

Porous Structures with Protein Controlled Release

Tissue engineering is described as “an interdisciplinary field that
applies the principles of engineering and life sciences towards the
development of biological substitutes that restore, maintain, or
improve tissue function or a whole organ.”'*® One of the major
approaches in tissue engineering is scaffolds that elute bioactive
agents. Upon implantation of such scaffolds, cells from the body
are recruited to the site, thus enabling tissue formation."*' Growth
factors are essential for promoting cell proliferation and
differentiation. However, direct administration of growth factors

is problematic, due to their poor in vivo stability."**'* It is
therefore necessary to develop scaffolds with controlled delivery of
bioactive agents that can achieve prolonged availability as well as
protection of these bioactive agents, which may otherwise
undergo rapid proteolysis.'**'*> The main obstacle to successful
incorporation and delivery of small molecules as well as proteins
from scaffolds is their inactivation during the process of scaffold
manufacture due to exposure to high temperatures or harsh
chemical environments. Methods that minimize protein inactiva-
tion must therefore be developed. Three approaches to protein
(growth factor) incorporation into bioresorbable scaffolds have
recently been presented: (1) adsorption onto the surface of the
scaffold,"*® (2) composite scaffold/microsphere structures'*'%
and (3) freeze-drying of inverted emulsions. The latter method,
which was developed and studied by us is described in details in
the current article. Sensitive bioactive agents, such as proteins, are
incorporated in the aqueous phase of the inverted emuleion, and
this prevents their exposure to harsh organic solvents and enables
the preservation of their activity.

Effect of the emulsion parameters and host polymer. In the
current study we investigated highly porous film scaffolds, such as
the one presented in Figure 2A, was produced using the freeze-
drying of inverted emulsions technique. Horseradish peroxidase
(HRP) is a relatively inexpensive enzyme and was chosen as a
model protein since it is very sensitive to solvents and elevated
temperatures. Thus, if proteins such as HRP can be incorporated
in the films without losing their activity, these films can be loaded
with growth factors and can be used for building scaffolds for
tissue regeneration applications. Proteins such as HRP, which
contain defined hydrophobic/hydrophilic regions and an electro-
static chalrge,148 have a natural tendency to adsorb to the organic/
aqueous interface. Proteins thus act similarly to block-co-polymer
surfactants, which are widely used as emulsifiers.'*®'* Our model
protein HRP thus acts as a surfactant and our inverted emulsions
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Figure 14. Both control paclitaxel and post-fabrication paclitaxel induce a significant decrease in the cell count. Cells (EJ, A549 or U87) were plated at a
density of 10 x 103 cells/well in a 24-well plate in tetraplicate (n = 2). One day after plating, 0.1% DMSO (control), 50 pM control paclitaxel (black

columns) or 50 uM post-fabrication paclitaxel (white columns) were added for 24 h. The cells were then counted using a hemocytometer (*p < 0.01
compared with the control well). Paclitaxel’s effect on the above-mentioned cell lines is presented in terms of mean cell viability + standard deviation.
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Figure 15. FTS loaded core/shell fiber structures inhibit growth or induce cell death of glioblastoma cells by a gradient effect and dose-dependent
manner. U87 cells were plated at a density of 8 x 103 cells/well in a 24-well plate in tetraplicate (n = 2). One day after plating, control fibers (not loaded
with FTS), slow or fast FTS release fibers were added to each well (2 fibers, each with a length of 1 cm, as described in the materials and methods).
(A) Images taken after 5 d of incubation with FTS fibers, in locations which are near and distant to the fiber (magnification x 100). (B) A single well edge
to edge panoramic view shows a gradiential increase in the cell concentration with the increase in the distance from a slow release fiber (magnification
% 100, cells were counted using an image analysis software). (C) Images were taken after 7 d of incubation with FTS fibers; the control fiber well presents
high cell viability while the well containing the fast FTS fiber exhibited cell death (magnification x 100). Note that the dark shape is the actual fiber.'*?

are relatively stable in the range of formulation parameters used in
this study.

In our study we first investigated the effects of the inverted
emulsion’s formulation parameters, i.e., HRP content, polymer
content and organic:aqueous (O:A) phase ratio, and also the host
polymer’s parameters, i.c., copolymer composition and initial
molecular weight. This part of the study actually enabled
elucidation of the process-structure-release profile effects of our
unique protein-eluting systems. The second phase of the study
focused on the combined effect of at least two formulation/
polymer parameters on the film’s microstructure and on the
resulting HRP release profile. An emulsion formulation contain-
ing 17.5% w/v 50/50 PDLGA (i.v. = 83 KDa) in the organic
solution, 1% w/w HRP in the aqueous medium (relative to the
polymer load), and an organic to aqueous (O:A) phase ratio of
4:1 v/v was used as the reference formulation. Most films
exhibited a HRP release profile of an initial burst release
accompanied by a decreased release rate with time.*” A dual pore
size population is characteristic of most films, with large 12-18
pm pores and small 1.5-7 pm pores, and porosity in the range of
76-92%.
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An increase in the polymer content and its initial molecular
weight, O:A phase ratio and lactic acid content, or a decrease in
the HRP content, all resulted in a decreased burst effect and a
more moderate release profile (Figs.16 and 17). The HRP
content significantly affected the HRP release profile, through the
driving force for diffusion. A decrease in the burst release and
continuous release rate can also be achieved through the higher
hydrophobic nature of the host polymer, i.e., by increasing the
initial MW of the host polymer and its content in the organic
phase of the emulsion. The former exhibited greater effectiveness
than the latter. The O:A phase ratio and copolymer composition
only slightly affected the release profile. An increase in the
polymer content and initial MW resulted in a smaller diameter of
the small pores, due to the emulsion’s higher viscosity and shear
forces.

Combined effect of parameters. As shown here, the HRP
release profile from the studied series exhibited a medium-high
burst release accompanied by relatively high release rates, and
most of the encapsulated HRP was released within 3 weeks. Such
profiles can be suitable for various biomedical applications.
However, in certain cases relatively low burst effects and lower
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release rates are needed. Based on this first stage of research, we
investigated the combined effects of changes in two or three
parameters on the HRP release profile and on the film’s
microstructure. The formulation parameters and structural
features of the studied samples are presented in Table 6 and
their HRP release results are presented in Figure 18, compared
with the reference sample.

All three studied films (samples A, B and C) with a
simultaneous change in two parameters exhibited a relatively
low burst release of 15-20% and a more moderate continuous
release profile, with a release rate which decreased with time
(Fig. 18A). All three release profiles are similar and approximately
90% of the encapsulated drug was released within 4 weeks. Also,

it appears that the effect of a simultaneous change in two
parameters resulted in a decrease in the burst release (from 57% to
15-20%), which is more effective than the “sum of the separate
effects.” It is therefore suggested that these parameters have a
synergistic effect on the release profile.

An additional sample (sample D), with a simultaneous change
in three parameters: 0.5% w/w HRP, 25% w/v polymer and
O:A = 8:1, was also studied. The HRP release profile from this
film compared with that of the reference film is presented in
Figure 18B. The HRP release profile from this film is similar to
that obtained for the film after a change in two parameters
(Fig. 18A), i.e., burst release of 14% and a release rate which
decreases with time, but at a slower rate than that obtained for the
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Figure 16. In vitro release of HRP from the porous scaffolds demonstrating the effect of a change in the emulsion’s formulation parameters compared
with the reference formulation: (A) effect of HRP, (B) effect of polymer content and (C) effect of O:A phase ratio.®”
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Figure 17. In vitro release of HRP from the porous scaffolds demonstrating the effect of a change in the host polymer compared with the reference
sample: (A) effect of the copolymer composition and (B) effect of the initial molecular weight of the host polymer.*”

film after a change in two parameters. After four weeks of
incubation this film released 73% of the encapsulated HRP. We
suggest that the changes in the HRP burst release and continuous
profile are attributed mainly to differences in the driving force for
diffusion (which depend on the HRP content), hydrophilicity/

hydrophobicity of the host polymer and its water uptake during
the first period of exposure to the aqueous medium. In our
systems the latter are determined mainly by the initial MW of the
host polymer and its content in the organic phase of the inverted
emulsion.

Table 6. Structural features of HRP-eluting films with a change in 2 or 3 parameters (compared with the reference sample)®”

Process parameters Mean large pore diameter (um) Mean small pore diameter (um) Porosity

Reference sample
1% w/w HRP
50/50 PDLGA MW = 83 KDa
17.5% w/v polymer, O:A = 4:1

171 2.7

*Sample A
0.5% w/w HRP 125+ 1.8
25% w/v polymer

*Sample B
0.5% w/w HRP 186 + 3.4
MW = 185 KDa

*Sample C
0.5% w/w HRP 164 £+ 2.2
O:A = 81
*Sample D
0.5% w/w HRP
25% w/v polymer
O:A = 8:1

124 £ 20

43 +08 869 + 2.6
2.1 +£06 810+ 1.7
2808 829 + 1.1
36+ 15 85.1+13
1.8 +0.7 769 =33

*Only the parameters that are different from those of the reference sample are indicated.
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Figure 18. In vitro release of HRP from the porous scaffolds demonstrating the effect of combined changes in the emulsion’s formulation parameters
compared with the reference formulation (blue square, 17.5% w/v polymer, i.v. = 83 KDa, 1% w/w HRP, O:A = 4:1). (A) Combined effect of a change in 2
parameters, 0.5% w/w HRP and: green diamond, 25% w/v polymer; black circle, 185 KDa; red triangle, O:A = 8:1. (B) White circle, combined effect of a
change in three parameters (0.5% w/w HRP, 25% w/v polymer, O:A = 8:1). (C) X, composite film composed of a porous inner 50/50 PDLGA film (25% w/v
polymer, MW = 83 KDa, O:A = 8:1 and 0.5% w/w HRP) and two external PDLLA layers (17.5% w/v polymer, MW = 80 KDa, O:A = 2:1, no HRP).*’

Composite film with “sandwich” structure. At this advanced
stage of research we also developed and studied a composite film.
The rationale for developing this film was to combine desired
release profile with cell growth into the scaffold. Since cell growth
requires relatively large pores, which will probably not enable
desired HRP release profile, it was clear that a film which contains
at least two different layers should be developed. Our prototype
composed three layers: a porous 50/50 PDLGA film with two
PDLLA layers (on both sides). The parameters of the 50/50
PDLGA inner layer are: 25% w/v polymer, MW = 83 KDa,

www.landesbioscience.com

O:A = 8:1 and 0.5% w/w HRP. The parameters of the PDLLA
outer layers are: 17.5% w/v polymer, MW = 80 KDa and O:A =
2:1. The outer film layers contained pores of approximately 100
pum and did not contain HRP. A unique HRP release profile was
obtained for this composite film, which exhibited a very low burst
release (approximately 8%) and a constant release rate of 65% of
the encapsulated HRP during the four weeks of the in vitro study
(Fig. 18C). It can be assumed that total release would be achieved
after 6 weeks of incubation. The outer layers served as barriers for
HRP release which decreased the release rate and enabled a constant
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rate of release. Furthermore, the relatively large pore size of these
layers may be suitable for tissue growth. Our new platform for
composite films thus has a high potential for use in tissue
regeneration applications.

We have demonstrated that appropriate selection of the
formulation’s parameters can yield unique highly porous films
with adjustable protein release behavior which can serve as
scaffolds for bioactive agents in tissue regeneration applications.

Conclusion

In the current study we developed a special technique termed
freeze drying of inverted emulsions, and studied the effects of
process and formulation parameters on the obtained microstruc-
ture and on the resulting drug release profile and other properties
that are relevant for the application. The inverted emulsions used
in our study are prepared by homogenization of two immiscible
phases: an organic solution containing a known amount of poly
(DL-lactic-co-glycolic acid) (PDLGA) in chloroform, and an
aqueous phase containing, double-distilled water. Water soluble
drugs and proteins are incorporated in the aqueous phase while
water insoluble drugs are incorporated in the organic phase. We
investigated the three types of systems.

According to our study, a qualitative model describing the
formulation—sstructure—drug release profile effects in our porous
drug-eluting structures, prepared from freeze-dried inverted
emulsions, can be summarized as follows (Fig. 19): there are
two routes by which the emulsion’s formulation affects the drug-
release profile, direct and indirect.

Direct route. The emulsion formulation (especially the host
polymer) affects the water uptake and swelling of the structure
and therefore also the burst release of the drug molecules. This
route is the main one for release of water insoluble drugs, such
as the antiproliferative agents paclitaxel and FTS. When the

water-insoluble drug is relatively small and narrow such as FTS,
its diffusion through the polymeric structure is possible at early
swelling stage. In such cases degradation of the host polymer
may also affect the release rate, at a later stage. When a
relatively big and extremely hydrophobic drug such as paclitaxel
is incorporated into the porous structure, its diffusion through
the host polymer is much slower and massive degradation and
erosion of the host polymer must occur in order to enable it.

Indirect route. The effect of the emulsion formulation on the
microstructure occurs also via an emulsion stability mechanism.
The emulsion stability determines the surface area for diffusion
through the microstructure, e.g., the surface area increases when
porosity is high and pore size is low. These affect both the burst
release and later release. This route is the main one for release of
water-soluble drugs, such as the antibiotics ceftazidime and
gentamicin, used in our study.

This model explains why the most important parameter which
affects the release behavior of water-insoluble drugs is the
copolymer composition (lactic acid: glycolic acid). It affects the
water uptake and swelling and therefore the FTS release profile
(early mechanism). The copolymer composition affects the
degradation rate of the polymer and therefore also the paclitaxel
release profile (late mechanism). Hence, the copolymer composi-
tion plays a very important role in the drug release profile of
water-insoluble drugs through the direct route. The other
formulation parameters (O:A phase ratio, polymer and drug
contents and initial MW) exhibit a smaller effect on the water
uptake and degradation rate of the host polymer, they only
slightly affect the microstructure through emulsion stability.
Therefore they almost do not affect the release profile of the
water-insoluble drugs from our porous structures.

In contradistinction, our study shows that the release profile of
water-soluble drugs is affected by most of the emulsion’s
formulation parameters, due to their effect on the emulsion’s

Water insoluble drugs

Emulsion Formulation

P —————————————————

Drug release

Emulsion
Stability

S ——— -

profile
Burst effect
______________________________ and
continuous
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Areafor |
Diffusion

Water Soluble drugs

from freeze-dried emulsions.

Figure 19. Schematic representation of a qualitative model describing the drug release mechanisms from the porous drug eluting structures derived
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stability. The initial MW of the host polymer exhibited the most
significant effect on the release profile of the antibiotic drugs and on
the release profile of the protein (HRP), due to its effect on the
porous microstructure, through the emulsion’s viscosity and shear
stresses. The polymer content also affected the release profile of the
water-soluble drugs due to same phenomena. The O:A phase ratio,
copolymer composition and drug content only slightly affected the
release profile, due to their small effect on the emulsion’s stability
and microstructure of the resulting solid porous structure. The
protein (HRP) release is a special case, where the drug acts as a
surfactant which stabilizes the inverted emulsion and therefore its
content affected the release profile through this indirect route. It is
important to note that a stronger effect on the protein release profile
can be achieved when two or three emulsion’s parameters are
changed. Using the “combined effect” phenomenon enabled us to
reduce the protein burst release and release rate and thus, obtain
release profiles that are beneficial for tissue engineering applications.

There are numerous medical applications for our freeze-dried
drug-eluting structures. For example: porous films, fibers or
composite structures loaded with water-soluble drugs, such as
antibiotics, can be used for wound dressing applications,

treatment of periodontal diseases, meshes for Hernia repair, as
well as coatings for fracture fixation devices. Fibers loaded with
water insoluble drugs such as antiproliferative agents can be used
as basic elements of drug-eluting stents and also for local cancer
treatment. Films and fibers loaded with growth factors can be
used as basic elements of highly porous scaffolds for tissue
regeneration. We showed here that appropriate selection of the
formulation parameters enables to obtain desired controllable
release profile of any bioactive agent, water-soluble or water-
insoluble, that fits the application. Desired physical properties can
also be obtained through structuring effects.
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