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Abstract

OBJECTIVES: Arterial graft spasm occasionally causes circulatory collapse immediately following coronary artery bypass graft. The aim
of this study is to evaluate the efficacy of our developed materials, which were composed of milrinone (phosphodiesterase III inhibitor)
or diltiazem (calcium-channel blocker), with nano-scaled fibre made of biodegradable polymer to prevent arterial spasm.

METHODS: Milrinone- or diltiazem-releasing biodegradable nano-scaled fibres were fabricated by an electrospinning procedure. In vivo
milrinone- or diltiazem-releasing tests were performed to confirm the sustained release of the drugs. An in vivo arterial spasm model was
established by subcutaneous injection of noradrenalin around the rat femoral artery. Rats were randomly divided into four groups as
follows: those that received 5 mg of milrinone-releasing biodegradable nano-scaled fibre (group M, n = 14); 5 mg of diltiazem-releasing
biodegradable nano-scaled fibre (group D, n = 12); or those that received fibre without drugs (as a control; group C, n = 14) implanted
into the rat femoral artery. In the fourth group, sham operation was performed (group S, n = 10). One day after the implantation, noradre-
nalin was injected in all groups. The femoral arterial blood flow was measured continuously before and after noradrenalin injection. The
maximum blood flow before noradrenalin injection and minimum blood flow after noradrenalin injection were measured.

RESULTS: In vivo drug-releasing test revealed that milrinone-releasing biodegradable nano-scaled fibre released 78% of milrinone and dil-
tiazem-releasing biodegradable nano-scaled fibre released 50% diltiazem on the first day. The ratios of rat femoral artery blood flow
after/before noradrenalin injection in groups M (0.74 ± 0.16) and D (0.72 ± 0.05) were significantly higher than those of groups C
(0.54 ± 0.09) and S (0.55 ± 0.16) (P < 0.05).

CONCLUSION: Noradrenalin-induced rat femoral artery spasm was inhibited by the implantation of milrinone-releasing biodegradable
nano-scaled fibre or diltiazem-releasing biodegradable nano-scaled fibre. These results suggested that our materials might be effective
for the prevention of arterial graft spasm after coronary artery bypass graft.
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INTRODUCTION

Coronary artery bypass graft (CABG) is among the most frequently
performed cardiac surgical procedures in Western countries [1].
Arterial graft such as the internal thoracic artery (ITA) is used
for the bypass graft in most cases, because it has excellent
documented clinical results and satisfactory short- and long-term
patency rates [2–4]. Meanwhile, arterial graft-related complica-
tions are relatively infrequent; however, arterial graft spasm
causes severe adverse complications (e.g. circulatory collapse,
graft failure) after CABG. To prevent arterial graft spasm, vasodila-
tors, such as calcium (Ca) blockers (e.g. diltiazem, verapamil)
and phosphodiesterase (PDE) inhibitors (e.g. milrinone,

papaverine), have been administered locally to arterial grafts
during harvesting and anastomosis, and systemically administered
during or after surgery [3]. However, local administration of vaso-
dilators has a short-term effect and may not prevent post-
operative spasm. Moreover, systemic administration of Ca
blockers sometimes causes adverse effects such as depression of
cardiac function [5]. Therefore, locally sustained administration of
a vasodilator would be an ideal strategy for preventing periopera-
tive arterial spasm.
We developed novel sustained drug-releasing materials com-

posed of biodegradable polymers with a vasodilator for the
prevention of arterial spasm. The sustained release of the vaso-
dilator was accomplished by hydrolysis of the biodegradable
polymer. We chose to use milrinone and diltiazem as vasodila-
tors because local administration of these drugs has been evalu-
ated in previous studies [3, 6–8]. The aim of this study was to
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evaluate the efficacy and safety of milrinone-releasing bio-
degradable nano-scaled fibres (MRBNFs) and diltiazem-releasing
biodegradable nano-scaled fibres (DRBNFs) for the prevention
of arterial spasm in a rat femoral arterial spasm model.

MATERIALS AND METHODS

Animals

The animals were cared for in accordance with the ‘Guide for the
Care and Use of Laboratory Animals,’ published by the US National
Institutes of Health (Publication 85–23, National Academy Press,
Washington, DC, revised in 1996). All procedures involving animals
were approved by the Animal Experiment Advisory Committee of
the Nagoya University School of Medicine. In this study, we used
male C57BL6 mice 4–8 weeks old, and male Sprague–Dawley (SD)
rats 4–8 weeks old, which were purchased from the Chubu Kagaku
Shizai Corporation (Nagoya, Japan).

Fabrication of drug-releasing biodegradable
nano-scaled fibre

We have been developing a drug-containing biodegradable
nano-scaled fibre, using an electrospinning technique to achieve
a local and sustained release of drugs [9–11]. In this study, we
applied this technology for the controlled release of vasodilators
to prevent arterial spasm. We chose to use milrinone (Wako
Jyunyaku) and diltiazem (Wako Jyunyaku) as vasodilators,
because the local administration of milrinone is clinically per-
formed during bypass surgery for the prevention and treatment
of arterial spasms, in the ITA, gastroepiproic artery (GEA) and
radial artery (RA) [7]. Systemic administration of diltiazem is also
commonly used in bypass surgery to prevent spasm [12].

The method of fabricating drug-releasing biodegradable
nano-scaled fibre was described in previous studies [9, 10, 13, 14].
Briefly, milrinone or diltiazem was mixed in a biodegradable
polymer. Poly-L-lactide-co-glycolide, which consists of �50% poly
lactide and 50% poly glycolide, was prepared as the biodegradable
polymer. The polymer solution was filled in a 1 ml syringe with a
right angle-shaped metal capillary attached to it. The circular
orifice of the capillary had an inner diameter of 1.2 mm. A flat
counter electrode was located 35 cm from the capillary tip.
Pressure was applied to the solution in the syringe, gradually
forcing the piston to maintain a steady flow of solution from the
capillary outlet. The flow rate of the polymer solution was 0.3 ml/
min. The applied voltage was in the range of 10–15 kV. The fibres
released in the atmosphere were electrostatically removed and
trapped with a rod-shaped collector. The nano fibres ranged from
100 to 800 nm in diameter. The shape of the MRBNF and DRBNF
showed a ‘cotton-wool’-like formation (Fig. 1). This configuration
was flexible and easy to handle for any type of arterial graft. The
milrinone and diltiazem content in the fibre was 1.0 wt%. Figure 2
shows the scanning electron microscopic findings of our materials.

Drug-releasing test

We performed a ‘milrinone- or diltiazem-releasing test’ to
examine the degree of drug release from MRBNF and DRBNF in

vivo. Five milligrams of MRBNF or DRBNF were implanted into
the subcutaneous space of a C57BL6 mouse (Chyubu Kagaku
Shizai Corporation, Nagoya) under general anaesthesia. Then, we
took out only MRBNF or DRBNF at postoperative days 1 (n = 3),
2 (n = 3), 3 (n = 3) and 7 (n = 3), and measured the quantity of
milrinone or diltiazem which remained in MRBNF or DRBNF
by the use of high-performance liquid chromatography (HPLC)
[15, 16].

Surgical protocol: establishment of rat femoral
arterial spasm models

Rat femoral arterial spasm models were established by injection
of 0.1 mg/0.1 ml of noradrenalin [(NA) Daiichi Sankyo Seiyaku,
Japan] to the subcutaneous tissue around the femoral artery of
the rats. We measured the blood flow of the femoral artery by
using a Pulse-Doppler rheometer (SCPD-20, Prime Tech Co.,
Tokyo, Japan) before and after NA injection. The detailed pro-
cedure for the measurement of femoral arterial blood flow in-
cluding the timing of NA injection is described as follows: the
femoral arterial blood flow was measured continuously before
and after NA injection. Because it was quite difficult to obtain
stable rat femoral blood flow, the probe was fixed using a micro
manipulator (UMM-3c, NARISHIGE, Tokyo, Japan) at the point at
which maximum blood flow could be obtained before NA injec-
tion. NA was injected into the femoral subcutaneous tissue with
the probe kept fixed. Then, we determined the minimum blood
flow during measurement.
The right or left inguinal region of the rat was cut and dissected

to expose the femoral artery. Experimental groups were divided
into four groups: Group M was implanted with 5 mg of MRBNF
into the femoral artery (n = 14), Group D was implanted with 5
mg of DRBNF (n = 12), Group C was implanted only with bio-
degradable nano-scaled fibre without drugs as a control (n = 14)
and a sham operation was performed for Group S (n = 10), after
which the wounds were closed. Some cases in each group (1 for
group M, 3 for group D and 1 for group C) were omitted because
it was impossible to obtain arterial blood flow due to instability of
the blood flow. A summary of the surgical protocol and the
timing of blood flow measurement is given in Fig. 3.
As for determining the dosage of milrinone, reportedly 90% of

the vascular relaxation for a vasoconstricted rabbit artery was

Figure 1: Overall appearance of a biodegradable nano-scaled fibre. This
material had a ‘cotton wool’-like appearance.
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induced by potassium chloride (KCL), and relaxation was pro-
vided by a milrinone concentration of 100 μg/ml [17]. Therefore,
at least 20 μg of milrinone is required for a fixed period,

assuming that the volume of the circumference tissue of the rat
femoral artery (RFA) is 200 μl. The dose of milrinone in this
study was considered, and because MRBNF released �95% mil-
rinone in 2 days, we decided to implant 5 mg of 1 wt% MRBNF
containing 50 μg of milrinone. Regarding the determination of
dosage, diltiazem promoted vascular relaxation for the vasocon-
striction status of porcine gastroepiploic artery induced by NA in
vitro. That relaxation provided a concentration of �200 μg/ml
[18]. Knowing that DRBNF released �60% diltiazem in 2 days, we
decided to implant 5 mg of 1 wt% DRBNF containing 50 μg of
diltiazem. Twenty-four hours after operation (implantation),
femoral arterial blood flow (ml/min) was measured before and
after NA injection. As for the comparison among the groups, we
calculated the ratio of the femoral arterial blood flow after NA
injection, which indicated post-NA injection blood flow/pre-NA
injection blood flow (defined as the ‘ratio of maintained blood
flow’).

Figure 2: Scanning electron microscope views of an electrospun biodegradable nano-scaled fibre, (A) without drug, ×200, scale bar = 50 μm, (B) ×1000, scale
bar = 10 μm, (C) MRBNF, ×200, scale bar = 50 μm, (D) ×1000, scale bar = 10 μm, (E) DRBNF, ×200, scale bar = 50 μm, (F) ×1000, scale bar = 10 μm. MRBNF:
milrinone-releasing biodegradable nano-scaled fibre, DRBNF: diltiazem-releasing biodegradable nano-scaled fibre.

Figure 3: Surgical protocol and timing of blood flow measurement.
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Evaluation of adverse effects

To verify any adverse effects that would be induced by the sys-
temically circulated drugs, and to confirm the safety of our
materials, the materials were implanted in the backs of the rats.
The serum concentration of drugs in rats was measured by
HPLC. Blood examination including complete blood count, and
liver function [serum concentration of aspartate aminotransferase
(AST), alanine aminotransferase (ALT)], renal function [serum
concentration of blood urea nitrogen (BUN) and creatinine (Cre)]
and pancreatic enzyme (amylase; AMY) tests were also per-
formed in these rats at 1 (n = 3), 2 (n = 3), 3 (n = 3) and 7 (n = 3)
days after material implantation. The results were compared with
those of sham-operated rats.

Statistical analysis

The statistical analyses were performed using Graph Pad Prism
software programs. Comparisons of pre- and post-NA injection
blood flow were made using a paired Student’s t-test. The
difference in the ratio of blood flow among the groups was
determined by a one-way factorial analysis of variance with
Bonferroni correction. Experimental results are expressed as
mean ± standard error, with a P value of <0.05 was considered to
be statistically significant.

RESULTS

All animals survived to the end of our protocol, and no signs of
infection were detected.

Drug release from materials

An in vivo (a mouse subcutaneous) release of the drugs from the
materials (MRBNF and DRBNF) is shown in Fig. 4. MRBNF
released 78% of its milrinone in a day. Furthermore, 95% of its
milrinone was released by the second day. On the other hand,
DRBNF released 50% of its diltiazem in a day, and 60% by the

second day. Because almost all cases of arterial graft spasm
occur within 24 h after operation [19], we considered that the
drug-releasing kinetics would be suitable for the prevention of
arterial graft spasm.

Rat femoral artery spasm model

All groups (groups M, D, C and S) had a significant decrease in
blood flow by NA injection when compared with pre-injection
(Fig. 5, Table 1). Within each group, there was no significant dif-
ference between pre-NA blood flow. The ‘ratio of maintained
blood flow’ of group M (0.74 ± 0.16) and D (0.72 ± 0.05) was sig-
nificantly higher than that of groups C (0.54 ± 0.09) and S
(0.55 ± 0.16) (P < 0.05) (Fig. 6). On the other hand, there was no
significant difference in the ratio of the maintained blood flow
in groups M and D, and in groups C and S. These results
revealed that MRBNF and DRBNF showed similar preventive
effects for experimental arterial spasm.

Verifying adverse effects of materials

There was no difference between the material-implanted group
and the sham operation group in terms of complete blood
count, blood concentration of liver enzymes (AST and ALT),
blood renal function test (BUN, Cre) and leakage of blood pan-
creatic enzymes (AMY). There was no blood concentration of
drugs in either group (Table 2).

DISCUSSION

Insufficient arterial graft flow caused by arterial graft spasm after
CABG could increase perioperative morbidity and mortality.
Arterial graft spasm from bypass surgery is mainly caused by
mechanical stimuli associated with graft manipulation at harvest-
ing, and anastomosis. In addition, perioperative changes in graft
temperature and the dosage of adrenoreceptor agonists cause
endothelium disorder and the release of the endogenous vaso-
constriction factor [20]. Therefore, surgeons must take special

Figure 4: (A) Milrinone releasing test. The longitudinal axis of this graph indicates the remaining percentage of milrinone in MRBNF (%). The abscissa axis indicates
days. MRBNF eluted 95% milrinone in 2 days. MRBNF: milrinone-releasing biodegradable nano-scaled fibre. (B) Diltiazem-releasing test. The longitudinal axis of
this graph indicates the remaining percentage of diltiazem in DRBNF (%). The abscissa axis indicates days. DRBNF eluted 60% diltiazem in 2 days. DRBNF:
diltiazem-releasing biodegradable nano-scaled fibre.
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care when handling arterial grafts and adjusting temperature,
and must avoid drying and contact with the blood ingredient to
prevent spasm [21]. On the other hand, we have a pharmaco-
logical approach for preventing graft spasm, for instance by
filling up vasodilators such as papaverine or milrinone in an

arterial graft lumen, and by placing a vasodilator-soaked gauze
around the outside of the arterial graft. Furthermore, systemic
administration of diltiazem or nicorandil has been used for the
prevention of spasm, because both are nitric oxide donors and
adenosine triphosphate-sensitive potassium-channel openers [3].
However, topical use of a vasodilator cannot prevent post-
operative arterial graft spasm because of the short duration of a
drug’s effect. Moreover, systemic administration of a vasodilator
decreases systemic blood pressure and/or causes bradycardia.
Therefore, we consider placement of ‘vasodilator-sustained-
releasing materials’ the ideal strategy for preventing perioperative
arterial spasm without systemic adverse side effects.
Milrinone is a specific inhibitor of phosphodiesterase III, and

exerts its pharmacological effect by increasing cyclic adenosine
monophosphate levels in the myocardium and vascular smooth
muscle cells, which causes an increase in the contractility of
heart muscle and reduction in peripheral vascular resistance.
Although milrinone was developed for the treatment of heart
failure, it has also been used as an arterial graft vasodilator in
CABG [6–8, 20, 21]. There is a report asserting milrinone is more
effective than other PDE III inhibitors (amrinone and olprinone)
for the relaxation of the internal thoracic arterial graft, which is
most frequently used as an arterial graft in CABG [8]. On the
other hand, systemic infusion of diltiazem, which was started
prior to harvesting, provided increased internal thoracic arterial
blood flow by prevention spasm [12]. Diltiazem relaxes the con-
traction of the ITA induced by KCL, or human urotensin II and
diltiazem are more effective than glyceryl trinitrate for prevent-
ing the contraction in vitro [22]. Therefore, we consider that
locally sustained release of these agents might be effective in
preventing arterial graft spasm.
Although various agents with biodegradable polymers have

been used for establishment of a drug delivery system (DDS) by
using an electrospinning procedure [9, 10, 23], few reports have
focused on the area of cardiovascular diseases. Therefore, it may
be important and meaningful to describe here the electrospin-
ning DDS used for cardiovascular treatment. The advantages of

Figure 5: Blood flow of the femoral artery pre- and post-injection of NA. The longitudinal axis of the graph indicates blood flow of rats’ femoral artery (ml/min).
The abscissa axis indicates pre- and post-NA injection. By NA injection, blood flow significantly declined in every group (NA: noradrenalin).

Table 1: Blood flow of rat femoral artery (RFA) (ml/min)

Blood flow of RFA P value

Pre-injection NA Post-injection NA

group M 3.29 ± 0.92 2.40 ± 0.72 0.05
Group D 3.37 ± 0.17 2.41 ± 0.11 0.05
Group C 3.20 ± 0.80 1.72 ± 0.59 0.05
Group S 3.73 ± 0.85 2.02 ± 0.57 0.05

NA: noradrenalin.

Figure 6: Post/pre-injection NA blood flow ratio. The longitudinal axis of the
graph indicates the ratio of blood flow after/before NA injection (%). Groups
M and D were significantly higher than groups C and S.
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this strategy are as follows: (i) it does not require a complex ap-
paratus to create the materials; (ii) it has a topical/local effect
that minimizes toxic side effects; and (iii) our materials have a
peculiar configuration (cotton wool-like formation), and so they
can flexibly fit any type of artery (ITA, GEA and RA) or anasto-
mosis site (such as end-to-side anastomosis). On the other hand,
the disadvantage of this strategy is that surgical procedures are
necessary to implant the materials. Therefore, conversely, these
materials may be useful tools in addition to surgical intervention.

It is important to understand how many doses are required,
and over how long a period the dose of the drug is released
from the materials. It is considered that the drug release ratio
will depend on the degradation period of the polymer and the
content of the drug in the material. Therefore, it can be con-
trolled by the type of biodegradable polymer and the ratio of
co-polymerization (if a co-polymer was used). However, al-
though both our materials (MRBNF and DRBNF) are composed
of the same co-polymer (PLA PGA = 50:50) and the drug content
is the same (1 wt%), the drug release patterns are quite different.
These differences may depend on the characteristics of the
drugs such as solubility of the drug, water solubility or liposolu-
bility. Further study is necessary to optimize the release ratio of
each drug.

There are some limitations in our study.

(i) We first used a rat femoral arterial spasm model induced by
NA injection. The femoral artery is not one of the peripheral
arteries used as a bypass graft (e.g. ITA, GEA and RA).

(ii) NA-induced enforced arterial spasm is not a physiological
arterial graft spasm.

Our murine model did not reflect human arterial graft spasm
after CABG. Therefore, for clinical practice, we considered that a
large animal experiment would be necessary to confirm the re-
producibility of our results and also closely resemble a clinical
setting including the use of the ITA.

CONCLUSION

Our materials (MRBNF and DRBNF) could inhibit the reduction
of arterial blood flow in the NA injection-induced rat femoral
arterial spasm model. These results suggested that our materials

might be useful for the prevention of perioperative arterial graft
spasm in bypass surgery.
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