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Abstract
Our group has previously created a functional neointestine that is capable of restoring absorptive
function. However, the endogenous level of vascular endothelial growth factor (VEGF) is markedly
reduced in the construct compared to native bowel. Therefore, we wanted to locally deliver VEGF
in a sustained fashion to upregulate angiogenesis in the neointestine. Rat recombinant VEGF was
encapsulated in poly (lactide-co-glycolide) microspheres by a double emulsion method. Release
kinetics and bioactivity were determined in vitro. Tissue-engineered intestine was generated by
seeding donor neonatal rat intestinal organoid units onto a biodegradable polyglycolic acid scaffold
along with VEGF-containing or empty microspheres, and wrapped in the omentum of recipient rats.
After four weeks, the neointestinal cysts were analyzed for morphometry, VEGF levels, epithelial
proliferation, and capillary density. Sustained release of biologically active VEGF was confirmed
by in vitro studies. Intestinal constructs with VEGF microspheres were significantly larger than those
containing empty microspheres. Tissue VEGF levels were significantly higher in neointestine loaded
with encapsulated VEGF compared to those without growth factor. Epithelial cellular proliferation
and capillary density were significantly increased in the VEGF-containing neointestinal constructs
compared to empty constructs. Tissue-engineered intestine responds to sustained delivery of VEGF
by upregulating microvasculature and epithelial proliferation.

1. Introduction
Short bowel syndrome is a devastating clinical condition characterized by a deficiency in
intestinal absorptive capacity leading to malnutrition, dehydration and electrolyte imbalance
in both children and adults. Surgical and pharmacological manipulation of remnant intestine
[1,2,3,4] have demonstrated little success in clinical trials while intestinal transplantation has
been limited by a high degree of graft failure, a shortage of organ donors and need for
immunosuppression [5]. The only proven treatment for this condition is the administration of
total parenteral nutrition (TPN) which, although life-sustaining, is associated with significant
short- and long-term morbidity, mortality and cost [6,7].
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In response to this shortcoming, a prototype tissue-engineered intestine was developed by the
Vacanti laboratory [8]. This tissue-engineered intestine exhibits properties of mature intestine
such as the maintenance of a membrane potential, expression of brush border enzymes and
nutrient transporters, ion transport [9,10], generation of vascular [11] and lymphatic [12]
networks and development of a mature mucosal immune system [13].

As with other engineered tissues, one the major challenges has been the need for rapid vascular
ingrowth in order to promote engraftment and proper development. This is due in part to the
lack of local growth factors that would normally be present in the homeostatic milieu of
growing tissues. In order to circumvent this limitatino, our group has examined physiologic
regenerative signals for neointestinal maturation such as small bowel resection, partial
hepatectomy and portacaval shunt in the host [14]. In addition, we have previously
demonstrated that engineered intestine responds to exogenously administered growth factors
such as glucagon-like peptide 2 (GLP-2) by exhibiting mucosal hypertrophy and hyperplasia
[15]. These studies have clearly established that the neointestine responds to biologic
stimulation in a similar fashion to native tissues.

Angiogenesis is the ingrowth of blood vessels into tissues from pre-existing vasculature. It is
a critical step for a multitude of important biologic functions such as fetal development, wound
healing, and reperfusion after ischemia [16]. It is characterized by a series of steps involving
endothelial cells, cytokines, growth factors, and extracellular matrix. One of the key mediators
of angiogenesis is the vascular endothelial growth factor (VEGF) whose mitogenic effects
include migration and proliferation of endothelial cells, stabilization of neovessels and tissue
remodeling [17]. In addition, VEGF has been shown to promote smooth muscle growth and
stimulate nerve regeneration after injury [18,19]. VEGF has a limited half-life in circulation
and developing tissues require local and persistent exposure to the growth factor to prevent
atrophy of neovessels [20] Previously, we have demonstrated that our tissue-engineered
intestine exhibits lower levels of VEGF and basic fibroblast growth factor (bFGF) and a fixed
capillary density throughout its maturation compared to native juvenile bowel [11].

Therefore, in the present study we applied a polymeric microsphere delivery vehicle to
encapsulate VEGF and provide a sustained angiogenic signal to the maturing neointestine.

2. Methods
2.1 Microsphere Preparation

Microspheres were prepared using a double emulsion/solvent extraction technique [21].
Briefly, emulsion #1 was created by sonicating 3 μg of rat recombinant VEGF165 (R&D
Systems, Minneapolis, MN) with a poly(lactide-co-glycolide) (PLGA) solution (0.5g of
PLGA , 85:15 high viscosity) (Medisorb, Cincinnati, OH) dissolved in 10 ml of ethyl acetate
(EtAc) (Sigma, St. Louis, MO). Emulsion #2 was produced by dissolving 0.5g polyvinyl
alcohol (PVA) (Sigma) in 9.3 ml double distilled water (ddH20) and 0.7 ml EtAc; 1 ml of
emulsion #2 was added to emulsion #1 and the mixture vortexed. The vortexed solution was
added to an organic extraction buffer (186 ml ddH20, 14 ml EtAc, 0.2 g PVA) and stirred for
three hours to evaporate the EtAc. The solution was filtered through a 0.45 μm membrane pre-
conditioned with 70% ethanol (EtOH); the filtrate was centrifuged to pellet the microspheres,
and the supernatant was discarded. The microspheres were flash-frozen in liquid nitrogen and
lyophilized overnight. For radiolabeled studies, 1μCi of 125I-VEGF was added to the
microspheres. (Perkin Elmer, Boston, MA)
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2.2 Polymer Fabrication
Polyglycolic acid scaffold tubes were fabricated as previously described [8]. Non-woven 2 mm
thick sheets of polyglycolic acid (PGA) (Smith and Nephew, Heslington, NY) were fashioned
into 10 mm long cylinders with an outer diameter of 5 mm. The edges were sealed with a 10%
PLGA solution. To reinforce the fiber structure, the tubes were sprayed with a 5% poly-L-
lactide (1.06 i.v.) solution. (Birmingham Polymers, Pelham, AL) The lyophilized tubes were
washed with 500 ml Hank’s balanced salt solution (HBSS) (Gibco, Gaithersburg, MD) The
tubes were sterilized by immersion in 100% EtOH for 20 min and coated with 1:100 solution
of type I collagen. (Vitrogen, Palo Alto, CA).

2.3 Organoid Separation
Organoid units were prepared according to the method of Evans et al. [22] Briefly, total small
intestine from 3–5 day old neonatal Lewis rat pups (Charles River Laboratories, Wilmington
MA) was irrigated with ice-cold HBSS before being opened lengthwise along the
antimesenteric border and cut into 1–2 mm sections. The tissue was washed three times in
HBSS at 4°C with vigorous shaking and enzymatically digested with 0.25 mg/ml of dispase
(Boehinger Manheim, Indianapolis, IN) and 800 U/ml of collagenase XI (Sigma) on an orbital
shaker at 80 revolutions/min. The digestion was stopped by the addition of 10 ml of high
glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) containing 4% fetal bovine
serum (FBS) and 4% sorbitol and the mixture centrifuged at 150 g for 5 min. The supernatant
was removed and the above procedure repeated three times. Organoid units were reconstituted
in high-glucose DMEM with 10% FBS and counted by hemocytometer.

2.4 Construct Implantation
Organoid units (100,000) were loaded into each tubular polymer scaffold, with empty or
VEGF-containing microspheres, and allowed to adhere for 1 hr at 4°C. Twelve 200 g adult
male Lewis rats were anesthetized with 50mg/kg pentobarbital and a 1.5 cm upper abdominal
incision was made in order to exteriorize the greater omentum. Polymer constructs were
wrapped in the omentum and secured with 6-O Prolene sutures (Ethicon, Piscataway, NJ)
before being returned to the peritoneal cavity and the abdominal wall was closed in two layers.
Studies were approved by the Harvard Medical Area Committee on Animals and followed
National Institutes of Health guidelines.

2.5 Neointestine Harvest
At four weeks post-implantation, all animals were injected intraperitoneally with 50mg/kg of
5-bromo-2-deoxyuridine (BrDU) (Sigma) one hour before sacrifice. After laparotomy,
neointestinal cysts were separated from surrounding tissues and their weight and two radii
(long axis a, short axis b) were recorded. Volume of constructs was calculated using a formula
for an oblate spheroid (V= (4/3)a2b). They were divided into two pieces along their long axis
with one section placed in 10% formalin overnight for paraffin embedding and histology while
the other section was snap-frozen in liquid nitrogen for protein analysis.

2.6 In Vitro Characterization of Microspheres
Release kinetics were determined by placing microspheres containing 125I-VEGF in a
simulated body fluid consisting of phosphate-buffered saline (PBS) containing calcium and
magnesium at 37°C on a shaker table. At pre-determined timepoints, the entire solution was
removed and analyzed for radioactivity using a Packard γ counter (GMI Inc, Ramsey, MN). A
fresh aliquot of PBS was added and the quantity of 125I-VEGF released was determined by
subtracting the radioactivity in each sample from the total radioactivity at the beginning of the
experiment. Bioactivity of encapsulated VEGF was determined using a human umbilical vein
endothelial cells (HUVEC) (Cell Applications, San Diego, CA) proliferation assay [23].
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HUVECs (1 × 104 cells) were cultured and passaged in standard endothelial cell medium
conditions with growth supplement onto 6-well plates and allowed to adhere for 24 hr. The
plates were then replaced with filtered supplement-free medium conditioned with VEGF
released from microspheres or empty microspheres, supplement-free medium alone or
supplement-free medium containing 10 ng/ml VEGF; all cells remained in culture for an
additional 72 hr. The cells were harvested with a 0.05% trypsin solution and counted. This
cycle was continued until the microspheres had undergone 10 successive rounds of HUVEC
subculturing and medium conditioning.

2.7 Histology and Immunohistochemistry
Deparaffinized and rehydrated 10 μm thick sections were unmasked using microwave antigen
retrieval with 0.1M citrate buffer, pH 6.0 for 10 min. Sections were rinsed and then blocked
with 10% normal goat serum in PBS for 30 min at room temperature. Sections were incubated
with primary antibody (goat anti-CD31 for vessel staining, diluted 1:1000) (Santa Cruz
Biotechnology, Santa Cruz, CA) or (mouse anti-BrDU for epithelial proliferation, diluted 1:50)
(Sigma) with 0.1M PBS containing 5% normal horse serum and 0.3% Triton X-100, for 1 hr
at 25°C. After washing in PBS, sections were incubated with the secondary antibody
(biotinylated horse anti-goat antiserum for CD-31 or goat anti-mouse for BrDU) diluted 1:200
in PBS for 1 hr at room temperature. After a brief rinse with PBS, the sections were incubated
with 0.3% hydrogen peroxide (H2O2) in methanol for 30 min to quench endogenous peroxidase
activity. After rinsing, the sections were reacted with avidin-biotin-horseradish peroxidase
complex for 1 hr. After washing in 0.1M Tris HCL-buffered saline, the sections were incubated
in 0.05% 3,3′-diaminobenzidine solution containing nickel ammonium sulfate (0.2%) for 5–
10 min and counterstained with Mayer’s hematoxylin and mounted. CD31 positive capillaries
in 10 random high power fields were counted and normalized to the slide viewing area. BrDU
positively-stained cells were calculated as a fraction of the total number of cells per crypt and
expressed as a percentage (10 crypts/slide were counted)

2.8 Terminal Deoxynucleotide Transferase Mediated dUTP Nick-End Labeling (TUNEL)
Deparaffinized and rehydrated 10 μm thick sections were exposed to TUNEL mixture
containing equilibration buffer, biotinylated nucleotide mix and terminal deoxynucleotidyl
transferase for one hour in a humidified chamber at room temperature. (Roche, Indianapolis,
IN) Endogenous peroxidase activity was blocked by immersing the sections in 0.3% H2O2 for
3 min at room temperature. Sections were then incubated with anti-digoxigenin and
diaminobenzidine chromogen substrate kits according to the manufacturer’s instructions for
30 min. The number of cells with TUNEL positivity and morphological features of apoptosis
were counted in five fields and averaged.

2.9 Enzyme-linked Immunosorbent Assay (ELISA)
Tissue VEGF was extracted as previously described [24]. Frozen samples were minced and
homogenized in 5 ml of extraction buffer consisting of PBS, 0.05% Triton X-100 and 1mM
protease inhibitor 4,2-aminoethylbenzenesulfonylfluoride (Sigma). The mix was sonicated and
centrifuged at 1500 g for 10 min at 4°C. The total protein concentration was determined by the
bichinchoninic acid method (BCA)(Sigma). Quantikine ELISA kit for rat VEGF was
purchased (R&D Systems) and utilized according to the manufacturer’s instructions with
standards of known concentration and positive and negative controls. The concentration of
VEGF in each sample was calculated as picograms per milligram total protein.

2.10 Statistical Analysis
All continuous data were expressed as the mean ± SEM and p < 0.05 was taken as significant.
P values were estimated using Student t-test and when applicable, analysis of variance
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(ANOVA) with post-hoc Tukey intergroup comparisons. All computations were performed
using a commercially available statistical package (Statistica, version 4.3, StatSoft, Tulsa, OK).

3. Results
3.1 In Vitro Microsphere Validation Studies

The loading efficiency of VEGF into PLGA microspheres was determined to be 28.7% + 9.5%
which was consistent with previous batches fabricated in the Mooney laboratory (personal
communication). The release kinetics profile in vitro for the VEGF-loaded microspheres is
illustrated in Figure 1. VEGF was released in two phases; an initial burst phase within the first
day followed by a steady state release over 14 days with very little release at 30 days.

The bioactivity of encapsulated VEGF released from the microspheres over time was examined
using an in vitro HUVEC proliferation assay. The results shown in Figure 2 demonstrate an
increased rate of proliferation of HUVECs exposed to exogenous VEGF and to the supernatant
of VEGF-loaded microspheres. Empty microspheres did not provide a proliferative stimulus
nor a toxic effect on the HUVECs. VEGF released from microspheres demonstrated peak
biologic activity after immediate release but remained significant up to 14 d of incubation.
After this time, released VEGF from microspheres had a reduced trophic effect compared to
fresh VEGF administered to culture media.

3.2 Neointestinal Growth and Development
All but two animals (one in each group) produced viable neointestinal cysts for analysis (83%
engraftment rate). Microspheres did not have any appreciable effect on the morphologic or
histological structure of the neointestine, although it was possible to note the increased
vascularity in the outer connective tissue of the VEGF-containing constructs (See Figure 3)
Intestinal constructs implanted with VEGF-loaded microspheres were significantly larger
(99.3 ± 0.4 cm3 vs. 25.8 ± 0.2 cm3) and heavier (10.2 ± 3.8 g vs. 3.5 ± 0.5 g) (p<0.05) than
those implanted with empty microspheres.

3.3 In Vivo Angiogenic Response to Released VEGF
VEGF delivery was confirmed by measuring levels of VEGF in neointestinal constructs. Figure
4 demonstrates that tissue VEGF levels were significantly higher in neointestine loaded with
encapsulated VEGF compared to those without growth factor (106 ± 33 pg/mg vs. 28 ± 34 pg/
mg) (p<0.05). Neointestinal capillaries were identified by CD31 (PECAM-1)
immunopositivity, an endothelial cell marker (Figure 4). In response to the higher tissue VEGF
levels, capillary density in the muscular and connective tissue layers of VEGF-containing
neointestinal constructs was significantly increased compared to constructs containing
microspheres without growth factor (29.8 ± 4.5 vs. 10.3 ± 1.1 capillaries/hpf) (p<0.05)

3.4 In Vivo Epithelial Response to Released VEGF
Neointestinal epithelial proliferation was quantified by measuring BrDU incorporation in
crypts while apoptosis was measured by TUNEL staining (Figure 5). Constructs implanted
with VEGF-releasing microspheres had increased rates of epithelial proliferation in
neoinstestinal crypts compared to those implanted with empty microspheres, 84.9 ± 7.1% vs.
53.8 ± 13.8% BrDU staining cells per crypt, respectively. However, apoptosis remained
unchanged between groups (5.0 ± 2.3 vs. 3.1 ± 2.6 TUNEL staining cells per crypt).

4. Discussion
One of the greatest challenges in engineering organs is the adequate delivery and maintenance
of oxygen and nutrients to the developing tissue. The biologic phenomenon of angiogenesis is
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particularly critical in the early stages of engraftment and development when cells transplanted
onto scaffolds must maintain metabolic demands of cell division, tissue differentiation and
physiologic function. One of the current challenges of the tissue-engineered intestine is the
difficulty in forming constructs longer than a few centimeters that would be essential in order
to expand absorptive surface area. Previous studies have confirmed that implantation of
neointestine in rats undergoing massive small bowel resection reverses weight loss in these
animals indirectly suggesting some recovery of absorption [25]. However, in order for tissue-
engineered intestine to be a viable clinical option, the fluid and nutrition balances must be
achieved on a much larger scale for higher order organisms. We hypothesized that a deficiency
in angiogenic growth factors normally present in rapidly developing tissues contribute to this
growth inhibition since the measured levels in our constructs fell below those of native juvenile
bowel [11].

The present study addresses this issue by encapsulating VEGF in PLGA microspheres for
localized and sustained release of VEGF to the maturing neointestine. PLGA microspheres
have been utilized to encapsulate several growth factors in different systems [26]. Although
VEGF-containing PLGA microspheres have been employed in other applications to stimulate
angiogenesis [27], this is to our knowledge the first report of using this method to deliver
growth factor to a three-dimensional, multi-cell lineage, physiologically complex engineered
tissue such as intestine.

VEGF delivery from microspheres was confirmed in vitro by radioactive tracer and bioassay
studies. Encapsulated VEGF had its most profound trophic effect on HUVECs within three
days of conditioning mirroring its burst release profile and exceeding that of 10 ng/ml of
exogenous VEGF. This would suggest much higher concentrations of active VEGF were
released from the microspheres. In addition, a significant proliferative response was still
elicited after 14 days of media conditioning. However this was reduced and less than that
achieved by the exogenous VEGF presumably due to the decreased presence of released growth
factor. Previous studies have examined the role of varying the ratio of lactide to glycolide in
the polymer in order to tailor degradation rates to achieve desired release kinetics [28]. We
chose to use 85:15 PLGA as our delivery vehicle given its favorable low-burst and sustained
release profile over several weeks for our application. Some authors have expressed concern
with the organic solvent in the double emulsion/solvent extraction technique denaturing the
protein payload [23]. In addition, the acidic microenvironment generated by the hydrolysis of
the polymer into its lactic and glycolic acid components has been associated with protein
breakdown [29]. However, the bioactivity of the growth factor was preserved both during
processing and release as evidenced by the robust proliferative response of HUVECs to
encapsulated VEGF released in tissue culture media. This observation is critical since the
growing constructs would have outstripped its oxygen supply unless neovascularization was
stimulated in a sustained fashion over the course of engraftment and development into
neointestine. Incorporation of VEGF into the polymer scaffold itself has been achieved [30],
but these models are associated with a rapid, burst release of the growth factor which may not
be applicable to our construct.

During neointestinal engraftment, the transplanted organoid units must obtain their sustenance
from passive diffusion of oxygen and nutrients from the vascularized omentum of the host
through the entire thickness of the polymer scaffold. This distance can approach several
millimeters to a centimeter depending on the dimensions of the cylindrical scaffold dimensions
and polymer spraying time of the PLLA coating. Since new blood vessel formation occurs at
a rate of less than 1 mm per day, local application of an endothelial cell mitogen such as VEGF
is required to accelerate neovessel growth and facilitate nutrient transport [31] Increased blood
vessel formation was noted in the outer layers of the neointestine including in the host omentum
suggesting trans-polymer diffusion of released VEGF, although this was not directly measured
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in this study. It has been demonstrated that pre-encapsulated VEGF in microspheres
incorporated into the polymer scaffold yielded VEGF concentrations of 10 ng/ml up to 2 cm
away from the scaffold [32]. This approach may be able to support a larger intestinal segment
by providing a gradient of growth factor concentration over a wider area thereby supporting
neovessels at progressive stages of development.

Microsphere incubation with organoid units did not have any detrimental effect on the
morphology or ultrastructure of the resulting neointestinal construct. Spatial orientation of
mucosa to serosa as well as villus-crypt architecture was preserved. This suggests the presence
of degrading PLGA does not alter the attachment of the organoids to the PGA scaffold, nor
the migration of cells to their appropriate topographic sites (inner mucosa for epithelium and
outer serosa for mesenchymal elements). Although the intercellular signaling for cell migration
in organoid units transplanted into scaffolds remains elusive, it seems that angiogenic stimuli
are not involved.

A significant increase in the size and weight of the constructs exposed to VEGF microspheres
was noted signifying a trophic effect on neointestinal tissues. This was confirmed by the
presence of tissue VEGF levels that were significantly higher than controls and comparable to
those of juvenile native jejunum [11]. In addition, a higher density of capillary networks in
both the muscular and serosal layers of the neointestine was achieved by the application of
VEGF-releasing microspheres. In rodents, as the juvenile intestine grows rapidly during
weaning, metabolic demands are met by augmenting capillary networks in the bowel wall in
order to support the lengthening tissue [33]. Therefore, VEGF-containing neointestinal
constructs are able to mimic the in vivo angiogenic maturation of growing intestinal tissue.
However, the functionality of the engineered tissue when anastomosed to native gut and actual
bowel perfusion will require further investigation.

In response to increased vascularity and therefore greater access to nutrients and oxygen, the
neointestinal epithelium responded by upregulating cellular proliferation as evidenced by
BrDU incorporation into rapidly dividing progenitor cells in the crypt compartment. No effect
was noted in cellular apoptotic rates suggesting a lack of neoplastic transformation. This
implies that the enhanced neointestine has the capability to regenerate its mucosa through
repopulation from crypt cells. Under normal conditions, the gut is constantly exposed to a harsh
environment consisting of osmotic loads, digestive enzymes, and bacterial toxins, but it is able
to survive despite these challenges. This is achieved by a constant turnover of villus tip cells
and by migration of mucosal cells adjacent to denuded areas. Further investigation will be
needed to determine if the angiogenic and regenerative properties of growth factor enriched
neointestine will translate into improved absorptive capacity and resistance to injury.

5. Conclusion
In summary, sustained polymeric delivery of VEGF with polymer microspheres to the tissue-
engineered intestine is feasible. The proliferative effects on the capillary network and epithelial
crypts of the tissue-engineered intestine may serve to enhance its resilience and functional
capacity. The ability to deliver other critical growth factors such as bFGF and GLP-2 is likely
to further optimize the neointestine and may ultimately help to create an engineered organ of
vital biologic function in desperate demand.
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Figure 1.
Release kinetics of 125I-VEGF microspheres. After an initial burst release, microspheres
released a steady state level of VEGF for up to 30 days (n=3)
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Figure 2.
In vitro bioactivity of VEGF as a function of HUVEC proliferation over 72 hrs. Untreated cells
did not demonstrate proliferation in serum-free media. HUVECs cultured in serum-free
medium supplemented with 10 ng/ml of exogenous VEGF demonstrated an increase in
proliferation at all timepoints. HUVECs exposed to serum-free media conditioned with VEGF-
loaded microspheres (VEGFMS) had a statistically significant increase in proliferation up to
14 days after conditioning. This was not observed in HUVECs exposed to serum-free media
conditioned with empty microspheres (Empty MS) (n=6/group, *p<0.05 compared to untreated
group)
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Figure 3.
Morphological parameters of Neointestinal Cysts. (A) Gross appearance of neointestinal cyst
containing empty microspheres. (B) Gross appearance of neointestinal cyst containing VEGF
microspheres. (C) Histological appearance of neointestinal cyst containing empty
microspheres (40X magnification). (D) Histological appearance of neointestinal cyst
containing VEGF microspheres (40X magnification). Both the volume and the weight were
significantly increased in neointestinal cysts containing VEGF microspheres. (n=5/group,
*p<0.05)
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Figure 4.
Tissue VEGF levels and capillary density. Tissue VEGF levels were significantly increased in
neointestinal cysts containing VEGF-loaded microspheres compared to those with empty
microspheres. (n=5) (*p<0.002) Immunohistochemical staining of PECAM-1 (CD31) in
submucosal and muscular layers of neointestinal cysts containing (A) empty microspheres and
(B) VEGF-loaded microspheres (100X magnification, representative images). Quantification
of capillary density demonstrated a significantly increased capillary density in B than A. (n=5/
group, *p<0.0001)
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Figure 5.
Epithelial proliferation and apoptosis. BrDU incorporation in crypts was significantly
increased in neointestinal crypts containing VEGF-loaded microspheres demonstrating
increased proliferation. (n=5/group) (*p<0.05) Apoptosis measured by TUNEL staining
showed no difference in programmed cell death between neointestinal cysts containing empty
or VEGF-loaded microspheres. (n=5/group)
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