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This paper is considered as the first report on the investigation of nattokinase (NK) release from anionic
starch nanospheres. The ultra-small and anionic starch nanospheres were prepared by the method
of reverse micro-emulsion crosslinking in this work. Starch nanospheres were characterized through
Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS). Effects of preparation conditions on particle
size were studied. The cytotoxicity, biodegradable and vitro thrombolytic behaviors of nattokinase
(NK) loaded anionic starch nanospheres were also studied. The results showed that the anionic starch
nanospheres are non-toxic, biocompatible and biodegradable. Moreover, the anionic starch nanospheres
can protect NK from fast biodegradation hence prolongs the circulation in vivo and can reduce the risk

NK of acute hemorrhage complication by decreasing the thrombolysis rate.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

As a source of stored energy, starch is a naturally occurring
polysaccharide produced by many plants and composed of two
different components linear amylose and branched amylopectin.
Normally, amylose account for 20-30% and amylopectin account
for 70-80% of starch, respectively, which depend on the species
of source. Due to many attractive properties of starch, such as
economy, abundant, renewable, innocuity, biodegradability, bio-
compatibility and the capacity to bind with a wide variety of
molecules via physical and chemical interaction (Li & Ni, 2004;
Polaczek, Malenki, & Tomasik, 2000), starch can be used as bio-
compatible materials (Jobling, 2004; Song, Zhao, Dong, & Deng,
2009). Whereas, the big size of native starch particles restricts
their applications in many field (Angellier, Molina-Boisseau, &
Dufresne, 2005; Kristo & Biliaderis, 2007; Valodkar & Thakore,
2011), especially in medical field (Chen et al., 2008; Simi & Emilia
Abraham, 2007; Thielemans, Belgacem, & Dufresne, 2006). Starch
nanoparticles have many advantages as a delivery material, such
as convenience of modifying surface properties, controlling parti-
cle size and release of pharmacologically active agents, less toxic, to
achieve the targeting action of the drug at the therapeutically opti-
mal rate and dose regimen. Recently, a widely summarized review
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on starch nanoparticle preparation, characterization, and applica-
tions has been published (Le Corre, Bras, & Dufresne, 2010). Starch
nanoparticles have been prepared via reactive extrusion, regiose-
lective modification and precipitation (Angellier et al., 2005; Kim &
Lim, 2009; Ma, Peter, & Yu, 2008; Song, Thio, & Deng, 2011), respec-
tively. The starch nanoparticles display a spherical or oval shape,
with diameters in the range of 10-200 nm.

Recently, thrombotic diseases does harm to the life and health of
human severely, especially, heart and cerebral thrombolic disease
is one of the most important and common diseases that are harm-
ful to the health of aged people. Herein, the studies of thrombolytic
drugs have been paid attention in the world. Currently, nattoki-
nase (NK) that can dissolve fibrin directly is high efficient, secure
and economic, thus became the focus of the studies of throm-
bolytic drugs. Although NK possess a high fibrinolytic efficiency,
an increased blood drug concentration of the free NK will cause
serious side-effects such as hemorrhage (Brekenfeld et al., 2007).
On the other hand, protein is flimsy in vivo due to fast clearance
by enzymes like proteinase (Erdogan, Ozer, & Bilgili, 2005). To find
a way to minimize side effects of NK, improve their stability and
lengthen their circulation time for the treatment of thrombotic
diseases holds great promise. Ultra-small systems are more ideal
for the thrombolysis therapy because drugs have to be delivered
to the thrombus through the narrow residual blood flow channels
around the arterial obstruction (Francis, Blinc, Lee, & Cox, 1995; Jin
etal., 2012). Therefore, the development of new biodegradable and
biocompatible nanometer-sized drug carriers is still urgent. These
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nanoparticles have given much highlight as advanced vehicle of
different kinds of drugs due to their advantages in terms of drug
protection, transport and delivery (Panyam & Labhasetwar, 2003;
Ravi Kumar, Bakowsky, & Lehr, 2004). With ultra-small size and
biocompatibility, the nanoparticles can be transported through the
blood circulation to remote body sites. These characteristics may
favor the therapeutic applications in the delivery of thrombolitics
for longer circulation time.

The objective of the current work is to prepare anionic starch
nanospheres to explore the potential thrombolytic application of
nanosphere-loaded NK. With negative charges, the nanospheres
could not only enhance loading capacity of NK, but also can
improve its stability, lengthen its circulation time and minimize
the effect of hemorrhage. The anionic starch nano-spheres were
prepared to load NK to overcome the above disadvantages. The
nanoparticles were obtained by using inverse micro-emulsion
crosslinking. The effects of preparing conditions, such as oil-water
ratio, starch amount, surfactant content and crosslinking agent on
starch nanospheres size were systematically studied. Besides, the
morphology, cytotoxicity, biodegradability, and vitro thrombolytic
behaviors of NK-loaded anionic starch nanospheres were also stud-
ied.

2. Experimental
2.1. Materials and methods

Soluble starch was purchased from Zhejiang linghu Chemical
Reagent Factory, chemical purity grade. Span 80 and liquid paraffin
were purchased from Fine Chemical Industry Institute of Tianjin
Guangfu, chemical purity grade. Phosphoric trichloride (POCl3) was
of analytical purity grade and was provided by Shanghai Chemical
Reagent Company of Chinese Medical Group. Sodium hydroxide
(NaOH)was purchased from Xi’an Chemical Plant. NK was provided
by Shanghai Shenggong Bioengineering Technology Service Co., Ltd.
The other reagents were of analytical purity grade and used without
further purification.

2.2. Preparation of starch-nanoparticles

Preparation of aqueous phase (W phase): 10 mg/mL of soluble
starch solution was prepared and hydrolyzed in boiling water bath
for 10 min, then ultrasonicated for 30 min, followed by adjusting
the pH to 10 with 1 mol/L NaOH solution. Preparation of oil phase
(O phase): 0.5g of Span 80 was dissolved in 100 mL of paraffin
in a beaker and stirred for 30 min in a 30°C thermostated water
bath. Then 10 mL of W phase was added dropwise into 100 mL of O
phase under mechanical agitation of 1000 r/m. After 30 min, 30 L
of POCl; was added. The anionic starch nanospheres formed after
4 h. The emulsion was centrifuged and purified with distilled water
and ethanol alternatively for several times. The obtained starch
nanospheres was air-dried and suspended in alcohol, respectively,
for further analysis and utilization.

2.3. FTIR analysis

IR absorption spectra of the samples were taken on a Fourier
transform infrared (FTIR) spectrometer (Nicolet 670 FTIR, USA) over
the region from 4000 to 400cm~!. The exhaustively dehydrated
starch nanospheres were thoroughly ground with KBr powder prior
to analysis, and pellets were prepared by compression under vac-
uum.

2.4. Starch-nanoparticle morphology by scanning electron
microscope (SEM) images

The starch particles immersed in anhydrous alcohol were ultra-
sonicated for 15 min, followed by dropping the dispersions onto
aluminum stubs and sputter-coated with gold for 300s fractured,
and the exterior morphology was examined with scanning electron
microscope (SEM) (JSM-5600 LV SEM, Japan).

2.5. Transmission electron microscope (TEM) analysis

The morphologies and particle size of anionic starch
nanospheres were characterized by a JEM-1200 EX/S trans-
mission electron microscope (TEM). Before examination, the
particles were dispersed in anhydrous alcohol and ultrasonicated
for 15 min, and then deposited on a copper grid covered with a
perforated carbon film.

2.6. Analysis of Z-potential

For Z-potential measurements, starch nanospheres ethanol dis-
persions with concentration of 1 g/L were ultrasonicated for 15 min
prior to being transferred into dish. Zetasizer (2004, Malvern
Instruments, U.K.) was used for measuring the distribution of the
electrophoretic mobility of particles, the analyzer calculates the Z-
potential from electrophoretic mobility using the Henry equation
and Smolukowsky approximation. The isoelectric point corre-
sponds to the point where potential value is zero, and all charges
of particles are neutralized (Tan, Koopal, Weng, Vanriemsdijk, &
Norde, 2008). Each sample was measured in triplicate at 20°C.

2.7. Particle size measurements

Particle size of the obtained particles was recorded by a ther-
mally controlled dynamic light scattering (DLS) at the scattering
angle of 90° in alcohol using 90 Plus Particle Size Analyzer
(Brookhaven Instruments Corporation) at room temperature. The
particle size was determined as the maximum of the peak obtained
in the CONTIN histogram. Further, the experimental data proved
to give monomodal CONTIN histogram analyzed by the cumulants
method giving access to some information on the z-average dif-
fusion coefficient of the system. About 10 mg of starch particles
were transferred into 10 mL anhydrous alcohol and ultrasonicated
for 15 min to avoid the agglomeration of particles during measure-
ments. The final particle diameter was calculated from a mean of
at least three measurements.

2.8. Cytotoxicity assay

Cytotoxicity essay of anionic starch nanospheres was performed
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) assay using HeLa cells which grown in DMEM with 10% of
fetal bovine serum (FBS) and were cultured in humidified atmo-
sphere (5% CO,, 37°C). Then the cells were seeded into 96-well
plates at a density of 7 x 103 cells/well, followed by incubating the
plates at 37 °C for 4 h. Then, the original medium was replaced with
100 pLof fresh medium. Solution (10 L) of nanospheres was steril-
ized by autoclave, and were injected into the 96-well plates, mixed,
and incubated at 37°C for 24 h. Next, the MTT reagent (10 uL in
PBS, 5mg/mL) was added to each well for further 4 h. Then, the
medium was removed and 100 L of DMSO was added to dis-
solve the formed formazan crystals. Untreated cells which were
taken as control had 100% viability, and the cytotoxicity of nano-
particles was defined as the relative viability (%) which correlates
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Fig. 1. A schematic representation of the main processes for preparing anionic starch nanosphere.

with amount of liable cells compared with cell control. The values
reported were mean of three replicate.

2.9. Degradation test

The a-amylase solution (200 U/L) was prepared by PBS (pH=7.4,
I=0.1). Then 35 mg of anionic starch nanospheres were dispersed in
35 mL of a-amylase solution, followed by dividing the solution into
seven groups that were transferred into tubes. The degradation was
performed at 37 °C, 2 mL of supernatant of one tube was take out
at given time intervals to measure glucose content. Anionic starch
nanospheres dispersed in PBS without a-amylase served as the
control. Glucose content was determined with 3,5-dinitrosalicylic
acid colorimetric method (DNS method) (Teixeira, Silva, Ferreira-
Leitao, & Bon, 2012). The degradation ratio of starch nanospheres
was calculated as follows:

_ Mge

st

x 100

W(%) (1)
where Mg, is the amount of degraded starch nanospheres and M,
is the total amount of starch nanospheres.

2.10. Vitro thrombolytic behavior study

Preparation of NK-loaded nanospheres. 100 mg of anionic starch
nanospheres were suspended in 100mL of NK PBS solution
(0.1 mg/mL) for 2 days at 4°C, followed by lyophilization to obtain
the NK-loaded anionic starch nanospheres.

Vitro thrombolytic behavior study. The fresh chicken blood was
obtained from vegetable market without any medication or hema-
tological disease and placed at room temperature to form the clot.
The clot was cut into parts in cylinder morphology (300-500 mm?3)
which were transferred into tubes containing 20 mL of NK-loaded
nanospheres PBS (1mg/mL, pH=7.4, [=0.1). The thrombolytic
behavior study was performed at 37 °C. The weights of blood clot
were obtained after wiping off the excess surface water with filter
paper at given time intervals. Moreover, free NK PBS (0.1 mg/mL,

pH=7.4, 1=0.1) and PBS (pH=7.4, [=0.1) served as controls. The
clot mass loss ratio was calculated as follows:

Mo — M;
0

Wine (%) = x 100 (2)

where M is the amount of original clot, M; is the amount of clot at
time t.

3. Results and discussion
3.1. Synthesis of anionic starch nanospheres

In this work, reverse micro-emulsion crosslinking was used for
synthesizing anionic starch nanospheres. Although, both POCl3 and
phosphate anions can introduce negative charge and contribute
to the Z-potential decrease after crosslinking (Carbinatto, Castro,
& Cury, 2012; Kim, Hwang, Kim, & Baik, 2012), while phosphate
anions are powders, and much easier to adhere to the reactor wall
and loss, while POCl3 cannot loss. Thus, the liquid POCl3 was cho-
sen for crosslinker. The synthesizing schematic diagram of anionic
starch nanospheres was showed in Fig. 1. Firstly, with magnetic
stirring of 1000 r/min, liquid paraffin and Span 80 were mixed to
form homogeneous and transparent system at 30°C. Then, the W
phase was dropped into the O phase, an inhomogeneous disper-
sion system formed after 0.5 h, followed by the addition of POCIs.
Meanwhile, the starch molecules began to aggregate, which was
accompanied by crosslinking, then irregular aggregates. While a
moiety of emulsion molecules aggregated themselves, other cen-
tralized around the starch aggregates. The small aggregates could
be further crosslinked to larger sphere, and the water insoluble
starch nano-sphere formed. The yield of starch nanospheres was
about 75%.

3.2. FTIR analysis

Fig. 2A shows the FTIR spectra of soluble starch and anionic
starch nanospheres crosslinked by POCl3. As shown from the
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Fig. 2. (A) FTIR spectra of soluble starch (a) and anionic starch nanospheres crosslinked by POCl; (b). (B) The crosslinking reaction scheme of starch by POCls.

figure, native starch and starch nanospheres have different profiles.
In the spectrum of native starch (Fig. 2A (a)), a broad band result-
ing from vibration of O-H appeared at 3419 cm~!. The band around
2926 cm~! is assigned to the C-H stretching vibration. The charac-
teristic absorption band occurred at 1644 cm~! were presumable
originates from tightly bound water present in the starch molecules
(Sung, Park, Choi, & Jhon, 2005). The characteristic absorption bands
occurred in the fingerprint region at 1163, 1085, 982 and 927 cm™!,
respectively, were attributed to C-O bond stretching (Fang, 2004;
Singh & Nath, 2011). Compared with native soluble starch, the
spectrum of starch nanospheres shows new peaks at 1126 and
1109 cm~1, as showed in Fig. 2A (b), which attributed to stretching
vibration of P=0 and P-O resulted from the crosslinking of POCl;
(Simi & Emilia Abraham, 2007), respectively. Moreover, the vibra-
tion of O-H was red-shifted from 3419 to 3433 cm~! due to the
electron attracting group of P=0. All the data indicated that the
starch nanospheres had been prepared successfully. In the alka-
line systems, starch nanosphere was synthesized in the form of
phosphate ester as showed in Fig. 2B.

3.3. Morphology of anionic starch nanospheres

Morphologies of soluble starch, starch nanospheres crosslinked
and uncrosslinked are represented in Fig. 3. As showed in Fig. 3a,
the native starch particles were irregular ellipse with a short diam-
eter about of 30 wm and a long diameter about of 40 wm, while
the starch nanosphere (feed composition: 0.5 g of soluble starch,
water/oil was 1:5, 0.5 g of Span 80) were nearly spherical and with
an average diameter of 150 nm, and exhibited a rough surface.
Compared b and c, crosslinked starch nanospheres adhered each
other slightly. The reason maybe that high crosslinking density
corresponding to less free chains existed on the surface of starch
nanospheres, thus, there are much weaker twisting effects due to
the less free chains, then the particles adhered slightly. On the other
hand, uncrosslinked starch nanospheres possessed poor mechan-
ical strength and could deform more easily, which was beneficial
to particle aggregation. Therefore, it is necessary to crosslink for
preparing starch nanospheres with more stable shape and better
dispersity.

3.4. TEM analysis

The TEM images of the anionic starch nanospheres prepared
under different conditions are shown in Fig. 4. As can be seen,
most of the starch nanoparticles have a good sphericity and the
particle size ranges from 20 to 400 nm. Compared to other par-
ticles suspended in alcohol, the particles air-dried for 3 months
(Fig. 4a) appeared to have evidently clear outline, which attributed
to deswelling effect. The size of starch nanospheres exhibited an
increasing trend as starch content increased from 0.2 (Fig. 4b) to
0.5 g (Fig. 4c) and 1.0 g (Fig. 4d). The particle size decreased from
130nm (Fig. 4b) to 90 nm (Fig. 4e) as Span 80 content increased
from 0.5 to 1.5g. The more the emulsifier, the smaller the sur-
face tension of the droplets, leads to a smaller particle size. When
crosslinker decreased to 1 L, starch particles increased to 150 nm
(Fig. 4f). Moreover, the particles appeared to be core/shell struc-
ture, the reason may be that the very few crosslinker during the
later reaction leaded to a quite lower crosslinking density. The
TEM image of the particles prepared under oil/water (O/W) ratio
of 10:1 (v/v) is shown in Fig. 4g. Particle size was reduced to
60 nm, which can be explained by power input theory (Shi, Li,
Wang, Li, & Adhikari, 2011). The other possible reason is that when
increasing the O/W ratio, there would be relatively less emulsi-
fier.

3.5. Z-potential analysis

The zeta potentials of anionic starch nanospheres prepared
under different POCl3 content were measured. As the mole ratio
of POCl3 to starch units varies from 3.4% to 10.2%, the sam-
ples were named with Particles 4, Particles 1, Particleg g, Particleg s,
and Particleqq, respectively. As illustrated in Table 1, all of the
starch nanospheres possessed negative Z-potential. Based on this
property, the particles could be used for loading or adsorption
for electropositive molecule, combined with their biocompati-
bility and biodegradability, the starch nanospheres could have
good application prospects in many fields. As also can be seen,
the Z-potential decreased with the increase of POCI; content.
Because POCl; could bring negative charge after crosslinking, thus,
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Fig. 3. SEM images of (a) native soluble starch, (b) crosslinked starch nanospheres and (c) uncrosslinked starch nanospheres.

an increase of 6.46% in POCl; content could lead to an even- Garcia-Garcia, Zavaleta-Mancera, & Ramirez-Bribiesca, 2010).
tual decrease of 148 mV in Z-potential. Another reason may be When the mole ratio of POCl; was more than 6.80%, the Z-
that a higher crosslinking density results in a smaller particle potential is basically stable due to the saturated crosslinking
size which corresponded to a lower Z-potential (Romero-Pérez, density.

a

Fig. 4. TEM images of the starch nanospheres prepared under different conditions. (a) Starch: 0.2 g, oil/water: 5:1, Span 80: 0.5g, POCl5: 30 L, air-dried; (b) starch: 0.2 g,
oil/water: 5:1, Span 80: 0.5 g, POCl3: 30 nL, suspended in alcohol; (c) starch: 0.5 g, oil/water: 5:1, Span 80: 0.5 g, POCl5: 30 L, suspended in alcohol; (d) starch: 1.0 g, oil/water:
5:1,Span 80: 0.5 g, POCl3: 30 pL, suspended in alcohol; (e) starch: 0.2 g, oil/water: 5:1, Span 80: 1.5 g, POCl5: 30 pL, suspended in alcohol; (f) starch: 0.2 g, oil/water: 5:1, Span
80: 0.5g, POCl3: 1 pL, suspended in alcohol; (g) starch: 0.2 g, oil/water: 10:1, Span 80: 0.5 g, POCl3: 30 L, suspended in alcohol.
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Table 1
Feed compositions for the preparation of starch nanospheres and the effect of POCl3 content on Z-potential nano-starch.
Particles 4 Particles ; Particlegg Particleg s Particleyo2

POCl; (Mr%)? 34 5.1 34 8.5 10.2
Soluble starch (g) 0.5 0.5 0.5 0.5 0.5
Liquid paraffin (mL) 100 100 100 100 100
Distilled water (mL) 20 20 20 20 20
Span 80 (g) 0.5 0.5 0.5 0.5 0.5
Z-potential (mV) -85 -132 -136 -233 -239

3 The mole ratio of POCl3 based on the amount of starch structure units.

3.6. Optimization for preparation of anionic starch nanospheres

The normal composition feed as follows: starch, 0.2 g; O/W, 5:1;
Span 80, 0.5g; POCl3, 30 wL. During every optimization of starch
nanospheres, only one condition was changed, the other compo-
nents were same as the normal composition feed. For example, in
starch content optimization, only starch content was changed from
0.2 g to 2.0 g, the other components were same as the normal com-
position: O/W, 5:1; Span 80, 0.5 g; POCl3, 30 wL, under no air-dried
condition.

3.6.1. Effect of soluble starch concentration

The effect of soluble starch content on particle size was studied.
The corresponding size of starch nanospheres with increasing sol-
uble starch content is presented in Fig. 5a. A remarkable increase of
particle size can be seen as starch content increased, which could
be explained by decreasing crosslinking intensity resulted from
increasing concentration of starch content. On the other hand, reac-
tion time could reflect the crosslinking intensity and the apparent
cross-linking kinetics, thus, the reaction time may affect the viscos-
ity of both W phase and the emulsion. While the viscosity variation
means that the emulsion process required various level of energy
input to from the miniemulsions which eventually resulted in vari-
ation in particle size.

3.6.2. The effect of surfactant content

Fig. 5b shows the effect of Span 80 content on the nanosphere
size. As can be seen, the nanoparticles size is affected by the increas-
ing surfactant content quite significantly (Zaragoza-Contrerasa &
Navarro-Rodriguez, 2003). Evidently, the particle size showed a
decreasing trend when Span 80 content increased from 0.2 to
1.5 g and maintained a constant when Span 80 content was more
than 1.5 g. The possible explanation for this phenomenon has been
provided by ‘The optimal amount’ theory (Jose, 2002; Landfester,
2002; Niemann & Sundmacher, 2010). According to the theory,
certain amount of surfactant optimally covered the surface of
the droplets and provided the maximum stability against droplet
coalescence, which leading to the smallest emulsion size. If the
surfactant was not enough to completely cover the droplets after
homogenization process, the droplets would tend to aggregate with
each other to reduce the surface area. On the contrary, when the
surfactant content was excess, the free surfactant molecules will
ultimately adhere to the droplets, which results in the increase in
the droplets size. Nevertheless, the excess amount of surfactant
would be cleared during the post processing, thus, it could not
affect the particle size. These results indicated that the nanoparti-
cles would be the smallest under optimal surfactant concentration.

3.6.3. Effect amount of crosslinker

Various starch nanospheres were prepared under different
crosslinker amount to study the effect on the particle size, and the
resultis shownin Fig. 5c. As can be seen, the particle size was signif-
icantly affected by the POCl; amount and showed a decreased trend
with increasing POCl; amount at the beginning, and tended to be

constant at last. When the starch amount, O/W ratio and surfactant
content were same, the amount and size of every droplet was equiv-
alent, moreover, the starch content within every droplet was equal
to each other. While much more crosslinker would lead to a quite
higher crosslinking density, and resulted in a tightly interaction
between starch molecules, then the particle size decreased. While,
the crosslinking density became saturation as POCl; continued to
be added, leading to constant trend of particle size.

3.6.4. Effect of the oil/water ratio

The effect of O/W ratio on the particle size of anionic starch
nanospheres can be observed in Fig. 5d. Evidently, the particle size
appeared to decrease from 154 to 93 nm as O/W increased from
5 to 10. The possible reason may be that when the W phase vol-
ume decreased, lower power input would be required to increase
the droplet size during the emulsification process (Constantinides,
Lancaster, & Marcello, 1995). When O/W increased, the droplets
became smaller under the same energy level, which eventually
leaded to the increase in the starch nanosphere size. The other
possible reason was that when decreasing O/W, there would be
relatively more emulsifier, which resulted in a lower surface ten-
sion of the droplets, leading to a smaller particle size (Sajjadi,
Zerfa, & Brooks, 2003). However, when O/W was more than 10,
the particle size had a marked increase with increasing O/W, and
no constant trend appeared. The reason may be that the little
water was not enough to dissolve the same amount of starch
thoroughly, although it could change the original starch size,
the undissolved starch particles were reserved after the whole
reaction, and thus, a larger anionic starch nanosphere size was
obtained.

3.7. Cytotoxicity test and degradation analysis

Cytotoxicity assay was conducted to study the cytotoxicity of
the anionic starch nanosphere by varying its concentration via MTT
assay. The results were displayed in Fig. 6A. The results demonstrate
that, after 48 h, in all the concentrations studied, the nanospheres
did not present obvious cytotoxicity to the cells. For example, even
for the maximum concentration, the cell viability was 88%. There-
fore, the anionic starch nanospheres are biocompatible, which is
important for biomaterials.

DNS method (Teixeira et al., 2012) was employed to study the
degradation of anionic starch nanospheres, and the result was
shown in Fig. 6B. In Fig. 6B, a showed the degradation behavior of
the nanospheres in a-amylase solution (200 U/L) whose concentra-
tionis close to that (40-180 U/L)in serum, and b was the PBS control
without a-amylase. Evidently, the particles in a-amylase solution
degraded much faster than that without a-amylase. The W of the
nanospheres with ac-amylase reached about 55% after 4 days and
84% when degradation performed for 7 days. While as for the con-
trol, 22% of the nanospheres degraded after 4 days and only 47%
degraded in one week. The good degradation behaviors in blood
circulation system make these systems potential drug carriers.
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3.8. Thrombolytic behavior analysis

The thrombolytic behavior of starch nanoparticles loaded NK
(NP-loaded NK), original starch loaded NK (0OS-loaded NK), free NK
and saline were shown in Fig. 7. As can be seen from Fig. 7A, in
the first 2.5h of incubation, 22 and 25 wt¥% of the clots was dis-
solved by nude NK and OS-loaded NK, respectively. Whereas it was
15wt% by the nanospheres containing equivalent amount of NK,

A 120

100 |
80
60 -

40t

Cell viability (%)

20

control 0.003 003 03 3 30 300
Concentration (pg/mL)

and almost O wt% for saline, which demonstrate that the throm-
bolytic rate of NK loaded the nanospheres keeps at slower rate. The
photograph in Fig. 7A shows thrombolytic degree of the two clots
in NP-loaded and nude NK solutions after 0.5 h, respectively. Evi-
dently, nude NK resulted in a higher thrombolytic rate implied by
the deeper color, which further demonstrates the above conclusion.
NK encapsulation by the nanospheres via electrostatic interaction
will not only benefit the protection of NK from fast biodegradation

80 | a -
60 |-
S
= a6l b
=
20
0 1 1 1 1
0 40 80 120 160
Time (h)

Fig. 6. (A) Cytotoxicity test on Hela cells at different particles concentrations (0.003, 0.03, 0.3, 3, 30, 300 wg/mL, n=3). (B) Degradation test (a: with a-amylase, b: without

a-amylase).
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Fig. 7. Thrombolytic behaviors of anionic starch nanosphere (A: 24 h; B: 60 h. B: NP-loaded NK; @: free NK; v: OS-loaded NK; a: saline).

hence prolongs the circulation in vivo, but also can significantly
reduce the risk of acute hemorrhage complication by decreasing the
thrombolysis rate. Moreover, the ultra-small carriers could inhibit
the immunology response from the reticuloendothelial system (Hu
et al., 2003; Kim, Kim, Park, Byun, & Kim, 2009). The Wy, of the
clot in nude NK and solution decreased more than 2.5h, which
is constant with the trend of that in saline solution. On the one
hand, most of the nude NK is easy to become deactivation at 37 °C,
leading to a decreased thrombolytic rate. On the other hand, clot
could swell in water, which caused an increased clot mass. The con-
trol of OS-loaded NK showed a quite similar trend as the nude NK,
because original starches carry no negative charge, it has a poor
interaction with NK, which leading to the bareness of most of the
NK. Whereas, Wy,; of the clot in NP-loaded NK nanospheres solu-
tion still showed a rising trend due to NK protection and delivery
by anionic starch nanospheres via hydrogen bond and electro-
static interaction. When time was prolonged to 60h, as shown
in Fig. 7B, the mass of the four clots decreased gradually resulted
from fibrin’s own hydrolysis. Differently, the clot dissolved by the
NP-loaded NK solution showed a faster thrombolytic rate due to
protected and controlled released NK. In conclusion, the anionic
starch nanospheres can improve stability of NK, lengthen its circu-
lation time and minimize the effect of hemorrhage.

4. Conclusions

This paper is considered as the first report on the investigation of
NK release from anionic starch nanospheres. It has prepared ultra-
small and anionic starch nanospheres. Non-toxic liquid paraffin
was used as O phase and POCI; was used as crosslinker to introduce
negative charge to load NK possessing a pl of 7.8. Optimizations
of preparation conditions demonstrated that the anionic starch
nanosphere with quite small size of 26 nm can be obtained under
an appropriate condition. The cytotoxicity and biodegradability
studies demonstrated that the anionic starch nanospheres are
non-toxic, biocompatible and biodegradable. Vitro thrombolytic
behaviors for NK-loaded anionic starch nanospheres indicated that
the drug-particles possess a better thrombolytic behavior and could
avoid hemorrhage.
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