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Abstract

Damage control laparotomy is commonly applied to prevent compartment syndrome following
trauma but is associated with new risks to the tissue, including infection. To address the need for
biomaterials to improve abdominal laparotomy management, we fabricated an elastic, fibrous
composite sheet with two distinct submicrometer fiber populations: biodegradable poly(ester
urethane) urea (PEUU) and poly(lactide-co-glycolide) (PLGA), where the PLGA was loaded with
the antibiotic tetracycline hydrochloride (PLGA-tet). A two-stream electrospinning setup was
developed to create a uniform blend of PEUU and PLGA-tet fibers. Composite sheets were
flexible with breaking strains exceeding 200%, tensile strengths of 5-7 MPa, and high suture
retention capacity. The blending of PEUU fibers markedly reduced the shrinkage ratio observed
for PLGA-tet sheets in buffer from 50% to 15%, while imparting elastomeric properties to the
composites. Antibacterial activity was maintained for composite sheets following incubation in
buffer for 7 days at 37 °C. In vivo studies demonstrated prevention of abscess formation in a
contaminated rat abdominal wall model with the implanted material. These results demonstrate the
benefits derivable from a two-stream electrospinning approach wherein mechanical and
controlled-release properties are contributed by independent fiber populations and the applicability
of this composite material to abdominal wall closure.

Introduction

Damage control laparotomy is a critical approach to decrease the metabolic insult associated
with abdominal trauma. This approach includes an initial laparotomy (to control hemorrhage
and contamination), intraabdominl packing, and temporary closure.l:2 However, aggressive
pre- and intraoperative resuscitation may result in massive edema of the bowel,
compromising the surgeon’s ability to complete primary abdominal closure. Primary closure
of abdominal wall fascia under such circumstances would trigger the acute increase in intra-
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abdominal pressure, leading to abdominal compartment syndrome, which results in organ
dysfunction and enhances risks of wound infection, fascial necrosis, and subsequent wound
dehiscence.3 An obvious concern with an open abdominal field is infection.

Current materials that might be considered to reduce laparotomy-associated complications
include those used for fascia reconstruction, materials used to create barrier films on tissue
surfaces or for controlled-release applications, and biodegradable scaffolds used in tissue
engineering applications. The first category would include nondegradable barrier fascia
materials such as expanded poly(tetrafluoroethylene)4=6 and poly (propylene).7:8 While
excellent results have been obtained with these materials in hernia management, their
properties are nonideal for laparotomy in that they are nondegradable (and thus associated
with a permanent foreign body response and acute infection risk), possess large pores with
inadequate barrier properties (such as with polypropylene meshes,9) are mechanically stiff,
and possess no intrinsic bioactivity. Hydrogel barriers, such those based on poly(ethylene
glycol),10 chitosan,11:12 and other carbohydrate derivates,13:14 can be biodegraded and
may be engineered to incorporate bioactivity. Although these materials have been
effectively used to prevent postsurgical abdominal adhesions, their applicability is limited in
some settings due to their weak mechanical properties. In an application where a significant
tensile load will be applied (e.g., with swelling tissue beds), or where suturability would be
desirable, hydrogels generally are not appropriate. Materials derived from animal
extracellular matrix, such as small intestinal submucosal® or bladder wall extracellular
matrix,16 are attractive for fascia repair in that they possess intrinsic bioactivity and
antimicrobial activity. Clinical and animal results obtained with these materials in a variety
of placements have been attractive for their ultimate healing response.15:16 However, the
disadvantage of these materials is that the initial mechanical properties, particularly
elasticity, are limited. Additionally, we are not aware of any reports wherein loading of these
materials with a specific exogenous bioactive compound or drug for controlled release has
been achieved.

Our objective was to develop a material that would be amenable to the needs of temporary
abdominal closure. Specifically we sought to develop a material that would possess
elasticity, to allow for expansion and contraction of the material over the laparotomy wound
bed as the exposed tissue swells and contracts. It was also a requirement that the material
have the capacity for acute delivery of antibiotic agents, to reduce the infection risk in the
period when the field remains open. Other desired features of the material included
biodegradability, the ability to provide a mechanical barrier to contamination, strength
without thickness, and suturability. To accomplish these design objectives, we developed a
composite material by a modified two-stream electrospinning process wherein
submicrometer scale fibers of a biodegradable elastomer, poly(ester urethane) urea (PEUU),
17 were blended on a microscale with fibers of poly(lactic-co-glycolic acid) (PLGA). The
PEUU fibers served to provide elasticity to the resulting fibrous sheets while the PLGA
fibers served as depots for the controlled release of a model antibiotic, tetracycline
hydrochloride (tet). We report here on the generation and characterization of these fibrous
sheets in terms of their morphology, mechanical properties, tetrelease kinetics, and
antimicrobial activity. Several tet loading concentrations were examined, and PLGA fibrous
sheets variably loaded with tet served as control groups. To demonstrate material
functionality in vivo, acute placement of the developed material in an infected abdominal
wall rat model was investigated.
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Materials and Methods

Materials

Poly(lactide-co-glycolide) (PLGA, 50/50, weight average molecular weight = 40000-75000,
Sigma), tet (Sigma, United States), stannous octoate (Sigma), 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP, Oakwood Products, United States), and fluorescein isothiocyanate isomer |
(FITC, Fluka, Switzerland) were used as received. Polycaprolactone diol (number average
molecular weight = 2000, Sigma) was dried under vacuum for 48 h to remove residual
water. 1,4- Diisocyanatobutane (Fluka) and putrescine (Fluka) were distilled under vacuum.
Dimethyl sulfoxide (DMSO, Sigma) was dried over 4 A molecular sieves. PEUU was
synthesized as previously reported.1’

Sheet Fabrication from PLGA—-tet and PEUU via Single Stream Electrospinning

PLGA (15%, w/v) in HFIP was blended with tet at 1, 5, 10, and 20 wt % tet to PLGA. The
mixed solution was fed at 0.5 mL/h by syringe pump (Harvard Apparatus, United States)
into a steel capillary (1.2 mm i.d.) that was suspended 13 cm over a stainless steel mandrel
(19 mm diameter) rotating at 250 rpm. The mandrel was attached to an x—y stage (Velmex,
United States) that reciprocally translated in the direction of the mandrel axis at a speed of 8
cm/s and with an amplitude of 8 cm. Two high-voltage generators (Gamma High Voltage
Research, United States) were employed to charge the steel capillary to 20 kV and the
mandrel to —10 kV, respectively. Electrospinning of the polymer solution proceeded for
approximately 4 h, after which the deposited PLGA-tet fibrous sheets were removed from
the mandrel using a blade to cut along the length of the mandrel. The sheets were dried in a
vacuum oven at room temperature overnight. Material samples were cut for testing and kept
in a dark environment until use to preserve bioactivity. PLGA-tet1, —5, —10, and —20, refer
to PLGA fibrous sheets loaded with 1, 5, 10, and 20 wt % tet, respectively.

PEUU (12%, w/v) in HFIP was fed at 1.5 mL/h by syringe pump into a steel capillary (1.2
mm i.d.) that was suspended 18 cm over a stainless steel mandrel (11 cm diameter) rotating
at 250 rpm. As above, the mandrel was attached to an x—y stage that reciprocally translated
in the direction of the mandrel axis at a speed of 8 cm/s but with an amplitude of 6 cm. The
voltages utilized for the capillary and mandrel were 12 and —10 kV, respectively, and the
process for sheet removal was as described for PLGA-tet sheets.

Fabrication of PEUU/PLGA-tet Fibrous Sheets by Two-Stream Electrospinning

Two-stream electrospinning was achieved by the simultaneous electrospinning of PLGA-tet
and PEUU from two perpendicular capillaries as shown in Figure 1. PLGA (15% w/v) in
HFIP was blended with tet (1, 5, 10, and 20 wt % of PLGA), and the mixed solution was fed
at 0.5 mL/h by syringe pump into a 1.2 mm id steel capillary positioned 13 cm over a 11 cm
diameter stainless steel mandrel rotating at 250 rpm. PEUU (12%, w/v) in HFIP was
simultaneously fed at 1.5 mL/h by syringe pump into a separate but identical steel capillary
that was positioned perpendicular to the first capillary in the plane of mandrel rotation and
18 cm from the mandrel. The mandrel reciprocally translated at a 6 cm amplitude and a
speed of 8 cm/s. Three high-voltage generators were employed to charge the steel capillary
loaded with PLGA/tet solution at 20 kV, the steel capillary loaded with PEUU at 12 kV and
the mandrel at —10 kV. After electrospinning for approximately 4 h, the sheet was removed,
dried, and sectioned as described above. The fibrous sheets were referred to as PEUU/
PLGA-tetl, —5, —10, or —20 based on the tet content.

Sheet Characterization

The morphology of electrospun sheets was observed under field emission scanning electron
microscopy (FE-SEM, JEOL JSM6330F, Japan) after drying and gold sputter coating. Fiber
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diameter distributions were measured by ImageJ software (NIH, United States). Fluorescent
microscopy (Nikon E800, Japan) was used to visualize the distinct fiber types within sheets
derived from two-stream processing. To accomplish this, sheets comprised only of PLGA
(which was autofluorescent) or PEUU (mixed with FITC prior to electrospinning) were
observed at emission wavelengths of 543 and 488 nm, respectively, to optimize the exposure
time. Sheets of PEUU/PLGA were imaged at both 543 and 488 nm and the images were
merged to visualize both fiber types.

The mass fraction of PEUU in composite sheets was measured by immersing the samples in
acetone to remove PLGA fibers. Acetone was replaced every 30 min, five times, after which
samples were dried in a vacuum oven at 37 °C for 24 h. The dried sample was weighed (W)
and the PEUU content was calculated as W1/Wq x 100% where Wy represented the sample
weight prior to acetone treatment. Four samples were tested at each condition studied.

Mechanical properties of the fibrous sheets cut into strips (2 x 15 mm) were measured on an
MTS Tytron 250 MicroForce Testing Workstation (United States) at a 10 mm/min
crosshead speed, according to ASTM D638-98. At least five samples were tested for each
sheet composition. Instant strain recovery was tested under the same conditions. The
samples were marked at their distal ends, stretched to 50% strain and held for 1 min, and
then released. The original length (Lg) and the length immediately after releasing the strain
(L1) were measured by caliper. Instant strain recovery was calculated as (1 — (L1 — Lg)/Lg) x
100%. Suture retention strength was tested with a BIOSYN UM-214 4-0 suture (Syneture,
USA) under the same conditions. A longitudinally cut strip from a Gore-Tex vascular graft
(W. L. Gore & Associate, USA; graft internal diameter, 6 mm) was used for control
purposes. A single suture loop was created 5 mm from the short edge and fixed on the upper
clamp. Suture retention strength was calculated as suture load/(suture diameter x sample
thickness) at the point of tearing.

The shrinkage ratio of the fibrous sheets in aqueous buffer was obtained by placing 10 mm
diameter sheets made using a biopsy punch into phosphate buffered saline (PBS) at 37 °C.
After 24 h the sheet diameter (D) was measured in millimeters and the shrinkage ratio was
calculated as (10 — D7)/10 x 100%. Four samples were tested for each sheet composition.

Temporal Release of tet

Temporal release of tet from PLGA-tet and PEUU/PLGA-tet fibrous sheets was measured
from 10 mm diameter disks obtained using a biopsy punch. After being weighed, each
sample was immersed in 5 mL of PBS at 37 °C in a dark environment. The buffer volumes
and collection times utilized ensured that sink conditions were maintained for tet release. At
each time point, all 5 mL of the buffer was collected and replaced with 5 mL of fresh PBS.
The collected buffer samples were stored at —20 °C. After collection of the last buffer
sample (at 2 weeks), the collected samples were thawed and UV absorbance was measured
at 360 nm (Perkin-Elmer UV/vis Lambda 40, United States). A standard curve was obtained
by measuring different concentrations of tet/PBS solution on a UV-vis spectrometer at 360
nm. Four disks were tested temporally for each composition studied.

Bacterial Inhibition Activity

Disks (6 mm diameter, 0.2 mm thick) were punched from PEUU/PLGA-tet sheets and
immersed in PBS at 37 °C for 0, 3, and 7 days, respectively, after which the samples were
washed with fresh PBS three times to remove any residual solution. Escherichia coli K12
(E. coli, ATCC 12345, The American type Culture Collection, USA; 100 pL at a
concentration of 108/mL) were spread uniformly over the surface of agar gel in 11 cm Petri
dishes, and PEUU/PLGA-tet disks, with or without previous PBS incubation, were placed
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on this surface. All dishes were inverted and placed in a 37 °C incubator. After 24 h, the
diameter of antibacterial activity was measured by a caliper. A PEUU fibrous sheet was used
as a control. Four disks were tested for each composition studied.

In Vivo Assessment

Adult female Lewis rats (Harlan Sprague-Dawley, Indianapolis, IN) weighing (200-250 g),
were used. The research protocol followed the National Institutes of Health guidelines for
animal care and was approved by the University of Pittsburgh’s Institutional Animal Care
and Use Committee and Children’s Hospital of Pittsburgh Animal Research Care
Committee. To implant fibrous sheets into a contaminated abdominal wall model, first the
abdominal cavity was exposed by creating a 3 cm long, full-thickness incision
approximately 2 cm inferior to the xiphoid process. The peritoneal cavity was lavaged with
sterile saline, and injected with rat stool slurry (0.25 mL).18 The slurry was previously
prepared by homogenizing 1 g of rat stool in 20 mL of normal saline. Using 7-0
polypropylene with over-and-over sutures, a 2.5 x 0.5 cm piece of either PEUU or PEUU/
PLGA-tet20 sheet was interposed within the incision space (PEUU n = 5, PEUU/PLGA-
tet20 n = 5). The skin and subcutaneous tissue were closed with 4-0 Vicryl interrupted
suture. All animals were sacrificed after a 1 week implantation period. The implant site was
quantitatively assessed for wound dehiscence with digital image processing of images of the
suture line. Following opening of the sutures, the implant site above and below the
implanted sheets was qualitatively scored for the extent of abscess formation.

Statistical Analysis

Results

Results are displayed as the mean + standard deviation. One-way ANOVA was utilized to
evaluate the shrinkage ratio, mechanical properties, and antibacterial activity using the
Neuman-Keuls test for post hoc assessment of the differences between specific samples.
Significance was considered to exist if p < 0.05.

PLGA-tet Sheets and PEUU Sheets via Single-Stream Electrospinning

Randomly oriented, smooth, and continuous submicrometer-scale fibers were obtainable for
PLGA-tet with 1 to 20 wt % antibiotic. A typical electron micrograph of a fibrous sheet
surface is seen in Figure 2A for PLGA-tet20. The fiber diameters for the PLGA-tet materials
were 144 + 45 nm for PLGA-tet1, 102 + 27 nm for PLGA-tet5, 116 + 40 nm for PLGA-
tet10, and 198 + 57 nm for PLGA-tet20. No obvious trend was present in morphology as tet
content was varied. For PEUU fibrous sheets, which were processed under slightly different
conditions, larger diameter fibers (390 £ 120 nm) resulted, as seen in Figure 2B.

PEUU/PLGA-tet Sheets via Two-Stream Electrospinning

As shown in Figure 3, fluorescent imaging demonstrated uniform blending between PEUU
and PLGA fibers. Scanning electron micrographs also showed continuous fiber
morphologies of these composite sheets at all tet concentrations (1, 5, 10, and 20 wt % of
PLGA fraction) (Figure 2C—F). On the basis of the appearance of PLGA-tet and PEUU
fibrous sheets individually, the presence in the composite sheets of distinct populations of
larger and smaller diameter fibers was attributed to PEUU and PLGA-tet streams,
respectively. Examination of the fiber diameter distributions of PEUU/PLGA-tet20, PEUU,
and PLGA-tet20 fibrous sheets in Figure 4 supports this interpretation with the most
frequent fiber diameters in the single-component sheets corresponding to the peaks of the
bimodal fiber diameter frequency distribution in the composite sheet. To further quantify the
PEUU content in the composite sheets, PLGA-tet fibers were removed by acetone washing.

Biomacromolecules. Author manuscript; available in PMC 2010 April 28.
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As shown in Table 1, the PEUU content in composite sheets ranged from 57 to 69 wt %,
which was generally lower than the theoretical value expected based on polymer solution
mass flow rates during processing. The antibiotic content in the composite sheets was
calculated for the composite fibers based upon the measured PLGA mass fraction in the
composite sheets.

Mechanical Properties

The mechanical properties of the fibrous sheets are summarized in Table 2. The initial
modulus (p < 0.05) and tensile strength (p < 0.05) of PLGA-tet sheets decreased with
increasing tet content, and a trend toward lower breaking strain with increasing tet content
was observed. PEUU alone had a tensile strength of 12 + 1 MPa and breaking strain of 191
+ 15%. The initial moduli of PEUU/PLGA-tet sheets ranged from 8 to 11 MPa and were
significantly lower than those for the corresponding tet content PLGA-tet sheets (14-55
MPa; p < 0.05) and higher than that for PEUU alone (6 MPa; p < 0.05). Tensile strengths of
the composite sheets were 5-7 MPa and were significantly higher than the corresponding
PLGA-tet sheets (p < 0.05) with the exception of the 1 wt % tet content sheets which were
similar. All composite sheet tensile strengths were lower than the PEUU sheet (p < 0.05).
The breaking strains of the PEUU/PLGA-tet composite sheets were around 200%, which
was similar to that found for the PEUU sheet and significantly higher than that of PLGA-tet
sheets, which ranged from 21 to 61%. Instant strain recovery for PEUU sheets (99%) was
significantly higher than that for composite sheets (p < 0.05). Instant strain recovery of
PEUU/PLG-Atet5, —10, and —20 sheets was approximately 87%, which was significantly
lower than PEUU/PLGA-tetl (91%, p < 0.05). Suture retention strengths for PEUU/PLGA-
tet sheets ranged from 30 to 44 N/mm?2, which was significantly lower than for the PEUU
sheet (71 N/mm?) but significantly higher than that for the Gore-Tex vascular graft control
(23 N/mm?).

Sheet Contraction

tet Release

After PLGA-tet sheets were immersed in PBS at 37 °C for 24 h, substantial shrinkage was
observed (Figure 5A,B). However, for PEUU and PEUU/PLGA-tet sheets the shrinkage was
markedly less and not apparent upon gross inspection (Figure 5A,B). As shown in Figure
5C, PLGA-tet sheets had shrinkage ratios around 45%, with PLGA-tet20 experiencing
significantly greater shrinkage of 52% (p < 0.05). PEUU experienced 7% shrinkage and
PEUU/PLGA-tet sheets contracted by approximately 15%. Figure 6 illustrates the surface
morphologies of PLGA-tet, PEUU/PLGA-tet, and PEUU sheets after the 24 h of PBS
incubation. PLGA-tet sheet surfaces lost their original fibrous morphologies whereas PEUU/
PLGA-tet and PEUU sheets remained fibrous. Of note the smaller, putative PLGA fibers in
the PEUU/PLGA-tet composite sheets were no longer apparent, although the PLGA fibers
may have swelled to approximate PEUU fiber diameters or melded onto PEUU fibers.
PLGA fibrous sheets without tet incorporation demonstrated the same loss of fibrous
morphology after 24 h of PBS incubation (data not shown).

Tetracycline hydrochloride periodic release profiles from PLGA-tet and PEUU/PLGA-tet
sheets are shown in logarithmic time scale in Figure 7. By 3 h the burst release from PLGA-
tet sheets (Figure 7A) is finished and only low-level release occurs, which becomes apparent
as the collection time periods are increasingly lengthened. In contrast, for PEUU/PLGA-tet
sheets the relative burst period continues for approximately 96 h. In terms of % tet released,
PLGA-tet scaffolds had 55-90% tet remaining after 14 days whereas PEUU/PLGA-tet had
0-65% remaining after this period. Of note, the PEUU/PLGA-tet scaffolds have
approximately 30-40% of the tet content of the corresponding PLGA-tet scaffolds due to the
60-70% mass fraction of PEUU fibers (Table 1).

Biomacromolecules. Author manuscript; available in PMC 2010 April 28.
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Bacterial Inhibition by tet-Loaded Sheets

The ability of PEUU/PLGA-tet sheets to Kill E. coli bacteria and inhibit growth for 24 h is
shown in Figure 8 for sheets following 0, 3, and 7 days of incubation in PBS. PEUU fibrous
sheets served as controls. All of the PEUU/PLGA-tet sheets examined at all of the time
points demonstrated antibacterial diameters that were significantly higher than the PEUU
control. Original samples (0 days) had antibacterial diameters ranging from 13 to 27 mm,
increasing with the loaded tet content. After 3 days of incubation the PEUU/PLGA-tetl and
PEUU/PLGA-tet5 sheets had markedly smaller antibacterial zones than the PEUU/PLGA-
tet10 and PEUU/PLGA-tet20 sheets. At 7 days the differences between the composites with
varying tet content were not as pronounced, although the PEUU/PLGA-tet10 composite
sheet was found to have a significantly larger antibacterial diameter than the other three
composites.

In Vivo Assessment

Both types of implanted sheets, PEUU (control) and PEUU/PLGA-tet20, were found to
handle well. surgically and were easily sutured onto the tissue. There were no postoperative
deaths in either surgical group. At the time of explantation, before opening the suture line,
substantial wound dehiscence was apparent in three of five animals implanted with PEUU
sheets, whereas only one of five PEUU/PLGA-tet20 rats had very minor dehiscence (Figure
9A,B). This was quantified by image processing and reported in Table 3. After the
implantation site was opened, abscess formation above the implanted material was observed
only in PEUU sheet implants, none was found above PEUU/PLGA-tet20 sheets. Beneath the
material, abscesses were found in all PEUU sheet implants at levels scored to be moderate to
severe, whereas under PEUU/PLGA-tet20 sheets no abscesses were found (Figure 9C,D,
Table 3). For both material types, tissue adhesions could be detached with no bleeding. No
significant material shrinkage was observed for either material at the time of explantation,
with both materials being greater than 95% of their original implanted dimensions.

Discussion

Previous Electrospinning Work

The use of electrospinning for biomaterials processing has generated a great deal of
excitement over the past several years in the research community and offers a relatively
straightforward means to generate materials comprised of nano- to microscale fibers. When
applying this technique to PEUU, we have previously reported on the generation of strong
and elastic matrices19:20 that would meet our desire in the current work to generate a
material capable of distending with tissue swelling and contracting during healing as well.
PEUU has also recently been shown to offer attractive controlled-release properties with
basic fibroblast growth factor21 and others have shown controlled release from a variety of
electrospun polymers,22730 so the concept of incorporating an antibiotic into electrospun
PEUU for abdominal wall closure was initially investigated. However, our early results with
electrospun PEUU-tet showed a large burst release of tet over a 24 h period with no
significant further release (data not presented). This motivated us to explore the generation
of a composite fibrous material where PEUU would contribute mechanical properties while
a second polymer would be employed as a reservoir for controlled release.

Previous reports in the literature have employed multiple feed streams in electrospinning to
introduce structural and property complexity in the deposited materials and to prepare
polymeric sheets rapidly and uniformly when each of the multiple streams have contained
the same material 3133 Coaxial tube electrospinning has been employed to create a core—
shell fiber with drug or protein loading in one of the two components27:28 and multijet
electrospinning has been reported where composite fibrous sheets resulted with distinct fiber
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compositions.34738 With respect to the latter, two-stream electrospinning has been reported
by Kidoaki et al. where a composite of segmented (nondegradable) polyurethane fibers and
poly(ethylene oxide) fibers were generated from side-by-side streams electrospun through a
hole onto a rotating and reciprocating mandrel.35 PLGA and a chitosan/poly(vinyl alcohol)
solution in one instance and poly(caprolactone) and poly(vinyl alcohol) in another case were
utilized to generate composite sheets fabricated by two side-by-side streams with target
movement to minimize stream repulsion effects.37:38 In those reports the additions of
chitosan/poly(vinyl alchohol) or poly(vinyl alcohol) fibers were employed to increase the
hydrophilicity of PLGA fibrous meshes and to positively influence cellular growth.
Although multijet electrospinning has been used previously to generate composite matrices
with distinct hydrophilic characteristics, there are no reports to our knowledge where a
second stream has been utilized in processing to blend in fibers for the purpose of imparting
controlled release of a drug or growth factor.

When side-by-side capillaries are used for electrospinning, the depositing fibers from
different capillaries repel each other due to their similar charge and make achieving a
uniformly blended material a challenge.32:35 Our preliminary experience confirmed that
stream repulsion effects introduced axial variations in materials deposited onto a rotating
mandrel, despite the reduction of this effect with cyclic translation of the mandrel (data not
shown). For this reason we employed two capillaries positioned on the same plane but offset
90° from one another to reduce the repulsion effects and to obtain a uniformly deposited
composite. In development of this technique, it was found that increasing the viscosity of the
polymer solution loaded in the side capillary by increasing the polymer concentration over
what might be optimal for a vertically oriented capillary was necessary to provide effective
polymer spinning and deposition. The discrepancies in the theoretical versus measured
PEUU content of the composite fibrous sheets (Table 1) indicate that the deposition process
is still likely subject to variation from absolutely even and complete deposition of the two
fiber types. The discrepancies found in these data could be attributed to variations in fiber
deposition (e.g., errant fibers not depositing on the mandrel), temporal variation in relative
polymer mass deposited, or local inhomogeneities in the distribution of fiber types
deposited. Visual inspection with labeled fibers suggested that the latter explanation did not
appear to be likely.

Addressing Mechanical Limitations of PLGA Alone (Shrinkage, Stiffness)

The mechanical properties of the PEUU/PLGA-tet composite were found to lie between
those of PEUU and PLGA-tet, respectively, as might be expected. In previous reports of
two-stream processing with PLGA-chitosan/poly(vinyl alcohol) and poly(caprolactone)/
poly(vinyl alcohol) a similar moderation of mechanical properties between the two
components was reported.36+37 In the PEUU/PLGA-tet composite the presence of the
PLGA fibers likely acts to reduce the density of PEUU-PEUU fiber interactions. Tensile
loading would act to initially load the PLGA fibers preferentially (resulting in a higher
initial modulus), but at the 100% strain point when a meaningful number of PLGA fibers
had broken, the load would be taken by the PEUU fibers. Since the PEUU fibers in the
composite are less self-connected, this would lead to a lower 100% modulus and a greater
breaking strain. We generally observed these trends, as seen in Table 2.

A major limitation that was found in examining electrospun PLGA-tet sheets, in addition to
the inherent stiffness of this material, was the substantial shrinkage that occurred after
immersion in PBS at 37 °C for 24 h. This effect has been previously observed with PLGA
electrospun fibrous sheets and has been attributed to fiber swelling (in diameter) and
shortening (in length) in PBS at 37 °C.29:39:40 The higher shrinkage ratio observed in the
PLGA-tet20 might be attributed to the lower mechanical properties found with the increased
tet content in the PLGA fibers and to the higher hydrophilicity one would expect with
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increasing tet, which would contribute to the fiber swelling and sheet shrinkage. Such
pronounced shrinkage behavior would be undesirable for abdominal wall patch application
in that it would contribute to dehiscence of the material from the wound border and
compromise the barrier effect.29:30 The shrinkage ratio of the PLGA-tet sheet was improved
from ~50% to ~15% by forming composites with PEUU fibers, which independently
showed low shrinkage ratios of approximately 5%. This benefit from the PEUU component
was in addition to the elasticity observed in the sheets upon introduction of this elastomer,
which would provide for the desired expansion and contraction ability that we sought to
achieve for the abdominal wall closure application.

Addressing Limitations of PEUU tet Release and PLGA tet Release

Verreck et al. have reported on controlled release over a 24 h period from nondegradable
electrospun polyurethane matrices. Itraconazole-loaded fibers provided a 24 h linear release
at pH =4 and 37 °C, while ketanserin-loaded fibers experienced a 4 h burst release and then
linear release under the same conditions.23 In both cases the release was effectively
complete at 24 h. Our experience with tet-loaded electrospun PEUU was similar in that near
complete release occurred over a 24 h period with an initial burst effect. As mentioned
previously, this provided the impetus to devise a composite scaffold where we mixed PLGA
(50/50) fibers as antibiotic carriers with PEUU fibers.

Previous investigators have evaluated electrospun PLGA for controlled release and
demonstrated attractive features. PLGA (75/25) fibers loaded with 5% cefoxitin sodium
experienced slow release for 168 h after 1 h of burst release.?® Paclitaxel-loaded PLGA
(50/50) fibers electrospun in dimethylene chloride provided 2 months of sustained release in
PBS after a 24 h burst release.24 We found that tet-loaded PLGA fibrous sheets experienced
a1 h burst release, followed by a low release rate that then increased significantly after
approximately 1 week. The burst effect was attributed to the large fiber surface area and
highly soluble surface-segregated tet.23 The low release period may have been due to the
observed swelling in the PLGA fibers to form what appeared to be a dense shell that
provided a barrier to further tet release. After 1 week, PLGA degradation may have led to an
increased tet release from the polymer bulk phase. The composite PEUU/PLGA-tet sheets
experienced 96 h of sustained release after a 1 h burst and then release at a lower rate until 2
weeks. The composite structure formed between the two fiber types might explain the
differences observed. The PEUU fibers appeared to largely maintain their original structure
and thus prevented the shell formation observed with PLGA fibers alone. The swelled
PLGA fibers in the case of the composite sheets likely swelled to approximate PEUU fiber
diameters and were kept separated by the PEUU fibers or the PLGA fibers melded and
associated with the PEUU fibers, as is seen when comparing images from Figure 2 and
Figure 6.

Initial in Vivo Assessment and Study Limitations

The maintenance of antibacterial activity by the composite sheets even after incubation for 7
days in buffer and rinsing was encouraging. The antibacterial activity was modest for the
lower tet concentrations (tet1 and tet5), likely due to the reduced amounts of tet remaining in
the PLGA fibers, but extended release beyond 1 week may not be required in many
applications. This in vitro result appeared to translate to the in vivo setting where PEUU/
PLGA-tet20 sheets were shown to abrogate abscess formation and wound dehiscence in a rat
abdominal model with fecal contamination. A limitation of this animal model is the
possibility that early burst release of tet was responsible for bacterial killing and extended
release periods may not have been necessary. A second-level in vivo study with ongoing
bacterial contamination could potentially address this concern, although for the clinical
setting the current model has direct value. Once sutured in place, one might expect new
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contamination from above the material, but below the material this would be substantially
less likely. Additionally, in a controlled clinical setting initial wound debridement could be
maintained to reduce the likelihood of bacterial entrance from the wound site. Clearly more
in vivo work will be necessary to characterize the local tissue responses to the composite
materials for longer implantation periods, in larger animal models, and with different
antibiotics that may have greater relevance to clinical application.

The PEUU/PLGA-tet sheets might ultimately be applicable in a variety of settings where
there is direct exposure to the external environment or where there is the potential, either
initially or with time, to close the open wound field. PEUU/PLGA sheets loaded with other
components might also find application in other clinical areas such as in the repair of
fasciotomies in the extremities and the prevention of postsurgical adhesions.2%:30

Conclusions

A method has been developed for the creation of an elastomeric, fibrous sheet capable of
sustained antibacterial activity in vitro. In development of this material, a novel approach to
two-stream electrospinning was pursued wherein one component stream provided for
antibiotic release while the other provided mechanical properties deemed essential for the
desired application. This material may ultimately find applicability in the treatment of
temporary abdominal wall closure.
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Figure 1.

Two-stream electrospinning setup consisted of two syringe pumps to feed polymer solutions
along with a combination of three high-voltage generators and a rotating metal rod that
reciprocated on an x-y stage. The two capillaries were located perpendicular to each other.
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S

(D) PEUU/PLGA-tet5 (E) PEUU/PLGA-tet10

Figure 2.

Scanning electronic micrographs of (A) PLGA-tet20 and (B) PEUU sheets, both fabricated
by single-stream electrospinning, and PEUU/PLGA-tet sheets fabricated by two-stream
electrospinning with (C) 1, (D) 5, (E) 10 and (F) 20 wt % tet with respect to PLGA. Scale
bars =5 pm.
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Figure 3.
Fluorescence micrograph of a composite PEUU-FITC/PLGA sheet. Green fibers are PEUU-
FITC and red fibers are PLGA.
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Figure 4.
Fiber diameter distributions of fibrous PLGA-tet20, PEUU, and PEUU/PLGA-tet20 sheets.

Arrows indicate the correspondence in fiber diameters between single and double
composition sheets.
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Figure 5.

PLGA-tet, PEUU, and PEUU/PLGA-tet sheets (A) before and (B) after 24 h of immersion
in PBS at 37 °C. Scale in cm. (C) The shrinkage ratios of the three sheet types:*, p < 0.05 vs
other PLGA-tet sheets.
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Figure 6.
Scanning electron micrographs of PLGA-tet, PEUU/PLGA-tet, and PEUU sheets after 24 h
of immersion in PBS at 37 °C. Scale bars = 5 pum.
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Figure 7.
tet concentration release profiles for (A) PLGA-tet and (B) PEUU/PLGA-tet sheets at each
time point after 0.5 h burst release.
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Figure 8.
Antibacterial activity diameters for PEUU/PLGA-tet sheets before (0 days) and after 3 and 7
days of incubation in PBS at 37 °C. The PEUU sheet was used for control purposes.
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(C) (D)

Figure 9.

PEUU and PEUU/PLGA-tet20 sheet implantation sites 1 week after surgical placement with
fecal contamination in the rat abdominal wall: (A) wound dehiscence and pus (arrow) on the
suture line above the implanted PEUU sheet; (B) no dehiscence associated with the line
above the PEUU/PLGA-tet20 sheet; (C) abscess formation (arrow) beneath the lifted PEUU
sheet; (D) a lack of abscess formation beneath the PEUU/PLGA-tet20 sheet.
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Table 1
PEUU and tet Content in Composite Sheets
PEUU fiber content tet content in

sample (wt %)2 composite (wt %)
PEUU/PLGA-tetl 57 +2(70) 0.43 +0.02
PEUU/PLGA-tet5 69 =2 (70) 16+0.1
PEUU/PLGA-tet10 66 + 1 (68) 3401
PEUU/PLGA-tet20 61+ 1 (66) 7.7+0.2

a\/alues in parentheses are theoretical PEUU content.
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Table 3
In Vivo Performance in Abdominal Wall
PEUU/PLGA-
PEUU tet20
skin dehiscence@ 23% 2%
abscess formationP (above material) ~ */*+ -
++/+++ -

abscess formationP (beneath material)

aSkin dehiscence = (length of incision with dehiscence/incision length) x 100%.

b . o . .
Abscess formation qualitatively scored as: — (no abscess visible), + (mild), ++ (moderate), +++ (severe).
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