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Abstract
Poly(D,L-lactic-co-glycolic acid) (PLGA) is a biodegradable polymer that is widely used for drug
delivery. However, the degradation of PLGA alters the local microenvironment and may influence
tissue structure and/or function. Here, we studied whether PLGA degradation affects the structure
of the arteriolar microcirculation through arteriogenic expansion of maximum lumenal diameters
and/or the formation of new smooth muscle-coated vessels. Single microspheres comprised of
50:50 PLGA (521 ± 52.7 μm diameter), 50:50 PLGA with bovine serum albumin (BSA) (547 ±
62.2 μm), 85:15 PLGA (474 ± 52.6 μm), or 85:15 PLGA with BSA (469 ± 57.2 μm) were
implanted into mouse dorsal skinfold window chambers, and longitudinal arteriolar diameter
measurements were made in the presence of a vasodilator (10−4M adenosine) over 7 days. At the
end of the 7-day period, the length density of all smooth muscle-coated microvessels was also
determined. Implantation of the window chamber alone elicited a 22% increase in maximum
arteriolar diameter. However, the addition of 85:15 and 50:50 PLGA microspheres, bearing either
BSA or no protein, elicited a significant enhancement of this arteriogenic response, with final
maximum arteriolar diameters ranging from 36 to 46% more than their original size. Interestingly,
the influence of PLGA degradation on microvascular structure was limited to lumenal arteriolar
expansion, as we observed no significant differences in length density of smooth muscle-coated
microvessels. We conclude that the degradation of PLGA microspheres may elicit an arteriogenic
response in subcutanteous tissue in the dorsal skinfold window chamber; however, it has no
apparent effect on the total length of smooth muscle-coated microvasculature.
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INTRODUCTION
The therapeutic stimulation of arteriogenesis, which is defined as the structural enlargement
of arterial diameter, holds promise as a treatment for patients suffering from cardiovascular
disease who are not amenable to surgical revascularization.1,2 Numerous investigations have
been conducted using gene, protein, or cell therapies to generate therapeutic arteriogenesis
in animals. However, to date, the translation of these results to clinical trials has only met
with limited success.3–5 With respect to the strategies in which recombinant pro-arteriogenic
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growth factor proteins are used to stimulate arteriogenesis, achieving sustained delivery and
maintaining growth factor bioactivity are significant challenges.

It is possible, however, that these challenges may be overcome by incorporating
recombinant growth factors into controlled-release biodegradable polymers that permit the
sustained and targeted delivery of biologically stable therapeutic agents, allowing for both
temporal and spatial control. For example, poly (D,L-lactic-co-glycolic acid) (PLGA) is a
degradable polymer that is both biocompatible and approved by the FDA for therapeutic
use. The degradation rate of PLGA, which determines the release rate of an encapsulated
protein, may be tuned by the ratio of lactic acid to glycolic acid. Importantly, PLGA has
already been used in several animal studies to deliver growth factors and generate
neovascularization in different applications.6–10

However, some key questions about the use of PLGA for vascular growth factor delivery
have not been explored in detail. For example, it is known that the degradation of PLGA
generates an acidic microenvironment that can influence the structure and function of
surrounding tissue7,11–14; however, the influence of PLGA on the structural remodeling of
existing arterioles is not well-understood and is perhaps best addressed using an animal
model that permits the longitudinal observation of individual arterioles over time. The
murine dorsal skinfold window chamber model is ideally suited for this purpose because it
allows for noninvasive and repeated imaging of the same blood vessels over time.15,16 Of
particular relevance to the current study, this model has been used to study the influence of
slow degrading 80:20 PLGA scaffolds on angiogenesis, defined as the growth of new
microvessels.15 However, the influence of PLGA degradation on the arteriogenic
remodeling of individual pre-existing arterioles has yet to be examined.

The goal of this study was, therefore, to determine how the degradation of PLGA
microspheres affects the structural lumenal enlargement of existing arterioles in the dorsal
skinfold window chamber model. In addition, using whole-mount immunochemistry for SM
α-actin, we also studied how PLGA affects the formation and/or lengthening of smooth
muscle-coated vessels.

MATERIALS AND METHODS
PLGA microsphere fabrication

Using a single emulsion solvent extraction technique, 250 mg of 85:15 or 50:50 PLGA was
dissolved in 1 mL methlyene chloride by vortexing at a medium level for 15 min. For BSA-
loaded microspheres, 1mg of bovine serum albumin (BSA) was added to the polymer
solution and vortexed at a medium level for an additional 5 min. The polymer solution was
slowly added to vigorously stirred (250 rpm) 1% poly-vinyl alcohol and left for 5 h. The
resultant microspheres were washed with deionized water, dessicated for 48 h and stored at
−80°C.

Profile of protein release from PLGA microspheres
BSA was tagged with rhodamine using an EZ-Label Rhodamine Protein Labeling Kit
(Pierce Biotechnology). Rhodamine-labeled BSA microspheres were made following the
microsphere fabrication protocol described earlier. Loading efficiency was determined by
dissolving 10 mg of the microspheres in 1 mL of methylene chloride, using a
spectrophotometer to determine light absorption, and comparing this against standards with
a known BSA concentration. Rhodamine-labeled BSA microspheres were then used to
generate a release curve for both 85:15 and 50:50 PLGA microspheres. Three milligrams of
microspheres were suspended in 1mL of simulated body fluid (SBF)17 and incubated at
37°C. Over a 25 day time period, 100 μL was removed periodically for analysis and a

Nickerson et al. Page 2

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



spectrophotometer was used to read fluorescence. The remaining solution was removed and
fresh SBF was added to the microspheres. Cumulative fluorescence for each timepoint was
calculated and converted to a concentration. On the basis of the data from the loading
efficiency study, the concentration at each timepoint was divided by total concentration to
generate a percent cumulative release curve.

Dorsal skinfold window chamber
All animal studies were approved by the Animal Research Committee at the University of
Virginia and conformed to the American Heart Association Guidelines for the Use of
Animals in Research. Thirty-one C57/BL6 male mice weighing between 25 and 30 g were
randomly divided into five groups [Untreated (n = 6), 85:15 PLGA (n = 6), 85:15 PLGA-
BSA (n = 6), 50:50 PLGA (n = 7), and 50:50 PLGA-BSA (n = 6)] and anesthetized with an
intraperitoneal injection of ketamine (0.03 mL), xylazine (0.015 mL), and atropine (0.005
mL) diluted in 0.2 mL of saline. Under sterile conditions, a circular section 12 mm in
diameter was surgically excised from the dorsal side of the mouse exposing the
microcirculation deep in the dermis. A dorsal skin-fold window chamber was then surgically
implanted around the dissected circle of tissue as illustrated in Figure 2(A). After the
window chamber had been sutured to the skin, the exposed microcirculation was carefully
superfused with sterile Ringer’s solution and then covered with a round coverglass. Mice
were allowed 6 days to recover from surgery before PLGA microsphere implantation.

Microsphere implantation and noninvasive intravital image acquisition
At each time point, mice were anesthetized using 2.5% isoflurane, and the coverglass was
removed from the window chamber to allow access to the exposed subcutaneous
microcirculation. On day 6, a location for the microsphere in the immediate vicinity of at
least one arteriole/venule pair was selected. The window was topically superfused with
adenosine (10−4M) to maximally vasodilate the microcirculation. A Zeiss Axioscope and an
Olympus Digital Camera were used to image the entire window (×2.5), and the region of
tissue within 5 mm of where the microsphere was about to be implanted (×10). After
imaging was completed, the adenosine was suctioned off and the window was twice flushed
with Ringer’s solution. Using sterile forceps, a single microsphere with a composition
corresponding to the group in which the mouse had been assigned (i.e., 85:15 PLGA, 85:15
PLGA-BSA, 50:50 PLGA, or 50:50 PLGA-BSA) was inserted at the previously selected
location and allowed to adhere to the tissue for approximately 10 min. No microsphere was
implanted for the untreated control group. At the end of this time, the window was saturated
with Ringer’s solution and the coverglass was reattached. On days 9 and 13, the window and
region of interest were imaged as described earlier.

Immunochemical labeling for smooth muscle α-actin
After imaging on day 13, animals were euthanized and perfusion fixed by cardiac puncture
with 4% paraformaldehyde in PBS. The window chamber tissue was then harvested, treated
with 3 mg/mL collagenase for 30 min to facilitate antibody access, and incubated overnight
with 1:200 IA4 monoclonal anti-α-smooth muscle actin (SMA) Cy3 conjugate (Sigma).

Microvascular remodeling measurements
Digital images were assembled into a montage. Image J software (NIH) was used to analyze
all images. Arteriolar structural diameter measurements were made along vessels present in
the region of interest at both day 6 and 13. All visible vessels stained positive for SMA were
imaged and traced. The length density metric was generated by normalizing the total length
of SMA+ microvessel in the region of interest to the total en-face surface area of the region
of interest.
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Statistics
All data are presented as means ± SE. All data were first tested for normality. Arteriolar
diameter changes [Fig. 3(A, B)] and the length-density of smooth muscle-coated vessels
[Fig. 4(D)] were analyzed by One-Way Analysis of Variance (ANOVA) followed by
pairwise comparisons with Tukey’s t-tests. All statistical analyses were performed using
SigmaStat software. Significance was assessed at p < 0.05.

RESULTS
Profile of BSA release from PLGA microspheres

To determine the loading efficiency and release rate, rhodamine-labeled BSA was loaded
into both 85:15 (slow degrading) and 50:50 (fast degrading) PLGA microspheres. Loading
efficiency was determined to be 45% for 85:15 PLGA microspheres and 63% for 50:50
PLGA microspheres (data not shown). The cumulative release rate curve showed that after
seven days, 1.5% of total protein was released from 85:15 PLGA microspheres, and 11% of
total protein was released from 50:50 PLGA microspheres (Fig. 1).

Arterioles in untreated control microvascular networks exhibit a moderate arteriogenesis
response

Implantation of a window chamber on the mouse dorsal skinfold [Fig. 2(A)] permitted
intravital observation of the subcutaneous microcirculation [Fig. 2(B)]. Microvascular
networks in the untreated control group were imaged on days 6, 9, and 13 and longitudinal
diameter measurements were made on selected arterioles within a ~5 mm diameter region of
interest [Fig. 2(C, D)]. Implantation of the window chamber alone caused arteriolar diameter
to increase by 9% (4 μm) from day 6 to 9 and by 13% (9 μm) from day 9 to 13 (data not
shown). Over the entire seven day time course, the average arteriolar diameter increased by
22% (13 μm) [Fig. 3(A,B)].

Arterioles in microvascular networks exposed to PLGA microspheres exhibit a
significantly enhanced arteriogenesis response

Following the same protocol as for the untreated mice, we waited six days after surgery to
implant either a single PLGA microsphere or a single BSA-loaded PLGA microsphere in the
region of interest (Fig. 2). Mean implanted microsphere diameters (±SD) were 521 ± 52.7
μm (50:50 PLGA), 547 ± 62.2 μm (50:50 PLGA-BSA), 474 ± 52.6 μm (85:15 PLGA), or
469 ± 57.2 μm (85:15 PLGA-BSA). All four PLGA microsphere treatment groups exhibited
statistically significant increases in maximum arteriolar diameter over the untreated control
group [Fig. 3(A)]. Specifically, for the 85:15 PLGA, 85:15 PLGA-BSA, and 50:50 PLGA-
BSA groups, changes in maximum arteriolar diameter were more than twofold greater than
in untreated controls. Maximum arteriolar diameter changes were not as pronounced for the
50:50 PLGA group; however, they were still 64% greater than untreated controls. Similar
results were also observed when diameter changes were considered as absolute differences
[Fig. 3(B)]. Here, of the four treatment groups, only the 50:50 PLGA microsphere group did
not exhibit a statistically significant increase over untreated controls. On average, the three
groups that did show significance exhibited diameter changes that were ~ 10 to 15 μm
greater than untreated controls.

PLGA microspheres do not elicit statistically significant changes in smooth muscle-coated
microvessel length density

To determine the length density of vessels positive for SM α-actin (i.e. smooth muscle-
coated microvesels), windows were harvested on day 13, immunostained for SM α-actin,
and all visible vessels in the region of interest were traced. The total length of SM α-actin+
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microvessels was then normalized to the area of the region of interest. This metric was
generated for the untreated control, 85:15 PLGA, and 50:50 PLGA groups. No significant
differences in the length density of smooth muscle-coated microvessels were observed (Fig.
4) when considering statistical significance at p < 0.05. However, the 50:50 PLGA group
was significantly less than the untreated control group at p < 0.07, whereas the 85:15 PLGA
was significantly less than the untreated controls at p < 0.15.

DISCUSSION
The purpose of this study was to determine whether the degradation of PLGA, a
biodegradable polymer that is finding utility as a fundamental component of vascular growth
factor delivery systems, affects arteriogenic remodeling in the murine dorsal skinfold
window chamber model. Our central finding is that, indeed, the degradation of both fast
(50:50) and slow (85:15) degrading PLGA microspheres can elicit the structural lumenal
enlargement of arterioles in surrounding dermal tissue. These increases in arteriolar diameter
are not, however, accompanied by statistically significant changes in the total length of
smooth muscle-coated microvessels. Nonetheless, these length density results should be
interpreted carefully because, when considered at p < 0.07, the 50:50 PLGA group actually
exhibited a surprising decrease in length density when compared with the untreated control
group.

Dorsal skinfold window chamber model
The dorsal skinfold window chamber was chosen for these studies because it permits the
longitudinal intravital observation of individual microvessels through time. Therefore, the
data presented in Figure 3 are particularly robust and sensitive because the differences were
generated from repeated diameter measurements at specific sites in the arteriolar network. In
addition, all measurements were taken after the microcirculation had been maximally
vasodilated via superfusion of the tissue with Ringer’s solution containing 10−4M adenosine.
Because this step was taken, we are confident that the increase in arteriolar diameters
observed here was caused by changes in arteriolar wall structure and not by differences in
arteriolar vasoactivity elicited by PLGA degradation.

In the context of the current study, another interesting observation of the dorsal skinfold
window chamber model was that implantation of the chamber itself caused a mean structural
arteriolar diameter increase of 22%. Surgical implantation of the window chamber causes
inflammation in the tissue and likely alters local microvascular hemodynamics. Both of
these factors are known to affect arteriogenesis,18–20 therefore it was perhaps not surprising
that arteriogenic remodeling was observed. Indeed, we have recently shown that the deletion
of C-Chemokine Receptor-2 (CCR2), which is the receptor for the inflammatory cytokine
Monocyte Chemotactic Protein-1 (MCP1), from bone marrow-derived cells abolished this
baseline arteriogenic response.21 However, it is still unclear as to whether the requirement of
CCR2 expression by bone marrow-derived cells was linked to hemodynamic changes and/or
to inflammation directly; therefore, there is some uncertainty as to the source of the baseline
arteriogenic remodeling in this model. Nonetheless, in this application, the baseline
arteriogenesis also conferred some advantage because it mimicked the response that would
be created by a growth factor encapsulated within the PLGA microspheres; therefore, the
influence of PLGA degradation on arteriogenesis was tested under microvessel remodeling
conditions that appropriately simulated the intended therapeutic application.

Comparisons with other studies
Although the direct influence of PLGA degradation on structural lumenal expansion of
existing arterioles has not, to our knowledge, been directly investigated before this study, the
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influence of PLGA scaffold degradation on perfusion restoration in the ischemic hindlimb
has been reported by Sun et al.9 Because perfusion restoration in this model has been largely
attributed to lumenal arteriogenic remodeling,22 their data can be, at least indirectly,
compared with Figure 3. In apparent contrast with our results, Sun et al.9 found no changes
in perfusion with PLGA implantation alone, which would suggest that arteriogenesis did not
occur. There are, however, many differences between our study and that of Sun et al.,9
therefore it is not difficult to explain this discrepancy. Indeed, significant differences in
tissue type, animal model, PLGA mass, and perhaps distance between the implant and the
measurement site exist between the two studies. Furthermore, Sun et al.9 did not measure
perfusion in the presence of a vasodilator, therefore potential differences in lumenal
structure may have been masked by different levels of vascular tone.

In addition, the influence of PLGA degradation on the number of smooth muscle-coated
vessels per unit area (i.e. smooth muscle-coated vessel density) in surrounding tissue has
been studied.6,9 In agreement with our results reported in Figure 4, the implantation of a
scaffold comprised of 85:15 PLGA exerted no change in the density of smooth muscle-
coated vessels. Unfortunately, Sun et al.9 did not assess the diameters of these vessels,
therefore it is not possible to directly compare their results with Figure 3. Richardson et al.6
reported smooth muscle-coated vessel density in muscle tissue surrounding a blank PLGA-
based scaffold; however, no values were given for completely uninstrumented tissue,
therefore the influence of the scaffold itself cannot be assessed.

Our study was designed to reveal if differences in PLGA degradation rate affect
arteriogenesis, with the results indicating that, in the absence of an encapsulated protein,
slow (85:15) and fast (50:50) degrading PLGA elicit different absolute changes in maximum
arteriolar diameter [Fig. 3(B)]. To our knowledge, the effect of PLGA degradation rate on
arteriogenesis has not been studied; however, Sung et al.7 have examined the related process
of angiogenesis, which refers to the growth of new capillaries from existing vessels, within
slow and fast degrading scaffolds in the absence of an encapsulated protein. Although the
considerable differences between our study and that conducted by Sung et al.7 make it quite
possible that their observations were created by quite different mechanisms, Sung et al.7 did
show that a slower degradation rate can lead to an enhanced remodeling response, thereby
generally supporting our observations.

Putative mechanisms for the arteriogenesis response
Although our study did not explicitly investigate the mechanisms through which arteriogenic
responses are created by PLGA microspheres, we hypothesize that PLGA degradation
creates an acidic microenvironment that, in turn, affects morphogenic vascular cell
behaviors and stimulates arteriogenesis. Indeed, although limited, there is evidence linking
acidic conditions to blood vessel remodeling. For example, the presence of an acidic
microenvironment has been shown enhance the expression of both vascular endothelial
growth factor and fibroblast growth factor 2 in vitro.23 In addition, more recently, it has
been shown that the deletion of a pH-sensing G-Protein coupled receptor (GPR4) during
development creates a phenotype that is indicative of poor vessel maturation.24 Importantly,
vessel maturation involves the proliferation and recruitment of mural cells (i.e. smooth
muscle cells and pericytes), behaviors that are also critical for arteriogenesis. Therefore, it is
reasonable to postulate that an acidic microenvironment could enhance GPR4 signaling
which, in turn, could lead to the enhanced arteriogenesis via the proliferation and/or
recruitment of smooth muscle.

Nickerson et al. Page 6

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Limitations of the study
Our results indicate that the degradation of PLGA microspheres can amplify arteriogenesis
in the dorsal skinfold window chamber; however, our study has some limitations, therefore
these results should be interpreted carefully. First, while the dorsal skinfold window
chamber is ideal for making repeated measurements, the stimuli for the baseline
arteriogenesis response generated in this model, beyond the requirement of CCR2
expression by bone marrow-derived cells, are not well understood. Furthermore, the
remodeling response of the arterioles in subcutaneous tissue may not be representative of
skeletal and cardiac muscle, which are the tissues in which therapeutic arteriogenesis is most
commonly attempted. Second, although the creation of an acidic microenvironment is a
likely explanation for the observed response, the molecular and cellular mechanisms linking
PLGA degradation to arteriogenesis were not elucidated. Finally, while our observations
indicate that PLGA degradation causes an increase in maximum arteriolar diameter, it is
important to note that we did not assess the influence of PLGA degradation on arteriolar
wall structure. Therefore, potential changes in wall thickness due to altered smooth muscle
proliferation, smooth muscle hypertrophy, and/or extracellular matrix deposition were not
assessed.
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Figure 1.
Line graph illustrating the cumulative release of BSA from 85:15 and 50:50 PLGA
microspheres over a period of 25 days. Note that, as expected, the 50:50 formulation
degrades more rapidly than the 85:15 formulation.
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Figure 2.
Intravital microscopy images from mouse dorsal skinfold window chambers illustrating the
influence of PLGA degradation on arteriolar remodeling. A: Implanted dorsal skinfold
window chamber. B: Low magnification (×2.5) outset showing subcutaneous
microcirculation. C–H: Representative images of microvessels in dorsal skinfold window
chambers of untreated (C,D), 85:15 microsphere (E,F) and 50:50 microsphere (G,H) treated
mice at days 6 (C,E,G) and 13 (D,F,H). Black arrows indicate selected arterioles undergoing
diameter enlargement. Insets in panels (C-H) are higher magnification images showing the
arterioles highlighted with black arrows in the corresponding larger panel. Note that the
arterioles in the PLGA microsphere-treated windows undergo a greater increase in diameter

Nickerson et al. Page 10

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



when compared with untreated controls. White arrows (F and H) depict PLGA
microspheres. PLGA microspheres were occasionally visible during tissue imaging, even
though they were situated above the plane of focus. Bars = 400 μm.
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Figure 3.
Bar graphs showing arteriolar diameter changes in untreated control, BSA-loaded 85:15
PLGA, 85:15 PLGA, BSA-loaded 50:50 PLGA, and 50:50 PLGA-treated mice. A: Increase
in arteriolar diameter from day 6 to 13 as a percentage, where day 6 is the day of
microsphere implantation. B: Absolute increases in diameter from day 6 to 13. *indicates
significantly different (p < 0.05) than untreated control. +indicates significantly different (p
< 0.05) than 50:50 PLGA+BSA.
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Figure 4.
A–C: Confocal microscopic images of dorsal skinfold window chamber tissues from
untreated (A), 85:15 PLGA (B), and 50:50 PLGA (C) mice that have been immunostained
as whole-mounts for SM α-actin at day 13. Bars indicate 500 μm. D: Length densities of
smooth muscle-coated microvessels in the region of interest at day 13 in untreated, 85:15
PLGA, and 50:50 PLGA-treated microvascular networks. No significant differences were
observed between groups.
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