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Clearance technology of biological and chemical agents

Masayuki ISHIHARA, Masanori FUJITA, Yasutaka MORI, Satoko KISHIMOTO,
Hidemi HATTORI, Yoritsuna YAMAMOTO, Shoichi TACHIBANA and Yasuhiro KANATANI

J. Natl. Def. Med. Coll. (2012) 37 (1) : 8—17

Abstract: In a field of terrorism used a wide variety of biological and chemical agents which
are harmful and deadly poisonous, it is important to effectively and efficiently clear those agents
for prevention of expanded damages and retrievals from the damage. The needs for their
clearances in the disaster areas are safe for human body and easy on the environments as well as
efficiencies, endurances and versatilities for those clearances. Furthermore, they are required
evaluations based on scientific data. We are currently studying on applications of hyper-ion water,
nano-silver particles/chitosan complexes as a functional absorbent and nano-titanium oxides as
an optical catalyst for clearances of biological and chemical agents. We also introduce in this
review a membrane-separation system using bioactive muddiness for drainage and irrigation.

Key words: Clearance of biological and chemical agents / nano-silver
particles/chitosan complexes / functional absorbent / nano-titanium oxides
/  optical catalyst.
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The clinical efficacy of hepatocyte growth factor (HGF) in tissue repair can be greatly enhanced by high
affinity, biocompatible drug carriers that maintain the bioactivity and regulate release at the target site.
We produced 0.5-3.0 pum fragmin (low molecular weight heparin)/protamine microparticles (F/P MPs) as
carriers for the controlled release of HGF. F/P MPs immobilized more than 3 pg of HGF per mg of MPs and
gradually released the absorbed HGF into the medium with a half-release time of approximately 5 days.
Compared with HGF alone, HGF-containing F/P MPs substantially enhanced the mitogenic effect of HGF
on cultured human microvascular endothelial cells, by prolonging the biological half-life, and its conju-
gation to F/P MPs protected HGF from heat and proteolytic inactivation. F/P MPs disappeared 8 days after
subcutaneous injection in mice, suggesting that they are rapidly biodegraded. Furthermore, the number
of large (diameter >200 pm or containing >100 erythrocytes) and medium (diameter 20-200 pm or
containing 10-100 erythrocytes) lumen capillaries 8 days after injection of HGF-containing F/P MPs
was significantly higher than that after injection of HGF or F/P MPs alone. Furthermore, the number of
small (diameter <20 [im or containing 1-10 erythrocytes) lumen capillaries was significantly higher
4 days after injection of HGF-containing F/P MPs. This increased angiogenic activity of HGF in vivo is
probably due to both sustained local release and protection against biodegradation by the F/P MPs. Thus,
F/P MPs may be useful and safe HGF carriers that facilitate cell proliferation and vascularization at sites of
tissue damage.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

HGF was first identified as a potent mitogen for mature hepato-
cytes, and the gene was subsequently cloned [6]. Injection of HGF

Preclinical studies have demonstrated that angiogenic growth
factors can stimulate the development of collateral arteries in ani-
mal models of peripheral and myocardial ischemia [1,2]. Although
growth factors such as hepatocyte growth factor (HGF) 3], fibro-
blast growth factor-2 (FGF-2) [4], and vascular endothelial growth
factor [5] can induce neovascularization in ischemic models, this
strategy has not always been successful [6] because of the high dif-
fusibility and short biological half-life of these growth factors
in vivo, Therefore, modifications that locally retain and prolong
biological activity in vivo may enhance the efficacy of trophic
and angiogenic factors for tissue regeneration and vascularization.

* Corresponding author. Tel.: +81 42 995 1601; fax: +81 42 991 1611.
E-mail address: ishihara@ndmec.ac.jp (M. Ishihara).

prevented endotoxin-induced hepatic failure in mice with fulmin-
ant hepatitis by inhibiting apoptosis [7], and HGF gene therapy im-
proved the survival rate of rats with lethal liver cirrhosis [8]. HGF
stimulated the growth of endothelial cells without stimulating the
replication of vascular smooth muscle cells, indicating that it is a
potential angiogenic growth factor [2,9,10]. Furthermore, HGF is
neurotrophic to hippocampal, cortical, midbrain dopaminergic,
cerebellar granular, sensory, motor, and sympathetic neurons and
neuroblasts [11].

HGF binds with high affinity to heparinoids (heparin, heparan
sulfate, and other heparin-like molecules), and this heparinoid
binding could help maintain its biological stability and mitogenic
activity [12,13]. HGF is synthesized as a biologically inactive
precursor that is proteolytically cleaved to give a disulfide bonded
heterodimer [14]. Two alternative transcripts have also been

1742-7061/$ - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.actbio.2012.08.003
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identified that encode truncated variants of HGF, and these smaller
isoforms, designated HGF/NK1 and HGF/NK2, behave as antago-
nists or partial agonists depending on the assay conditions [15].
All these HGF isoforms bind to the tyrosine kinase transmembrane
HGF receptor MET and heparinoids [12].

HGF markedly accelerates regeneration of damaged organs in
animals with hepatic and renal failure. However, since its half-life
is only approximately 5 min because of rapid diffusion and clear-
ance by the liver, its local biological activity may be limited
in vivo [16,17]. This rapid clearance necessitates very large doses
(>100 ugkg™!) to exert hepatotrophic effects in vivo [18]. Thus,
the development of a reliable, efficient and safe drug delivery sys-
tem for HGF may facilitate potential clinical applications in tissue
regeneration and vascularization.

We previously developed a photocrosslinked chitosan hydrogel
[19] and a 6-O-desulfated heparin hydrogel [20] for the controlled
release of growth factors such as FGF-2, and we demonstrated that
these hydrogels served as efficient carriers for the local administra-
tion of a subcutaneous or muscular injection facilitating neovascu-
larization and granulation tissue formation at wound sites in vivo
[19,20]. 6-O-Desulfated heparin hydrogels [20] are not readily
injectable, while photocrosslinkable chitosan hydrogels with mod-

ified heparin and FGF-2 are. However, thick needles (>20 G) are-

required to inject these hydrogels, and these needles sometimes
become clogged with the hydrogel {19]. Therefore, these hydrogels
have not been evaluated as possible HGF carriers.

Heparin and low molecular weight heparin (fragmin) are
known to interact with various proteins, including HGF, suggesting
that a heparin-based carrier could be useful as a therapeutic agent
to locally retain and prolong HGF bioactivity at the injury site.
While high doses of heparin carry a high risk of bleeding [21], frag-
min has several pharmacological and practical advantages. The
lower protein binding affinity of fragmin produces a lower and
more predictable anticoagulant response, thereby obviating the
need for laboratory monitoring to adjust the dosage [21]. In addi-
tion, one or two subcutaneous injections per day are sufficient to
maintain therapeutic concentrations because of the longer plasma
half-life of fragmin [21]. Protamine, a purified mixture of proteins
obtained from fish sperm, neutralizes heparin and fragmin by
forming a stable complex that lacks anticoagulant activity [22]. It
is used clinically to reverse the anticoagulant activity of heparin
following cardiopulmonary bypass and in cases of heparin-induced
bleeding [23].

We previously reported that fragmin/protamine microparticles
(F/P MPs) are injectable carriers for the controlled release of FGF-
2 [24]. A mixture of fragmin and protamine yields water insoluble
microparticles (approximately 0.5-3 pm in diameter). FGF-2-con-
taining F/P MPs induced substantial vascularization and fibrous tis-
sue formation in vivo [24]. In the present study we examined the
utility of F/P MPs as carriers for the controlled release of HGF. F/P
MPs have a high affinity for HGF, enhance HGF mitogenic activity
in vitro, and protect HGF from heat and proteolytic inactivation.
Furthermore, HGF-containing F/P MPs are more effective in induc-
ing angiogenesis in vivo than HGF and F/P MPs alone.

2. Materials and methods
2.1. Preparation of HGF-containing F/P MPs

F/P MPs were prepared as described previously [24]. In brief,
0.3 ml of protamine solution (10 mg ml~?, Mochida Pharmaceuti-
cal Co., Tokyo, Japan) was added dropwise to 0.7 ml of fragmin
solution (6.4 mgml~!, Kissei Pharmaceutical Co., Tokyo, Japan)
and vortexed vigorously for approximately 2 min. In this study,
to maximize the production of MPs, protamine and fragmin were

mixed at a ratio of 3:7 by volume. To remove unreacted reagents
the mixture was centrifuged at 8000 r.p.m. for 10 min at 4°C
(MX-300, Tomy, Tokyo, Japan), and the pelleted MPs (approxi-
mately 0.5-3 pm in diameter) were resuspended in 1 ml of Dul-
becco’s modified Eagle’s medium (DMEM) (Life Technologies
Oriental, Tokyo, Japan). The diameter range of the F/P MPs was
determined by comparison with the scale bars of an optical micro-
scope. This mixture yielded approximately 5 mg of F/P MPs (dry
weight). The F/P MPs did not aggregate at 5mg ml~', hence
5mgml~! was selected as the standard stock concentration. To
prepare HGF-containing F/P MPs for in vivo muscular injection
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Fig. 1. (A) Absorption of HGF onto F/P MPs. The indicated amounts of F/P MPs were
added to DMEM containing FBS and HGF. The solution was centrifuged to
precipitate HGF-containing F/P MPs, and HGF remaining in the supernatant was
measured by ELISA. (B) HGF release into DMEM. HGF release into DMEM on a given
day from HGF-containing F/P MPs was quantified by ELISA of the supernatant. (C)
Cumulative HGF release and retention. HGF initially added to the F/P MP solution
was defined as 100%. The amount of HGF released into DMEM or retained on HGF-
containing F/P MPs was calculated. Each data point represents the mean of three
independent measurements.
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recombinant human HGF (R&D Systems Inc., Minneapolis, MN)
(5 pg ml~") in DMEM without heat-inactivated fetal bovine serum
(FBS) was added to F/P MPs (5 mg ml~') on ice, mixed by vortexing,
and incubated for 18 h at 4 °C on a rotary shaker. Under these con-
ditions almost all of the HGF is bound to and immobilized on F/P
MPs.

2.2. Evaluation of HGF binding by ELISA

Solutions of F/P MPs at 0-4 mg ml~* were prepared in DMEM
containing 100U ml~! penicillin G, 100 pg ml~! streptomycin,
and 2% FBS. HGF (10, 100 or 1000 ng ml~' in F/P MP solution)
was added and the mixture was incubated for 18 h at 4°C on a
rotary shaker. The mixture was then centrifuged at 8000 r.p.m.
for 10 min to remove the precipitated HGF-containing F/P MPs.
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Fig. 2. (A) Influence of HGF concentration on MVEC growth in DMEM containing 5%
FBS without F/P MPs. (B) Influence of F/P MP concentration on MVEC growth in
DMEM containing FBS with HGF (5 ng mI~1). (C) Influence of F/P MPs (0.1 mg ml™")
and HGF on MVEC growth in DMEM containing FBS. Each data point represents the
mean +SD values from four determinations. An unpaired f-test was used to
compare the experimental and control groups. *P < 0.01.

The amount of HGF remaining in the supernatant was estimated
by measuring the absorbance at 450 nm using a microplate reader
and a Quantikine Human HGF Immunoassay Kit (R&D Systems Inc.,
Minneapolis, MN) according to the manufacturer’s instructions.
ELISA was also performed to evaluate HGF release from HGF-
containing F/P MPs. In brief, HGF-containing F/P MPs were incu-

. bated in DMEM (2 ml) containing 2% FBS and antibiotics at 37 °C

for 10 days with gentle shaking. DMEM was removed daily for

"10 days and centrifuged at 8000 r.p.m. for 10 min to obtain super-

natants. The amount of HGF in the supernatant was measured by
ELISA. The total amount of HGF released on a given day was the
sum of all previous supernatant HGF concentrations.

2.3. Mitogenic activity of HGF alone and HGF-containing F/P MPs on
human microvascular endothelial cells (MVECs)

MVECs (Takara Biochemical Corp., Otsu, Japan) were cultured in
DMEM containing 5% FBS, 100 Uml™" penicillin G, 100 ug mi~’
streptomycin, and the indicated concentrations of HGF and/or F/P
MPs. The cells used in these studies were all between cell cycle
passages four and eight. MVECs were seeded at an initial density
of 3000 cells per well in 96-well tissue culture plates and grown
for 3 days in 200 pl of DMEM containing 5% FBS, 100 U ml™" peni-
cillin G, 100 pg ml~! streptomycin, and either HGF alone, HGF and
F/P MPs, or F/P MPs alone at the indicated concentrations. After
incubation the medium was removed and 100 pl of fresh medium
containing 10 pl of WST-1 reagent (Cell Counting Kit, Dojindo Co.
Ltd, Kumamoto, Japan) was added to each well. The cell number
was estimated by measuring the absorbance at 450 nm using a
microplate reader.

2.4. Protection of HGF from inactivation by F/P MPs

To determine whether binding to F/P MPs can sustain HGF
activity, 100 ng of HGF was added to 1 ml of DMEM containing
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Fig. 3. The stability of pre-immobilized HGF as determined by MVEC proliferation
assay. F/P MPs were incubated with HGF. After incubating the HGF-containing F/P
MP stock solution for the indicated time periods MVECs were cultured in DMEM
containing FBS and diluted pre-immobilized HGF-containing F/P MPs for 3 days.
Data represent the means % SD of four determinations.
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2% FBS or to DMEM containing 1.0 mg ml~" F/P MPs and 2% FBS.
These stock solutions were incubated at 37 °C for 0, 2, 4 and 7 days
and then 1 ml of the diluted HGF (nominally 20, 10, 5, 2.5 and
0ngml~') and F/P MPs (200, 100, 50, 25 and 0 pg ml~’, respec-
tively) in DMEM containing 5% FBS was used in MVEC cultures.

Again, cell proliferation was assayed after 3 days using the WST-~

1 reagent. .

To examine if F/P MPs protect HGF against heat inactivation,
200 ul stock solutions of either 100 ng HGF-containing F/P MPs
(1 mgml~") or HGF alone (100 ng ml~') in DMEM without FBS
were heated at 37, 42, 47, 52, 57, 62, 67 and 72 °C for 20 min. To
determine if F/P MPs protected against proteolytic cleavage by
trypsin, 100l of trypsin-EDTA solution (0.5 mgml~! trypsin,
0.2 mg mi~! EDTA/4Na* in HBSS, Sigma, St Louis, MO) was added
to 100 pl of each chilled stock solution (HGF alone or HGF-contain-
ing F/P MPs DMEM without FBS) and incubated at 37 °C for the
indicated periods of time (10-120 min). After incubation, 100 pl
of FBS was added to each trypsinized stock solution to stop the
trypsinization reaction. These heat-treated or trypsinized stock
solution were diluted 10-fold with DMEM containing 5% FBS.
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MVEC were cultured in the prepared media for 3 days, and the cell
number measured as described above.

2.5. Vascularization induced by HGF-containing F/P MPs

Animal experiments were performed according to the protocol
approved by the Animal Experimentation Committee of the Na-
tional Defense Medical College (Saitama, Japan). Male C57 BL/6
mice (6-7 weeks old) were purchased from Clea Japan Inc. (Tokyo,
Japan). To prepare HGF-containing F/P MPs for in vivo injection
5 pg HGF and 5 mg F/P MPs were dissolved in 1 ml of DMEM and
the solution vortexed. Next, 200 pul of HGF-containing (1 pg) F/P
MPs (1 mg) or HGF alone (1 pg) was carefully injected into the
right and left sides of the back subcutis of mice 2 cm above the tail
root. To evaluate neovascularization mice were killed 4, 8, 11 or
15 days after injection. The excised skin tissue around the injection
site was fixed in 10% formaldehyde solution (Wako Pure Chemical
Industries, Osaka, Japan), embedded in paraffin, and sectioned at
4 um. The sections (~10 x 1.0 mm) were mounted on glass slides
and stained with hematoxylin and eosin (H&E). The microscopic
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Fig. 4. The protective effect of F/P MPs on HGF. Stock solutions of HGF-containing F/P MPs with (®) or without (a) FBS and HGF alone with (M) or without (#) FBS were
incubated for (A) 0, (B) 2, (C) 4, and (D) 7 days. Stock solutions were diluted to the indicated nominal concentrations of HGF-containing F/P MPs with DMEM. MVECs were
cultured for 3 days using one of the prepared media. Data represent the means + SD of four independent determinations. An unpaired ¢-test was used to compare the

experimental and control groups. **P< 0.01, *P < 0.05.



S. Kishimoto et al./Acta Biomaterialia 9 (2013) 4763-4770 4767

field (100x) showing the largest capillary density in each section
was photographed, and the number of large (diameter >200 um
or containing >100 erythrocytes), medium (diameter=20-
200 um or containing 10-100 erythrocytes) and small {diameter
<20 pum or containing 1-10 erythrocytes) lumen capillaries were
counted.

2.6. Statistical analyses

Group means were compared by an unpaired Student's t-test
using Stat Mate I for Windows (ATMS Co., Tokyo, Japan).
P <0.05 was considered statistically significant.

3. Results
3.1. Binding of HGF to F/P MPs

To assess the binding affinity of F/P MPs for HGF various con-
centrations of F/P MPs were added to 10, 100, or 1000 ng ml~}
HGF solution. The solutions were centrifuged to precipitate HGF-
containing F/P MPs, and HGF remaining in the supernatant was
measured by ELISA (Fig. 1A). The concentration of HGF was pro-
gressively reduced by increasing the F/P MP concentration. As little
as 0.5 mg ml~" F/P MPs reduced the remaining free HGF to near the
limit of detection by ELISA, indicating that the majority of HGF
molecules were bound to F/P MPs and subsequently precipitated
by centrifugation. A F/P MPs concentration of 0.25 mgml~' ad-
sorbed about 84% of 1 g ml~! HGF in DMEM containing 2% FBS,
indicating that 1 mg of F/P MPs can adsorb approximately 3.3 pug
of HGF. Although various proteins in FBS, especially heparin-bind-
ing proteins, appear to interact with F/P MPs, fetal bovine albumin
does not interact with F/P MPs. Therefore, it is speculated that HGF

may specifically interact with F/P MPs even in the presence of FBS
in vitro. .

Approximately 19% of the HGF from HGF-containing F/P MPs
(prepared by 18 h incubation at 4 °C) was released into the med-
ium within 1 day (Fig. 1B and C), while approximately 43% and
38% remained in the F/P MP fraction after 7 and 10 days, respec-
tively (Fig. 1C). Thus, the immobilized HGF was gradually released
into the medium with a half-release time of approximately 5 days.
Dissolution of F/P MPs in vitro was not observed visually after
2 weeks.

3.2. Binding of HGF to F/P MPs enhanced and prolonged HGF mitogenic
activity in MVEC cultures

Incubation with HGF at 1.25-20 ng ml~! stimulated the prolif-
eration of MVECs, with a half-maximal effect at approximately
5ngml~! (Fig. 2A). Addition of F/P MPs (50-200 ug mi~!) and
5 ng mi~! HGF to DMEM containing 5% FBS significantly enhanced
the proliferation of MVECs (Fig. 2B). Indeed, the mitogenic effect of
5ngml~! HGF was near maximal at an F/P MP concentration of
100 pg mi~* (Fig. 2B). The combination of 5ngml~' HGF plus
100 pg ml~" F/P MPs approximately doubled the cell number on
day 3 in culture compared with cells grown in the presence of
HGF alone (Fig. 2C) and reduced the cell doubling time over days
1-3 to approximately 25 h from 47 h in HGF alone.

The growth of MVECs was stimulated in a concentration-depen-
dent manner by the diluted pre-immobilized HGF-containing F/P
MPs (Fig. 3), indicating that immobilized HGF retained significant
bioactivity even after 7 days at 37 °C. This result suggests that
HGF mitogenic activity was stabilized when HGFs were pre-immo-
bilized on F/P MPs,

3.3. F/P MPs prolonged the half-life of HGF bioactivity and protected
against heat and proteolytic inactivation

When 100 ng ml~! HGF was incubated for 2 days or more in
DMEM with or without 2% FBS at 37 °C the mitogenic activity
was substantially reduced (<90% by day 7, Fig. 4A-D). However,
no decrease in mitogenic activity was observed if 100 ng mi~!
HGF was incubated in the presence of 1 mg ml~! F/P MPs (either
with or without 2% FBS) for 7 days (Fig. 4D). The biological half-life
of 10 ng ml~! HGF in DMEM containing 5% FBS was only about
3 days in the absence of F/P MPs (Fig. 4B), but more than 7 days
in the presence of F/P MPs (Fig. 4D).

To determine whether F/P MPs could protect HGF bioactivity
against heat inactivation HGF (100 ng ml~') was heated with or
without F/P MPs (1 mg ml~!). Heating HGF above 42 °C resulted
in a reduction in ritogenic activity both in the presence and ab-
sence of F/P MPs (Fig. 5A), but the temperature at which half of
the mitogenic activity was lost was substantially higher (56 °C)
in the presence of F/P MPs than in the absence of F/P MPs
(45 °C). Thus, F/P MPs can protect HGF from heat inactivation. Sim-
ilarly, F/P MPs protected HGF against trypsin-mediated proteolysis

A 15 -
10 }
o
w0
<
fa)
(@]
05 L
*P<0.05
ok P<0.01
0.0 .
37 42 47 52 57 62 67 72
Temperature (°C)
B 15
10t
(e}
w
<
P
(@]
05 |
3ok P<0.01
0.0 . . . . . . . .
0 5 10 20 40 60 90 120

Time (min)

Fig. 5. The protective effect of F/P MPs on the bioactivity of (A) heat-treated and (B)
trypsin-treated HGF. (A) The stock solutions (®) and HGF alone (O) were incubated
at the indicated temperatures. The heated HGF solutions were diluted with DMEM
containing FBS. MVECs were cultured using one of the prepared media. (B) DMEM
stock solutions (@) and HGF alone (O) were treated with trypsin for the indicated
times. After trypsinization proteolysis was stopped by adding FBS, the inactivated
HGF in the stock solutions was diluted with DMEM containing FBS, and MVECs
were cultured using one of the prepared media. Data points represent the
means * SD of four independent determinations. An unpaired t-test was used to
compare the experimental and control groups. **P < 0.01, "P < 0.05.
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(Fig. 5B). In the presence of trypsin the biological half-life of HGF
was only 20 min, while that of HGF-containing F/P MPs was
120 min.

3.4. Vascularization induced by HGF-containing F/P MPs in vivo

To confirm the bioactivity of HGF-containing F/P MPs in vivo we
injected mice with HGF alone or HGF-containing F/P MPs and
examined vascularization around the injection sites by H&E stain-
ing. Representative micrographs of tissue sections around each
injection site on day 8 after injection are shown in Fig. 6. In this
study the injected F/P MPs were not detected visually at the injec-
tion sites on day 8, suggesting that they are rapidly biodegraded,
but small paste-like aggregates were observed on day 4 (data not
shown). Several large (diameter >200 pm or containing >100
erythrocytes), medium (diameter 20-200 um or containing
10-100 erythrocytes), and small (diameter <20 pum or containing
1-10 erythrocytes) lumen capillaries were observed in the subcu-
taneous tissue of mice injected with HGF-containing F/P MPs. Only

minor increases in the number of medium and small sized vessels
were observed after injection of HGF or F/P MPs alone.

The number of large, medium, and small vessels around the
injection sites (about a 10 x 1.0 mm area) was then quantified
(Fig. 7). Representative micrographs of tissue around each injection
site are shown 4, 8, 11, and 15 days after injection (Fig. 7). 8 days
after injection the numbers of mature large (Fig. 7A), medium
(Fig. 7B), and small vessels (Fig. 7C) were significantly higher
(P<0.05) in subcutaneous tissue injected with HGF-containing F/
P MPs than in tissue injected with HGF or F/P MPs alone. A signif-
icantly larger number of small vessels was observed in tissue in-
jected with HGF-containing F/P MPs as early as 4 days after
injection (Fig. 7C).

4. Discussion

HGF can accelerate the regeneration of damaged tissue in ani-
mal models of hepatic and renal failure, but the local biological
activity of exogenous HGF may be limited in vivo without an

Fig. 6. Histological examination of subcutaneous sites 8 days after injection of (A) HGF-containing F/P MPs, (B) HGF alone, or (C) F/P MPs alone. Photographs are
representative H&E stained tissue samples front 10 sites (1 per mouse) injected with either HGF-containing F/P MPs, HGF alone, or F/P MPs alone. The large arrows, small
arrows, and triangles show large, medium, and small vessels containing erythrocytes, respectively.
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Fig. 7. Angiogenic effect of HGF-containing F/P MPs in vivo. The number of large,
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adequate protein delivery system that acts to maintain HGF at the
target site and prevents rapid clearance by the liver [16,17]. With-
out such a system very large doses are usually required to exert a
significant regenerative effect [18]. To enhance the repetitive effi-
cacy of HGF we developed F/P MPs for high affinity absorption
and controlled release of HGF. F/P MPs prolonged the biological
activity of HGF and protected HGF against heat and proteolytic
inactivation. Furthermore, these HGF-containing F/P MPs were
injectable and biocompatible, and triggered significant angiogene-
sis at the site of injection. Thus, F/P MPs are a reliable, efficient and
safe protein delivery system to enhance and stabilize HGF activity
at local administration sites for subcutaneous or muscular
injection.

Heparinoids and F/P MPs also prolong the biological half-life of
FGF-2, and protect FGF-2 from heat and proteolytic inactivation
[24~27). Similarly, the present study has demonstrated that more

than 3 pg of HGF bound to 1 mg of F/P MPs and was gradually re-
leased from HGF-containing F/P MPs in vitro. HGF-containing F/P
MPs appeared to be bioactive, since they stimulated MVEC prolif-
eration. In fact, HGF-containing F/P MPs were more mitogenic than
HGF alone, reducing the cell doubling time from 47 to 25 h, possi-
bly because bound HGF is more resistant to biodegradation and
inactivation under physiological conditions. Indeed, proliferation
of MVECs was substantially stimulated by preloaded F/P MPs even
after 10 days at 37 °C, while HGF alone did not stimulate MVEC
proliferation at all after 7 days preincubation at 37 °C. Further-
more, F/P MPs could effectively protect HGF against heat inactiva-
tion and trypsin degradation.

When HGF-containing F/P MPs were subcutaneously injected
into the backs of mice large and medium vessels were induced near
the injection site after 8 days. The number of small vessels induced
by HGF-containing F/P MPs reached a maximum on days 8-11,
after which a slight decrease in the rate of neovascularization oc-
curred. No significant induction of large vessels was observed after
injection of HGF or F/P MPs alone, although a slight induction of
medium and small vessels was observed. We suggest that free
HGF diffused away too rapidly to induce arteriogenesis and that
inactivation of HGF remaining at the injection site within a few
days also led to less efficient vascularization. The modest vascular-
ization {mainly small and medium vessels) induced by F/P MPs
alone may result from the binding of various endogenous angio-
genic growth factors around the injection site, leading to local
accumulation and controlled release.

It is known in polymer chemistry that positively and negatively
charged polymers interact ionically [16,22]. Thus, basic protamine
molecules complex with acidic fragmin molecules to form micro-
particles through ionic interactions. Qur data indicate that bound
polypeptides such as HGF are gradually released from F/P MPs with
a half-release time of 5 days. Since F/P MPs are biodegradable
in vivo, incorporating HGF on them will provide a controlled re-
lease system for the lifetime of the F/P MPs. Thus, F/P MPs provide
an excellent biomaterial to immobilize, locally retain and gradually
release HGF for optimal induction of neovascularization.

Fragmin enhanced HGF activity and HGF-induced tube forma-
tion by endothelial cells in vitro (data not shown). Protamine is
also used clinically to neutralize heparin by forming a stable com-
plex without anticoagulant activity [22]. The present study has
demonstrated that F/P MPs strongly interact with HGF and that
F/P MPs protect HGF from inactivation by heat and degradation
by proteases. These HGF-containing F/P MPs bound to multiple cell
surfaces [28], in addition to culture plates and biological matrices
such as collagen [29]. Thus, HGF-containing F/P MPs would remain
at the injection site and sustain a high local concentration of HGF.

Both chemical components of the F/P MPs are in clinical use
and, hence, MPs may possess high clinical safety. It is thus pro-
posed that HGF-containing F/P MPs may be a promising new con-
trolled HGF release system to induce vascularization in ischemic’
limbs.

5. Conclusions

In the present study we evaluated the mitogenic effect of HGF-
containing F/P MPs on cultured MVECs and the angiogenic effect in
mice. Our main conclusions are (i) HGF is substantially adsorbed
on F/P MPs, and in this state they are protected from inactivation,
(ii) HGF is gradually released from -HGF-containing F/P MPs
through diffusion and/or biodegradation of the F/P MPs, and (iii)
HGF-containing F/P MPs induce substantial vascularization
in vivo. The results presented in this study indicate that F/P MPs
may serve as an effective carrier for HGF, particularly for the local
application of HGF at tissue injury sites.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Fig. 6, is difficult to
interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2012.
08.003.
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