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ABSTRACT

Polymers of lactic and glycolic acid are attractive candidates to fabricate devides to trans-
plant cells and engineer new tissues. These polymers are biocompatible, and exhibit a wide
range of erosion times and mechanical properties. This manuscript describes the fabrica-
tion and characterization, in vitro and in vivo, of hollow, tubular devices from porous films
of various polymers of this family. Porous films of these polymers were formed using a par-
ticulate leaching technique, and sealed around Teflon cylinders to form hollow tubular de-
vices. The erosion rate of devices was controlled by the specific polymer utilized for fabri-
cation, and ranged from months to years. Devices fabricated from a 50/50 copolymer of
D,L-lactic acid and glycolic acid were completely eroded by 2 months, while devices fabri-
cated from a homopolymer of L-lactic acid showed little mass loss after 1 year. Erosion times
for devices fabricated from the other polymers [poly-(D,L-lactic acid) and a 85/15 copoly-
mer] were between these two extremes. Devices were capable of resisting significant com-
pressional forces (150 raN) in vitro, and the compression resistance was controlled by the
polymer utilized to fabricate the devices. The ability of the devices to maintain their struc-
ture after implantation into the mesentery or omentum of laboratory rats was also depen-
dent of the specific polymer utilized to fabricate the device. These results indicate that it is
possible to fabricate tubular devices for tissue engineering applications that exhibit a wide
range of erosion rates and mechanical properties.

INTRODUCTION

THE HUGE PERSONAL AND FINANCIAL COSTS associated with the loss or malfunction of tissues has spurred
interest in engineering replacement tissues using cell transplantation.1 To engineer a new tissue from

a group of originally disorganized cells it is first necessary to deliver the cells to a specific anatomic loca-
tion. These cells, and any cells from the host tissue that are present, must dien be provided with structural
cues to organize appropriately. Our group has focused on fabricating polymer scaffolds to serve these pur-
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poses from biodegradable polymers. The degradation of the polymer after tissue development is complete
can yield an entirely natural tissue.2 Homopolymers of lactic acid [poly-(L-lactic acid) (PLA) and poly-(D,L
lactic acid) (PDLLA)], glycolic acid [polyglycolic acid (PGA)], and copolymers of lactic and glycolic acid
(PLGA) are attractive candidates for fabricating tissue engineering scaffolds. These polymers have been
used in medical devices for over 20 years,3 and are generally considered to be biocompatible. The crys-
tallinity, mechanical properties, and erosion times of these polymers are regulated by the ratio of lactic:gly-
colic acid.4

There is considerable interest in engineering a variety of tubular tissue, including intestine,5 blood ves-
sels,6 tracheas,7 and ureters.8While the geometry of these tissues is similar, the necessary specifications
(e.g., erosion time, mechanical properties) of devices used to engineer these different tissues will likely vary
considerably. We have previously described a technique to fabricate hollow tubular structures from a 50/50
copolymer of lactic and glycolic acid (50/50 PLGA) that can be utilized to engineer tubular tissues.9 This
report describes the fabrication and characterization of tubular cell delivery devices from a range of poly-
mers of the lactic and glycolic acid. Devices with a wide range of compression resistance and erosion times
can be fabricated by utilizing PLA, PDLLA, and PLGA.

MATERIALS AND METHODS

Materials

PLA, PDLLA, and the 85/15 and 50/50 PLGA were purchased from Medisorb (Cincinnati, OH), chlo-
roform from Mallinckrodt (Paris, KY), polystyrene standards from Polysciences (Warrington, PA), alu-
minum backed tape from Cole-Parmer (Chicago, IL), phosphate-buffered saline and DMEM from Gibco
(Grand Island, NY), Tmax film from Kodak, Lewis rats, 250 to 300 g, from Charles River (Wilmington,
MA), and methoxyflurane from Pitman-Moore Inc. (Mundelein, IL).

Molecular weights of the various polymers were determined by gel permeation chromatography (Perkin-
Elmer, Series 10, Newton Centre, MA), using polystyrene standards to generate a calibration curve. PLA
had a molecular weight (Mw) of 74,000 (MJMn = 1.6); poly-(D,L-lactic) acid had Mw = 77,000 {MJMa =
1.8); 85/15 PLGA had Mw = 69,000 {MJMR = 1.9); 50/50 PLGA Mw = 43,400 (MJMn = 1.43).
Differential scanning calorimetry was utilized to confirm the amorphous nature of all of the polymers ex-
cept PLLA, which exhibited the expected crystallinity (not shown).

Device Fabrication

Hollow tubes were formed by a two-step process; porous films of the polymers were first fabricated, and
these films were then formed into hollow tubes. To fabricate porous films, the polymer was dissolved in
chloroform to form a 1.56% solution (w/v). Eight milliliters of this solution was cast into a 5-cm glass petri
dish covered with a sheet of aluminum backed tape. Sieved sodium chloride crystals (150 < d < 250 /im)
were dispersed evenly over the solution (0.375 g NaCl/dish), and the chloroform was allowed to evaporate
at room temperature. A polymer film with entrapped NaCl particles resulted. The salt particles were leached
out of the film by immersion in 800 ml of deionized water for 48 h at 37°C with constant shaking. The wa-
ter was changed every 8 h during the leaching period. This procedure yielded a highly porous, thin mem-
brane. Sections were cut from the resulting films (1.3 X 1.5 cm), with a razor blade, and rolled around
Teflon cylinders with an outer diameter of 0.32 cm. The surfaces of the films that were adjacent to the alu-
minum backed tape were always placed adjacent to the Teflon cylinder. The overlapping ends of the film
were sealed together by briefly exposing one edge to chloroform, and manually pressing the overlapping
ends together. The chloroform temporarily dissolved the polymer on the surface of each of the overlapping
ends, and after the chloroform evaporated the overlapping ends were sealed together. The tubes were then
slipped off of the Teflon template. The ends were closed by placing a circular piece of the same porous
films over the ends, and sealing as above with chloroform. Tubes 1.5 cm long, with an inner diameter of
0.32 cm resulted. Tubes were lyophilized to remove residual solvent, and sterilized by exposure to ethyl-
ene oxide for 24 h at room temperature.
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Device Characterization

For scanning electron microscopic examination, samples were gold coated using a Sputter Coater (Desk
II, Denton Vacuum, Cherry Hill, NJ). An environmental scanning electron microscope (ElectroScan;
Wilmington, MA) was operated at 30 kV with a water vapor environment of 5 Torr to image samples.
Photomicrographs were taken with Polaroid 55 film.

The porosity and pore size distribution of devices was analyzed by mercury porosimetry (Poresizer 9320,
Micromeritics, Norcross, GA) using a solid penetrometer with a 5-ml bulb volume (920-61707-00,
Micromeritics). The void volume and pore size distribution of polymer devices were determined as previ-
ously described.10

Thermal mechanical analysis was performed with a TMA 7 (Perkin Elmer Corp; Norwalk, CT) using
a compression probe with a circular tip (d = 3.0 mm). All testing was done at a constant temperature of
37°C. Tubes were placed on their sides for testing (axis of tube lumen perpendicular to axis of force ap-
plication), and the change in device diameter (parallel to direction of force application) was followed
during and after force application. The compressional forces applied to the tubes in vivo will also be ex-
erted predominantly in a radial direction. The resulting deformations were normalized to the initial de-
vice diameter.

The degradation and erosion characteristics of bonded devices was assayed by placing individual tubes
in 5 ml of phosphate-buffered saline, pH 7.4, and incubating under static conditions at 37°C. Samples were
removed from this solution at set times, air dried, lyophilized, and weighed. The degradation of devices
was determined by dissolving samples in chloroform and determining the molecular weight using gel per-
meation chromatography. The mass loss was analyzed by weighing lyophilized devices before and after the
incubation period. The release of lactic acid was assayed enzymatically with lactic dehydrogenase using a
kit from Sigma Chemical. The release of glycolic acid was quantitated with a colorimetric assay,11 which
involves decarboxylating glycolic acid in the presence of concentrated sulfuric acid to form formaldehyde,
followed by reaction of formaldehyde with chromotropic acid to yield a colored product that can be quan-
titated spectrophotometrically.

Implantation of Devices

Polymer constructs were implanted into the mesentery and omentum of Lewis rats as previously de-
scribed.9 The mesenteric tissue or omentum was rolled around the devices to promote tissue invasion and
neovascularization of the implants from all sides. Implants were secured in place with sutures of 7-0 Ethilar
(Davis and Geek). The implants were subsequently removed after 7-28 days, and fixed in 10% buffered
formalin. NIH guidelines for the care and use of laboratory animals (NIH Publication 85-23 Rev. 1985)
have been observed in all experiments involving animals. Inhalation anesthesia with methoxyflurane was
always utilized. Thin sections were cut from paraffin-embedded tissue, and histological sections were stained
with hematoxylin and eosin. Photomicrographs were taken with Kodak Tmax film using a Nikon inverted
microscope.

RESULTS

Fabrication and in Vitro Characterization of Devices

The pore structure of films formed with the paniculate leaching technique could be controlled by vary-
ing the ratio of polymer to salt in the film fabrication process. Films fabricated with a polymer/salt ratio of
1/3 exhibited large pores on the air surface, approximately the size of the salt particles utilized to form the
pores (Fig. 1A). These films had much smaller pores on the surface of the film exposed to the aluminum
backed tape-coated glass surface (Fig. 2A). Decreasing the ratio of polymer to salt from 1/3 to 1/24 resulted
in the formation of larger pores on the air surface of the films (Fig. 1A-D), and these pores were not as
uniform as the pores formed at lower salt loadings. Larger pores also formed on the film surface exposed
to the glass dish as the polymer to salt ratio was decreased (Fig. 2A-C). At a very low ratio (1/12) both
sides of the films exhibited a similar pore structure. Films fabricated from all polymers (PLLA, PDLLA,
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FIG. 1. The pore structure of polymer films on the air exposed surface was controlled by the ratio of polymer/salt
This ratio was varied from 1/3 (A), 1/6 (B), 1/12 (C), to 1/24 (D). Size bars are present on the photomicrographs

50/50 PLGA, and 85/15 PLGA) could be readily formed into hollow tubes (Fig. 3). There was no signifi-
cant differences in the pliability of films formed from the different polymers. However, films formed us-
ing a polymer/salt ratio lower than 1/12 were quite brittle, and the manipulation needed to form tubes from
these films often resulted in their fracture. Films fabricated using a polymer/salt ratio of 1/3 were utilized
to fabricate the tubular devices used in all subsequent studies. These films had a thickness of 320 ± 50 ttm
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FIG. 2. The pore structure of the polymer films on the surface exposed to the glass petri dish depended on the ratio
of polymer/salt utilized to fabricate the films. The ratio was varied from 1/3 (A), 1/6 (B), to 1/12 (C). A size bar is
shown on the photomicrograph.

(mean ± SD, n = 36), a porosity of 87 ± 4% (n = 12), and a volume average pore diameter of 150 ± 50
/xm (n = 12).

To determine the erosion characteristics of devices fabricated from various polymers, devices were placed
in a phosphate-buffered saline solution and maintained at 37°C under static conditions for varying times.
Devices fabricated from 50/50 PLGA began to lose significant mass after approximately 7 weeks, and were
completely eroded (100% mass loss) by 10 weeks (Fig. 4A). Devices fabricated from 85/15 PLGA did not
exhibit any weight loss until after 10 weeks, but were completely eroded by 35 weeks. PDLLA devices ex-
hibited no mass loss until 20 weeks, and PLLA devices had no weight loss over 40 weeks. No significant
monomer release was found until the polymer had degraded to a low molecular weight (approximately 9000)
(Fig. 4B). D-Lactic acid and L-lactic acid were released with identical kinetics from 50/50 devices, and gly-
colic acid was released more rapidly (Fig. 4B).

The compression resistance of devices was next tested. Devices fabricated from all four polymers re-
sisted compression by moderate forces (50 mN), but the ability of devices to withstand a larger compres-
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FIG. 3. A photograph of a tubular device fabricated from a porous film of 50/50 PLGA.

FIG. 4. In vitro erosion of tubular devices.
(A) The erosion kinetics (mass loss) of devices
was regulated by the polymer from which they
were fabricated. All masses were normalized
to the initial device mass. Values represent the
mean and standard deviation calculated from
4 samples at each time point. (B) The molec-
ular weight (MW: O) of devices fabricated
from 50/50 PLGA rapidly decreased in vitro.
Glycolic acid (•) , D-lactic acid (•) , and L-
lactic acid (A) were released from the devices
after the molecular weight reached a low
value. Values for the monomer release were
normalized to the monomer mass initially pre-
sent in the device. The maximum monomer
that could be released per device was calcu-
lated using the measured initial device mass.
Values for the polymer molecular weight were
normalized to the initial molecular weight.
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FIG. 5. Compression of tubular devices following the application of a compressive force. (A) Average strain re-
sponses of devices fabricated from different polymers that were subjected to a compressive force of 150 mN. The force
was applied in a direction perpendicular to the axis of the device lumen starting at 0 min. The force was removed at
15 min, and the change in the diameter of the tube (parallel to the direction of force application) was monitored both
during and after the time of force application. Values were normalized to the initial diameter. Strain values represent
the mean calculated from 5 to 16 measurements with different tubes. (B) Individual strain diagrams of devices fabri-
cated from PLLA. (C) Individual strain diagrams of multiple devices fabricated from 50/50 PLGA exhibit the incon-
sistant compression resistance of these devices at this loading.

sional force (150 mN) was dependent on the polymer used in fabrication. PLLA tubes exhibiting the least
compression under this force, and 50/50 PLGA devices exhibiting the greatest (Fig. 5A). The response to
compressional forces was viscoelastic in all cases, as the devices only partially decompressed after the force
was removed. While devices fabricated from PLLA and PDLLA consistantly resisted this load (Fig. 5B),
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PLGA devices did not exhibit a consistent response. The 50/50 PLGA tubes showed the greatest variabil-
ity, as testing of multiple tubes gave widely varying results (Fig. 5C). Devices that compressed greater than
50% after force application typically showed little elastic recoil after the force was removed. Thus, devices
that compressed more than this were considered to fail at this loading, and the failure rates of devices fab-
ricated from the various polymers is given in Table 1.

Implantation of Devices

The devices fabricated with this technique will be utilized to transplant cells and serve as a template
guiding the formation of a tubular tissue structure from the transplanted cells and the host tissue. Devices
were implanted in the mesentery and omentum of Lewis rats to determine if they would guide the forma-
tion of a tubular tissue in vivo. These sites are easily accessed surgically, are well vascularized, and are at-
tractive locations to engineer soft tissues.12 Devices were implanted by placing them on the omentum or
on a leaf of the mesentery that had been isolated on surgical gauze (Fig. 6A), and then rolling the mesen-
tery/omentum over the device (Fig. 6B). Devices were immobilized using several sutures, and the mesen-
tery/omentum and construct were replaced within the abdominal cavity. In the first days following im-
plantation, there was an acute inflammatory response to the devices. Fibrin deposition and macrophage
infiltration were noted within the pores of the devices by 3 days (Fig. 7A). Fibrovascular tissue formed in
the pores of the devices and on the luminal surface over 7-14 days (Fig. 7B). Capillary ingrowth through
the pores accompanied the fibrous tissue ingrowth (Fig. 7C). Fibrovascular tissue occupied a greater per-
centage of the devices' lumens over time, until the lumen was completely filled in with this tissue by 28
days. The closure of the devices' lumens would presumably be prevented by a lining of epithelial cells (e.g.,
transplanted enterocytes). The ability of devices to maintain their structure and induce the formation of a
tubular tissue was dependent on the polymer utilized to fabricate the devices. All PLLA and PDLLA de-
vices maintained their structure in vivo, while devices fabricated from the other polymers were not as sta-
ble (Table 1).

DISCUSSION

Tubular devices have been fabricated from biodegradable polymers of lactic and glycolic acid using a
simple, easily reproduced technique. The pore structure of the devices can be controlled by the processing
conditions. The erosion kinetics and mechanical properties of the devices can be controlled by varying the
polymer utilized to fabricate the devices. These devices can be used to engineer tubular tissue structures in
laboratory animals.

The porosity of an implanted device affects the diffusion of factors into the device, the mechanical prop-

TABLE 1. IN VITRO AND IN VIVO COMPRESSION TEST FAILURE OF DEVICES

Polymer

PLLA
PDLLA
85/15PLGA
50/50PLGA

In vitro

Number
samples

6
5
5

16

Failure
rate"

0%
20%
40%
58%

In vivo

Number of
samples

2
6
9
6

Failure
rateb

0%
0%

44%
50%

°Compression testing was performed with a force of 150 raN. A device was considered
to fail if it compressed to less than 50% of the original diameter.

^Devices were implanted into the mesentery or omentum of Lewis rats for 7-28 days.
Histological sections were examined, and devices were considered to fail if they com-
pressed and did not maintain their original, tubular shape.
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FIG. 6. Photographs of a tubular device being implanted in the mesentery of a Lewis rat. The device was placed on
the mesentery (A), and the mesentery was subsequently wrapped around the device (B) and sutured in place before im-
plantation.

erties, and the ability of fibrovascular tissue to invade the device. Fibrovascular tissue ingrowth is critical
if one desires to engineer a tissue that is structurally integrated with the host tissue. This process leads to
the formation of a vascular network that supplies the metabolic needs of the developing tissue. The rate and
pattern of tissue ingrowth are functions of the devices' pore structure and size.13"17 The pore structure of
devices fabricated in this study was not symmetrical unless a very low ratio of polymer/salt was utilized in
the fabrication procedure. The small pores on the luminal surface of the devices may be advantagous for
some applications as they allow cells seeded onto the luminal surface to readily organize into a confluent
sheet.9 However, this asymmetry likely slows diffusion of factors between the luminal side and exterior of
the device, and may also retard fibrovascular tissue ingrowth.

Different erosion times may be required of devices utilized to engineer various tissues (e.g., blood ves-
sels versus intestine). The erosion kinetics of devices fabricated in this study were governed by the poly-
mer utilized to fabricate the devices. The time for complete erosion could be varied between 10 weeks and
over a year simply by varying which polymer was utilized to fabricate the device. The timing of device
erosion is in general agreement with past studies utilizing these polymers.41819 The thin membranes of
these devices experience bulk degradation, and little mass loss or monomer release is noted until the poly-
mer molecular weight has fallen quite low (Fig. 4). This leads to a relatively rapid monomer release, which
could potentially acidify the tissue surrounding the devices. However, the low mass of monomer in highly
porous devices such as these is unlikely to lead to any significant systemic problems. Also, the diffusional
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FIG. 7. Photomicrographs from histological sections of implanted 85/15 PLGA devices. (A) Devices implanted for 3
days exhibited fibrin deposition and macrophage infiltration of the devices' pores. (B) Fibrovascular tissue formed in the
pores and luminal surface of implanted devices by 8 days. (C) A capillary (arrows) that formed in a pore of a device.
This capillary contains numerous red blood cells. The mesenteric tissue (m) surrounding the implants was large com-
prised of fat cells. The polymer (p) does not prick either hematoxylin or eosin stain, and appears clear in these photos

and convective transport of fluids through the tissue will likely clear the monomers rapidly with little lo-
cal build-up.

The compression resistance of devices utilized in tissue engineering applications is a critical feature. If
the devices are to serve as templates, guiding the development of the desired tissue structure, they must
maintain their own structure. The compression resistances of the tubular devices fabricated in this study
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were dependent on the polymer utilized to fabricate the devices. Devices fabricated from both PLLA and
PDLLA resisted compressional forces and maintained their structure both in vitro and in vivo. Devices fab-
ricated from PLGA did not resist compressional forces as well either in vitro or in vivo. The compression
resistance of tubes fabricated from 50/50 PLGA was inconsistant at high compression forces (150 mN).
While the magnitudes of the compressive forces that are exerted on implanted devices by the surrounding
tissue are unclear, they are significant and will likely vary depending on the implant site. Devices that were
stable to large compressional forces in vitro (150 mN) were also stable after implantation into the mesen-
tery of laboratory rats. The results of the current study suggest that devices fabricated from PLGA may
need to be mechanically stabilized if they are to maintain their structure in vivo.

The compression resistances of devices were studied in vitro by applying a constant force on the tubes.
Contact between the compression tip and the tubes was not analyzed, and will likely change as the tubes
compress. For this reason, results were reported for compressional forces, not stresses. Calculation of stresses
using the entire contact area of the compression probe would give the most conservative estimate of me-
chanical moduli.

In summary, the tubular devices described in this report may be useful for transplanting a variety of cell
types to engineer different tissues. Cells can be readily seeded into the devices, where they adhere and or-
ganize.9 A tubular, vascularized tissue is created by implanting these devices in experimental animals. In
the present study, fibrovascular tissue ingrowth continued until the lumen of the devices was filled, but an
epithelial cell lining (e.g., transplanted enterocytes) would likely prevent this closure. The erosion time and
mechanical properties of these devices can be predicted, and matched to the requirements for a specific
time.
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