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Degradable PLGA
Scaffolds with Basic
Fibroblast Growth Factor

Experimental Studies in Myocardial Revascularization

Our goal was to investigate the efficacy of degradable poly(D, L-lactic-coglycolic acid)
(PLGA) scaffolds loaded with basic fibroblast growth factor (bFGF) in inducing cardiac neo-
vascularization, increasing perfusion, and improving cardiac function.

For ease of scaffold implantation into the ventricular wall, we developed a channel-
producing device. Mini-swine, established as the animal model, were grouped as follows:
channels-alone (control) group, channels and blank scaffolds (CBS) group, and channels
and bFGF-incorporating scaffolds (CFS) group. Two scaffolds were implanted in each ani-
mal in the CBS and CFS groups. Six weeks postoperatively, endothelial cells were immu-
nohistologically stained for von Willebrand factor, and proliferating cells for Ki-67 antigen.
The density of new vessels was counted by image-analysis software. Left ventricular func-
tion and myocardial perfusion were documented by echocardiography and nuclear scan-
ning, respectively, before implantation and 6 weeks postoperatively.

The combined application of PLGA and bFGF ensured sustained release of growth fac-
tor in the target region. In the CFS group, Ki-67-positively stained cells, vascular density,
and perfusion-defect percentage all showed significant improvement (P <0.001), com-
pared with the control and CBS groups, which did not. Moreover, the left ventricular frac-
tional shortening percentage in the CFS group (28.98% + 1.24%) showed a significant
increase, compared with the control group (26.57% + 1.92%, P=0.009) and the CBS group
(27.11% + 0.71%, P=0.033), neither of which showed a difference (P=0.508).

The bFGF-incorporating PLGA scaffold can promote neovascular formation, enhance
blood-flow perfusion, and improve myocardial function, although the original scatfold Iu-
mina were eventually occluded by inflammatory cells and scar tissue. (Tex Heart Inst J
2009;36(2):89-97)

ecause the number of patients who have diffuse coronary atherosclerosis not

amenable to coronary artery bypass grafting or percutaneous coronary angio-

plasty continues to increase,"alternative therapies for improving myocardial
perfusion have been explored. One promising treatment is “angiogenic biologic by-
pass,” which is the application of exogenous angiogenic growth factors to promote
collateral vascular development in ischemic regions.

Of these growth factors, basic fibroblast growth factor (bFGF) is known to be a
pluripotent mitogenic polypeptide for fibroblasts, smooth muscle cells, and vascular
endothelial cells, all of which are involved in neovascular formation.** In addition,
bFGEF is capable of inhibiting apoptosis and protecting acute ischemic myocardium’
by regulating the expression of protein kinase C* and BCL-2.” Nonetheless, the short
biological halflife of free bFGF in vivo" and its rapid washout from large vascular
structures in myocardial interstitium" limit its ability to induce collateral vessel devel-
opment continuously. In this setting, many studies'*** have explored the development
of slow-release carrier systems for bFGF. However, the above-mentioned bFGEF-
loaded carriers were all in solution and were injected into the beating heart, which
possibly led to rapid loss of drugs into the cardiac chamber when the needle pene-
trated the endocardium a little too deeply or when cardiac squeezing caused contin-
uous leakage from epicardial puncture sites.”

On the basis of these considerations, we fabricated a novel bEGF-incorporating tu-
bular scaffold from poly(D,L-lactic-coglycolic acid) (PLGA). The objective of this
study was to investigate whether this scaffold could keep the lumen patent and, via
continuous bFGF bioactivity, promote new vascular formation around the stenot-

PLGA Scaffolds with bFGF for Revascularization 89



ic artery, thereby improving myocardial perfusion and
cardiac function over the level attainable through an-
gioplasty alone.

Materials and Methods

Myocardial Infarction Model

Animals. Twenty mini-swine were secured for the ex-
periment. All experimental animals were cared for in
accordance with institutional guidelines and with the
1996 “Guide for the Care and Use of Laboratory An-
imals,” published by the National Institutes of Health
(NIH publication 85-23, revised 1996). Two of the 20
mini-swine were subsequently excluded because of in-
tractable ventricular fibrillation after ligation.

Preparation of the Model. Eighteen mini-swine sur-
vived for the subsequent procedures. These remaining
animals, each weighing 25 to 35 kg, were anesthetized
intramuscularly with ketamine (10 mg-kg™) and mid-
azolam (0.2 mg-kg™). After oral endotrachial intuba-
tion, anesthesia was maintained with 1% to 2% inhaled
isoflurane. The 18 subjects were monitored via electro-
cardiography. Three million units of penicillin were
given intravenously before skin incision.

Under sterile conditions, the heart was fully exposed
via a median sternotomy. The middle third of the left
anterior descending coronary artery (LAD) was ligat-
ed after 3 intermittent, brief preconditioning occlusions
were performed in order to prevent malignant ventricu-
lar dysrhythmias. Lidocaine was given by direct intrave-
nous injection (1 mg-kg™) and then by intravenous drip
(I mg-min~"-kg™). After the successful establishment of
the model of LAD occlusion, the mini-swine were as-
signed to 3 groups (n=6 per group) at random: chan-
nels-alone (control) group, channels and blank scaffolds
(CBS) group, and channels and bFGF-incorporating
scaffolds (CFS) group.

Preparation of Scaffolds

In this study, a novel tubular biodegradable polymer
scaffold (Fig. 1A) was developed. It was composed of a
50:50 mol ratio of 2 PLGA polymers (Chinese Acad-
emy of Science; Chengdu, China). The procedure was
briefly performed as follows: 0.8 g PLGA and 150 pg
bFGF (molecular mass, 17.4 kDj; purity >97; R&D,
Minneapolis, Minn) were dissolved in a 10-mL solu-
tion of dichloromethane. Then, this liquid mixture was
spread into a thin, flexible film and rolled by means
of a mandrel casting technique into the form of a hol-
low tube (outer diameter, 3.0 mm; inner diameter, 2.8
mm). The tubular PLGA was then dried (25 °C for 24
hr) in a vacuum and cut into 10 segments of 10 mm
each in length. Therefore, each segment (or scaffold)
had 15 pg bFGE. In the CBS group, the blank scaffolds
had no bFGF. To facilitate permeation of the scaffold
walls by blood, 16 regularly aligned micropores were
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produced within each scaffold wall by a mini power
drill equipped with a 1.0-mm bit (Sandvik; Sandviken,
Sweden). The scaffolds were then sterilized by means of
cobalt-60 radiation and maintained at 4 °C.

Channel-Producing Procedure

Within 6 hours of the onset of infarction (that is, liga-
tion of the LAD), we drilled transmural channels in the
myocardium. Figure 1B shows the self-made hollow bit
of 3.0 mm in diameter, which we used for transmural
drilling. In preparation, the bit was placed perpendicu-
larly to the epicardial surface of the beating heart; then
the drill was triggered and the bit was rotated into the
ventricular wall at high speed (5,000 rpm). The depth
of the channel was modulated by pulling up the bit, ac-
cording to the thickness of ventricular wall as measured
intraoperatively by means of echocardiography. Two
channels were drilled in the infarcted area of each heart.
Transmural penetration was confirmed by loss of resis-
tance and pulsatile bleeding from the epicardium. The
removed cylinder-shaped plug of tissue, under the pres-
sure of cardiac contraction, was instantaneously flushed

Fig. 1 A) The poly(p,i-lactic-coglycolic acid) (PLGA) scaffold is
10 mm in length, with 16 regularly aligned micropores. Inset: the
scaffold in profile. B) The hollow bit for drilling transmural chan-
nels has an internal diameter of 3 mm.
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from the hole at the upper end of the bit. The scaffold
was immediately implanted into the channel. Bleeding
was controlled by means of shallow epicardial purse-
string stitches that had been placed in advance, which
also served as markers of the channel sites 6 weeks later.
In the control group, the entire procedure, including the
purse-string stitches but excluding the scaffold place-
ment, was performed. The pericardium was left widely
open, the chest was closed in layers in routine fashion,
and anesthesia was reversed. Antibiotics were adminis-
tered intramuscularly for 3 days postoperatively.

Echocardiographic Evaluation
In all groups, echocardiography was performed intra-
operatively before implantation and again 6 weeks post-
operatively. The echocardiographer was blinded to the
experimental groups, and echocardiograms were ob-
tained with an echocardiography system (Philips® SONOS
7500 Ultrasound, Royal Philips Electronics; Best, The
Netherlands) equipped with a 1.6- to 3.2-MHz trans-
ducer. The images were obtained by placing the trans-
ducer almost directly on the epicardial surface to avoid
the influence of the protuberant sternum and thick adi-
pose layer. Between the epicardium and the transducer
we placed a water sac of our own manufacture in order
to avoid the loss of ultrasonic waves in the near field.
M-Mode images were obtained through the long
axis of the channel at the anteroapical level and were
calculated further for the following measurements in
millimeters: left ventricular end-diastolic dimension
(LVEDd) and left ventricular end-systolic dimen-
sion (LVEDs). Left ventricular fractional shortening
(FS%) was inferred as (LVEDd — LVEDs)/LVEDd x
100.

Myocardial Perfusion Evaluation

Myocardial perfusion was evaluated by intravenously
injecting " Tc-sestamibi (14.8 MBq-kg™) before im-
plantation and again 6 weeks postoperatively. Myo-
cardial perfusion images were acquired at 6° per frame,
totally for 180° by rotating a 64x64 matrix detector
in a 20% energy window using echocardiographic-
gated single-photon-emission computed tomography
(SPECT) Millennium VG-5, GE Healthcare; Chal-
font St. Giles, UK), with reconstruction parameters
as follows: pre-filter, Butterworth; critical frequency,
0.52; and power, 5.0. Quantitative analysis of changes
of MDP (mass defection of percentage) was performed
by Emory Cardiac Toolbox™ software (ECTDb, Syn-
termed, Inc.; Atlanta, Ga). Mass defection of percent
age was used as an index of perfusion defect: MDP =
(Md/My) x100. The mass of ischemic-related myocar-
dial defect (Md) and that of total myocardium (M)
were calculated by tomographic reconstruction. Chang-
es in MDP were calculated as MDP 6 weeks postopera-
tively minus baseline MDP before implantation.
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Histologic Staining

Six weeks postoperatively, the animals were killed with
an overdose of potassium chloride, and their hearts were
harvested for histologic analysis. The locations of the
channels were readily identified by the sutures on the
epicardial surface. Heart samples were immediately im-
mersed into 4% formaldehyde in phosphate-buffered
saline of pH 7.4 at 4 °C for 24 hours. After fixation, the
samples were embedded in paraffin and sectioned in
5-pm-thick slices. Routine staining was performed with
hematoxylin-eosin. Vascular endothelial cells were iden-
tified by von Willebrand factor immunohistochemical
staining, which was performed as follows: the sections
were incubated with 1:100 von Willebrand factor an-
tibody (Dako Denmark A/S; Glostrup, Denmark) in
0.1% phosphate-buffered saline for 1 hour, then coun-
ter-stained with diaminobenzidene. Fifty non-overlap-
ping fields per group were randomly captured with a
video camera at X100 magnification in transverse sec-
tions and then digitized into tagged-image file format
(TIFF). New vessels were quantified with use of the
Image-Pro Plus 4.5 software package (Media Cyber-
netics, Inc.; Bethesda, Md). The positively stained areas
were padded with a single color and converted to pixels
through optical density calibration (Figs. 2A—C).

In addition, tissue sections were stained with Ki-67
antibody (Dako) to reveal the number of proliferating
cells. Fifty non-overlapping fields per group were ran-
domly captured at X400 magnification in transverse
sections.

Statistical Analysis

Results are presented as mean £ SD. One-way analysis
of variance (ANOVA) was used to evaluate differenc-
es among all groups in vascular density, proliferating
cells, changes in MDP, and FS%. Least-significant-dif-
ference tests were used to detect between-group differ-
ences. All statistical tests were 2-tailed, and P <0.05 was
regarded as statistically significant.

Results

Death and Injury Assessment

Aside from the 2 mini-swine that were excluded from
the experiment because of intractable ventricular fibril-
lation after ligation, there were no subsequent prob-
lems with injury and no deaths. Scaffold implantation
did not induce severe events involving malignant ar-
rthythmias, embolization, bleeding, hemodynamic ab-
normality, and the like.

Histologic Analysis

In the CES group, the hematoxylin-eosin images dis-
played a large number of new vessels and surrounding
(albeit scattered) inflammatory cells. There also oc-
curred some small vesiculous polymer remnants, which
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Fig. 2 Representative images obtained by Ki-67 immunohistologic and hematoxylin-eosin staining: Ki-67 positively stained S-stage
cells in CFS group (A), in channels and blank scaffolds (CBS) group (B), and in control group (C) (3'3-diaminobenzidine HCI, orig. x400).
New vessels within the bFGF-incorporating scaffold (CFS) group (D) (* indicates new vessels, arrows indicate polymer remnants; H &

E, orig. x200).

appeared to act as pro-angiogenic cores and to provide a
suitable platform for the attachment of endothelial cells
and for vascular remodeling. Perivascular spindle-like
endothelial cells formed round or oval lumina with the
passage of red-stained blood components (Fig. 2D), al-
though the original lumina of the scaffolds were almost
completely obliterated. In Ki-67 immunohistologic
staining, the number of proliferating cells per high-
power field (hpf) in the CES group (21.3 + 3.6 cells/
hpf) markedly increased compared with the numbers
in the CBS group (13.7 £ 3.6 cells/hpf, =0.002) and
in the control group (12.4 + 4.8 cells/hpf, P <0.001).
Image-Pro Plus software analysis (Fig. 3) revealed that
vascular density in the CES group (5,934 + 313 pix-
els/hpf, P <0.001 for all differences) increased signifi-
cantly in comparison with vascular density in the CBS
group (2,655 % 373 pixels/hpf) and in the control group
(2,581 + 428 pixels/hpf).

SPECT Evaluation
Figure 4 illustrates SPECT measurements for all groups.
The SPECT images showed perfusion improvements
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(Fig. 4A) in the CFS group at 6 postoperative weeks,
compared with perfusion before therapy. The ECTb
software (Fig. 4B) showed significant perfusion-defect
decreases in the CFS group (-1.12% £ 0.28%, P <0.001
for all differences), compared with the CBS group
(=2.12% % 0.13%) and the control group (-2.06% +
0.20%), neither of which showed any difference in
between-group comparison (P=0.642).

Echocardiographic Evaluation

Echocardiographic images (Fig. 5A) from the left ven-
tricular short axis clearly showed the scaffold’s long-axis
profile, the lumen of which was expressed as weak reso-
nance. Baseline FS% before implantation (Fig. 5B) did
not show any difference between any of the 3 groups
(P=0.834). However, 6 weeks postoperatively, signif-
icant increases of FS% were shown in the CFS group
(28.98% + 1.24%), in comparison with both the CBS
group (27.11% + 0.71%, P=0.033) and the control
group (26.57% +1.92%, P=0.009), neither of which
showed any difference in between-group comparison
(P=0.508).
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Discussion

Basic fibroblast growth factor is widely known as a plu-
ripotent mitogenic polypeptide for fibroblasts, smooth
muscle cells, and vascular endothelial cells, all of which
are involved in neovascular formation.** However, the
short biological half-life of free bEGF has been resolved
by using degradable polymeric materials as carriers for
local delivery of the bioactive agent. These include hy-
drogel,*'*" chitosan hydrogel,” alginate,' collagen,"
and PLGA." Of these, PLGA, due to its superior bio-
degradability and biocompatibility in vivo, has been ap-
proved by the U.S. Food and Drug Administration and
is widely used as a controlled-release carrier of various
exogenous agents.”” In our study, the PLGA scaffold,
as expected, did not lead to systemic side effects such
as embolism, bleeding, and hemodynamic abnormali-
ty. Moreover, the PLGA scaffold can be programmed
to degrade over a predictable period of time that will co-
incide with the period of new vascular formation,” by

Fig. 3 Here we see von Willebrand factor immunohistologic
staining, followed by Image-Pro Plus analysis: A) von Willebrand
factor positively stained vessels in the bFGF-incorporating scaf-
fold group (DAB, orig. x100); B) the same von Willebrand factor-
stained vascular walls, padded precisely with a single red color
by Image-Pro Plus software.
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Fig. 4 A) Representative single-photon-emission computed
tomographic images in the bFGF-incorporating scaffold group.
B) Changes in MIDP (mass defection of percentage) in all groups,
as indicated by Emory Cardiac Toolbox™ software analysis.

1 = vertical short axis; 2 = horizontal long axis; 3 = vertical long
axis; CBS = channels and blank-scaffold group; CFS = channels
and bFGF-incorporating scaffold group; Pre = preimplantation;
Post = 6 weeks postoperatively

adjusting the proportion of polylactic to glycolic acid.
Finally, a bFGF-incorporating scaffold can more ef-
ficiently transport drugs to the ischemic target sites,
in comparison with other routes of administration (in-
travenous,* intracoronary,” retrograde coronary ve-
nous,”” and intrapericardial®*?).

Administration via the intrapericardial route has been
said to lead to “a transmural gradient of bFGF from epi-
myocardium to endomyocardium, with approximate-
ly an order of magnitude difference between the two.”
This has been reported in the findings of Uchida® and
Laham® and their respective groups. Much more of the
drug (19%) has been shown to be present (localized to
the heart) 150 minutes after administration via the in-
trapericardial route than via the intracoronary or left
atrial route.” The transmural gradient might be caused
by epicardial connective tissue as an obstacle to drug
penetration to the myocardium. The existence of such
an obstacle, however, runs contrary to the true clinical
features displayed by patients during episodes of angina
pectoris, when the endomyocardium often suffers more
severe myocardial ischemia than does the epimyocardi-
um.

Similarly, direct intramyocardial injection, although
not impeded by the epicardium, resulted in poor drug
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Fig. 5 A) Representative echocardiographic image of scaffold in
the anteroapical region. B) Left ventricular fractional shortening
percentage (FS%) of all groups before implantation and 6 weeks
postoperatively.

CBS = channels and blank-scaffold group; CFS = channels and
bFGF-incorporating scaffold group; Pre = preimplantation,; Post =
6 weeks postoperatively

distribution. In practice, there has always been diffi-
culty in precise regulation of the needle depth when
injecting the beating heart. Imprecise injection, wheth-
er too deep or too shallow, might not distribute drugs
throughout the full thickness of the ventricular wall.
Teng and associates” demonstrated another limitation
of intramyocardial administration in a beating heart:
88.9% of injected microspheres were squeezed out by
contractions of the myocardium, resulting in a great dis-
parity between administered dosage and retained dos-
age. We encountered this same problem in our earlier
experiments.” For this new experiment, we developed
a tubular scaffold that we could easily implant into a
channel of compatible diameter for the uniform distri-
bution of drugs along the full thickness of the ventric-
ular wall, little influenced by the contractile movement
of the heart.

With the aid of the PLGA scaffold as a carrier, bFGF,
when released slowly from polymeric materials, can
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maintain its bioactivity and act continuously in both
mitogenic and chemoattractant roles to induce various
S-stage cellular proliferations and extracellular matrix
ingrowth. Previous studies have shown that both re-
cruited and proliferating cells—whether monocytes and
macrophages*? or endothelial cells and fibroblasts*
—are involved in vascular reconstruction,”* and we
found this same result in sites where scaffolds had been
implanted. Immunohistologic staining with Ki-67 and
hematoxylin-eosin (Fig. 2D) both showed a large num-
ber of new vessels in areas where there were influxes
of proliferating cells (that is, areas where red-stained
blood components had passed). The vesiculous poly-
mer remnants also served as a scaffold in milieu, provid-
ing a suitable platform for the sprouting of endothelial
cells, migration, and attachment. In addition, the Ki-
67-positive cells also could have released a number of
pro-angiogenic factors, including vascular endothelial
growth factor (VEGF), transforming growth factor B3
(TGF-PB3), interleukin 1-B (IL-1B), and von Willebrand
factor,* which synergistically promoted neovascular-
ization. Consequential to blood-flow increases were
significant improvements in cardiac function, largely
attributable to the recovery of hypodynamic “hibernat-
ing” myocardium.

In those previous studies, there existed great differ-
ences in the bFGF dose that was administered, rang-
ing from 225 ng per mongrel dog® to 200 pg per rat.”
In mini-swine with an average weight of 25 to 35 kg,
Biswas and associates* administered bFGF dosages of
0.6 pg/kg and 6 pg/kg, corresponding to total doses
per animal of 15 to 21 pg and 150 to 210 pg. They re-
ported that bFGF doses of 150 to 210 pg did not re-
sult in significant increases in myocardial blood flow,
compared with the much lower doses of 15 to 21 pg.
This result was consistent with coronary resistance data
from Lopez and associates,” who suggested the exis-
tence of a plateau effect between 20 to 30 pg of bFGFE.
Further, Baffour and colleagues revealed that high doses
of bFGF inhibit angiogenesis and collateral circulation,
in comparison with moderate doses.” In our study, the
bFGF dose carried by each scaffold was 15 pg. In order
to increase blood perfusion through the scaffold wall,
we drilled 16 regular micropores within each wall,
which inevitably led to drug loss. The loss percentage
was calculated after spreading the tubular scaffold to
its original rectangular shape. Because the thickness of
the scaffold was the same whether in tubular or rectan-
gular form, the loss percentage was expressed as a ratio
of the area of 16 round micropores to the rectangle, as
represented in 2-dimensional profile (Fig. 6). The effec-
tive dosage of each scaffold was then 13 pg in vivo. Con-
sequently, each animal received a total of 26 pg bFGF
from 2 scaffolds.

In this study, the control group received transmural
channels (instead of myocardial infarction alone) as did
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Fig. 6 A) Diagram of a scaffold spread into a rectangle. Area (S1): 10-L=10-3r=30r mm?, (L=rn-D=3r mm?). B) Diagram of a single
micropore in cross-section. The area of 16 microspheres (S2): 16x-r? =16-w-(0.5)2=4n mm?. Loss percentage: S1/52=4/30~13%.

Lost dosage: 15 ug-4/30=2 pg.

the other 2 groups, in order to reduce errors in counting
vessels and in making between-group comparisons: the
channels alone could induce angiogenesis by nonspe-
cific inflammartory response.” Similarly, all the groups
underwent epicardial purse-string suturing; even acu-
puncture, to some extent, could promote new vessel for-
mation.®

The PLGA polymer was formed into a hollow tubular
scaffold by mandrel casting in order to mimic myocar-
dial sinusoids and transmyocardial laser channels in our
investigation of ways to convey blood directly to isch-
emic tissue. The channels themselves were obliterated
by fibrosis 6 weeks postoperatively. The PLGA scaffold,
as a foreign body, possibly caused adhesion and aggrega-
tion of platelets. On the other hand, tissue injury from
drilling the transmural channels would have triggered
a coagulation cascade instantly by activating factors II1
and XII. In a future study, we will incorporate heparin
into the slow-release PLGA polymer, thereby attempt-
ing to maintain patency by continuously inhibiting the
coagulation pathway.

Limitations

We realize that the present study has these limitations:
1) We chose an acute myocardial infarction model
as our experimental setting, in order to reperfuse the
“dying” ischemic myocardium in much the same way
as emergent percutaneous coronary angioplasty and
scaffolding does, within the first 6 hours of infarction
onset. But in an actual hospital setting, more patients
are admitted and treated for chronic myocardial isch-
emia, characterized by infarcted and even fibrous myo-
cardium. Therefore, the use of experimental subjects
with chronic ischemia might have been more practical.
2) The optimal density of scaffold implantation in pa-
tients who have diverse areas of infarction remains un-
clear. 3) The optimal bFGF dose for administration via
this scaffold approach needs to be clarified, as does the
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synergism of this controlled-release therapy in combina-
tion with that of other growth factors,” such as VEGF,
TGF, and angiopoietin-1.

Conclusions

A PLGA scaffold that incorporates bFGF was able to in-
duce neovascular formation, enhance blood-flow per-
fusion, and improve cardiac function, although the
original scaffold channels that mimicked myocardial
sinusoids were eventually occluded.
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