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Thrombus-related diseases have a high mortality rate and are seriously threatening human life and health.
Nattokinase (NK), which has a strong thrombolytic effect, can treat thrombotic diseases. In this study, NK-conju-
gated magnetite nanoparticles (NK-MNPs) were prepared to accurately deliver NK to the thrombus site. Fe,O,,
carboxymethyl chitosan and sodium alginate were combined to form magnetite nanoparticles (MNPs), which
were prepared to encapsulate NK. The mean diameter of NK-MNPs was 168.9+4.8 nm, and the zeta poten-
tial was -33.8+0.9 mV. The release percentage reached a plateau in approximately 12 h, with 65.24% NK
released. Magnetic targeting experiments showed that the light transmittance of the solution reached 90%. The
results from the in vitro thrombolysis experiments demonstrated the sustained release thrombolysis potential of
NK-MNPs. A hemolysis experiment demonstrated that the hemolysis rate of NK-MNPs was less than 5% at an
enzymatic activity of 50—-150 IU/mL. Moreover NK-MNPs were stored for 90 days at 4 °C and still maintained an
enzyme activity above 90%. In conclusion, NK-MNPs hold great promise for improved thrombolytic efficacy, with

sustained release and magnetic targeting.

1. Introduction

The incidence of thrombotic diseases is increasing year by year,
which seriously threatens people's lives and health (Baaten et al.
2018; Wu et al. 2019). Thrombosis is the accumulation of blood
vessel contents such as fibrin, platelets, white blood cells, and red
blood cells into a clot, which prevents the normal circulation of
blood (Lee et al. 2017a; Bourcier et al. 2017b). Blood is a medium
for the body to absorb nutrients and eliminate metabolites. Accord-
ingly, the formation of blood clots can cause poor blood flow and
affect the transport of nutrients and metabolic waste. Tissues and
organs that cannot be supplied with normal nutrients gradually
fail and develop lesions (Govindarajan et al. 2016). Fortunately,
thrombolysis is an effective method to treat such diseases (Prilep-
skii et al. 2018).

Nattokinase (NK) has strong fibrinolytic activity and can treat
thrombotic diseases (Yanagisawa et al. 2010; Yoo et al. 2019).
The thrombolytic mechanism of NK is diverse. NK cannot only
directly dissolve thrombi by interacting with fibrin but also
indirectly dissolve thrombi by increasing the levels of hemolytic
factors in the body (Fujita et al. 1995). NK is a polypeptide enzyme
composed of 275 amino acids, with no disulfide bonds, and has
a molecular weight of approximately 28 000 Da. This enzyme
can withstand temperatures below 45 °C. At 37 °C, the enzyme
activity of NK is relatively stable in the pH range of 4.5 to 8.0, with
activity values all above 85%. Compared with other thrombolytic
drugs, NK has the advantages of good safety, low production cost
and strong fibrinolytic activity and has great clinical application
potential. In view of the excellent thrombolytic effect of NK, it has
attracted increasing attention from researchers (Lee et al. 2015;
Bhatt et al. 2017).

To date, the fermentation process of NK has been gradually opti-
mized, and its yield and thrombolytic activity are increasing (Itaya
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et al. 2019; Cui et al. 2018). There have been many studies on the
pharmaceutical dosage forms of NK. A preparation of NK capsules
using sodium polyglutamate and sodium alginate improved the
relative activity of enzymes in an acidic environment (Hsieh et al.
2009); NK was also prepared in tablet form and coated with enteric
material to avoid stomach acid and improve the bioavailability
(Law and Zhang 2007); and NK was prepared as sustained release
tablets to extend the treatment time (Yang et al. 2007). There are
also new dosage forms such as NK liposomes (Dong et al. 2012)
and a NK-loaded self-double-emulsifying drug delivery system
(Wang et al. 2015). In this study, sustained release magnetic
nanomaterials were used as carriers to prepare NK-MNPs. Under
the control of an external magnetic field, these NK-MNPs can be
targeted to the thrombus to treat local thrombosis.

2. Investigations and results

2.1. Synthesis and characterization of NK-MNPs

Magnetite materials were obtained by an improved coprecipitation
method. NK was loaded on magnetite materials via electrostatic
interactions and amide linkages. Carboxymethyl chitosan (CMC)
and sodium alginate (SA) cannot only improve the storage stability
of NK-MNPs but also provide sustained release effects. Magnetite
materials were confirmed via X-ray diffraction (XRD) (Fig. 1A).
The XRD pattern showed that these magnetite materials contained
Fe,O,. As shown in Fig. 1B, NK-MNPs and magnetite materials
had the same characteristic peaks: amido bond characteristic peaks
at approximately 1593 cm™ and 1405 cm™' and a Fe-O signal at
approximately 561 cm™'. Simultaneously, the infrared spectros-
copy patterns of NK-MNPs and NK had the same characteristic
peaks at approximately 1645 cm’, 1147 cm’!, 998 cm™ and 501
cm! (Fig. 1B). Magnetite materials loaded with NK were further
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characterized by zeta potential and particle size measurements.
The mean particle size of NK-MNPs increased from 148.4+5.0
nm (magnetite materials) to 168.9+4.8 nm, and the zeta poten-
tial changed from -47.4+0.7 mV to -33.8+0.9 mV. These results
confirm the successful preparation of NK-MNPs. The entrapment
efficiency was approximately 42%.
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Fig. 1: Characterization of NK-MNPs

2.2. Release behavior

The release behavior results are shown in Fig. 2. In the first 1 h,
the release rate was 20.14%, which was less than 40%, and there
was no burst release phenomenon. The cumulative release at 72 h
was 71.02%, exceeding 70%, indicating that NK was completely
released and had a sustained release effect.
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Fig. 2: Release behaviors of NK-MNPs

2.3. Targeting properties

NK-MNPs are magnetic and can gather at a certain location under
the action of external magnetic fields. The nanoparticles gathered
very quickly in the first hour, after which the speed began to
decrease (Fig. 3). The light transmittance reached 87.84% at 24 h,
and most of the magnetic substances gathered together, showing
good magnetic properties. After 48 h, almost complete gathering
had occurred, and the light transmittance was 94.99%.

2.4. Thrombolytic activity in a clot model

The thrombolytic activity of NK-MNPs was tested. The results
showed that the blood clot in phosphate-buffered saline (PBS)
and magnetic materials solution did not dissolve significantly at
24 h. It was confirmed that the PBS and magnetic materials were
not associated with thrombolysis (Fig. 4A and B). By contrast,
the thrombi in solutions containing free NK and NK-MNPs
were completely dissolved (Fig. 4C and D), which shows that
NK can directly dissolve thrombi. The time for the thrombus to
completely dissolve in the free NK solution was approximately
10 h, while it was approximately 21 h for the NK-MNP solution
(Fig. 4E). Compared with that for free NK, the time for NK-MNPs
to dissolve blood clots was significantly longer (P <0.0001).
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Fig. 4:

Blood clot dissolution. A, PBS group; B, magnetic material group; C, free
NK group; D, NK-MNPs group. A and B were recorded after 24 h, and C and
D were recorded after the blood clot was completely dissolved. E, the time
for free NK and NK-MNPs to dissolve blood clots. ***P <0.0001.
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2.5. Hemolysis

The hemolysis test was used to investigate whether the drug will
affect blood cells. In the hemolysis test, the magnetic material in
the experiment itself has a color, which will affect the measured
absorbance, i.e, the optical density (OD) value. Therefore, each
test group subtracts the absorbance value associated with the cell-
free solution. The cells completely ruptured in distilled water, and
the solution turned red (Fig. 5A-6). In PBS, the cells sank to the
bottom and did not rupture, and the upper solution was clear and
colorless (Fig. 5A-5). The hemolysis rate of the magnetic mate-
rials was only 0.22%, indicating that magnetic materials did not
cause hemolysis (Fig. 5A-4). The hemolysis rate was 0.67% at an
enzyme activity of 50 IU/mL (Fig. 5A-1), while it was 3.35% at
150 IU/mL (Fig. 5A-3). These values were all less than 5% and
thus did not cause hemolysis. With the increase in the amount of
NK-MNPs, the hemolysis rate gradually increased.
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Fig. 5: Hemolysis test. A, 2% erythrocytes: 1-3, NK-MNPs added to reach an en-
zyme activity of 50, 100 and 150 IU/mL; 4, only magnetic materials added;
5, in PBS; 6, in distilled water; B, lacking 2% erythrocytes: 1-3, NK-MNPs
added to reach an enzyme activity of 50, 100 and 150 IU/mL; 4, only mag-
netic materials added. C, hemolysis rate.

2.6. Storage stability

NK is expected to be developed into a new drug, so storage
stability is very important. NK-MNPs retained high activity over
90 days. Specifically, the NK-MNPs retained 99%, 97% and 92%
of their initial activity after storage at 4 °C for 30, 60 and 90 days,
respectively (Fig. 6). Therefore, NK-MNPs can be stored at 4 °C,
and the enzyme activity can be kept above 90% over 90 days.

3. Discussion

Fe,0, is a kind of black iron oxide with excellent magnetic proper-
ties and has unique physical and chemical properties (Ebrahimiasl
and Azarifar 2019; Kim et al. 2018). This material has a wide range
of applications and is used as a magnetic liquid, microwave absorp-
tion material, physical targeting carrier, contrast imaging material,
etc. There are many preparation methods for Fe,O,, including the
hydrothermal method, coprecipitation method, sol-gel process,
etc. In this study, Fe,O, was synthesized by the coprecipitation
method (Pusnik et al. 2016), and 25% ammonia water was used as
the precipitant. Compared with other methods, the coprecipitation
method does not require complicated equipment. It also has the
advantages of mild reaction conditions and high product purity.
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Fig. 6: Storage stability

Changing the size of Fe,O, particles or modifying the structure can
result in special paramagnetic and surface effects and small size
effects. CMC and SA were used to structurally modify Fe,O, to
prepare materials with sustained and controlled release properties.
CMC is a derivative of chitosan and can be dissolved in water.
This compound is biocompatible and is often used as a drug carrier
in microcapsules, microspheres and gels (Shariatinia 2018). Both
CMC and SA have a sustained release effect and are very suitable
as carriers for NK (Ravichandran and Jayakrishnan 2018).

Compared with free NK, NK-MNPs significantly prolong the time
for the blood clot to completely dissolve, further indicating that it
has a sustained release effect. The reason for the sustained release
is because CMC and calcified SA are both sustained release mate-
rials. Additionally, NK may form chemical bonds, such as peptide
bonds and ester bonds, with these materials. The magnetic proper-
ties of the material are determined by light transmittance. Under an
external magnetic field, the NK-MNPs in the petri dish gather, and
the OD value of the solution at the edge of the petri dish decreases.

4. Experimental

4.1. Materials

CMC (the degree of deacetylation was more than 95%), SA, 1-hydroxybenzotriazole
hydrate (HOB=H,0), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) (Beijing, China), ferrous chloride tetrahydrate (FeCl,*4H,0), ferric chloride
hexahydrate (FeCl,*6H,0), ammonium hydroxide (NH,*H,0), calcium chloride
(CaCl,), and triethylamine were used (Tianjin, China). All of the reagents were of
analytical grade and directly used as received without further purification.

4.2. Synthesis of magnetite materials

Magnetite materials were prepared by the coprecipitation method as previously described,
with some modifications (Pusnik et al. 2016). First, 10.0 g CMC was dispersed into
150.0 mL distilled water and stirred (50 °C, 150 r/min) in a magnetic heating stirrer until
completely dissolved. Then, 40.0 g FeCl,*6H,0 and 16.0 g FeCl,*4H,0 were added, and
the mixture was stirred for an additional 10 min. Next, 25.0 mL 25% NH,=H,O was added
to the mixture. The reaction continued at 60 °C for 1 h, after which magnetofluid was
generated. The solution was cooled to room temperature and deposited overnight. The stir-
ring operation was performed under nitrogen. Then, the solution was dialyzed (10 000 Da
MWCO dialysis membrane) against distilled water, which was boiled to remove oxygen
under mild stirring for 48 h until unreacted molecules and ions were completely removed.
Next, 10.0 g SA was added, and the mixture was stirred for 24 h. Finally, the sample was
passed through a 0.22 pm filter and freeze-dried to prepare powder.

4.3. Synthesis of NK-MNPs

NK-MNPs were prepared as described with some modifications (Jiang et al. 2016).
First, 60 pL triethylamine, 0.4 ¢ HOBt*H,0 and 0.4 g EDC were dispersed into a 10
mL magnetite material solution and stirred at 0 °C for 0.5 h, after which 0.6 g NK
was added. The mixture was stirred at 16 °C for 16 h. Then, 1.0 mL 1% CaCl, was
added. The reaction mixture was continuously stirred at 16 °C for 24 h, followed by
extensive dialysis to remove unbound NK. The entrapment efficiency of NK-MNPs
was measured using the formula below.

m,

Entrapment efficiency = x 100

0

where m0 represents the amount of NK initially added and m1 represents the amount
of NK in NK-MNPs.
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4.4. Characterization methods

The size and zeta potential of NK-MNPs were determined by a Malvern Nano ZS
system. XRD was employed to analyze the crystal structure of the samples and
compared with the standard Fe,O, (Rimus et al. 2020). Fourier transform infrared
(FTIR) spectroscopy was recorded using an FTIR spectrometer (Spectrum One)
(Khatamian et al. 2019).

4.5. In vitro release analysis

The in vitro release behavior of NK-MNPs was evaluated in a dialysis bag (50 000
Da, MWCO dialysis membrane). First, 0.08 g NK-MNPs was dispersed in 1.0 mL
PBS in a dialysis bag. Then, the filled dialysis bag was placed into 20 mL PBS and
placed in a shaker incubator at 37 °C. A 0.5 mL sample was obtained from the outer
PBS solution at 1, 2, 4, 6, 12 and 24 h. Later, the thrombolytic activity of NK was
determined quantitatively. At the same time, 0.5 mL PBS was replenished into the
outside medium to keep the volume constant.

4.6. Targeting properties

The targeting ability was indicated by light transmittance. First, 0.2 g NK-MNPs was
placed into a petri dish with a diameter of 6 cm. Then, 15.0 mL PBS (pH 7.4) was
added. A cylindrical magnet was placed in the center of the bottom of the petri dish to
provide an external magnetic field. A 0.2 mL solution at the edge of the petri dish was
taken at 0, 0.3, 0.5, 1, 2, 4, 6, 12, 24, 36, and 48 h, and the absorbance was measured
at 560 nm. The light transmittance of NK was measured using the following formula.
. . A-B
Light transmittance (%) -— a1 X 100%
where A is the absorbance value of the solution at 0 h and B is the absorbance value
of the solution at a certain hour.

4.7. Thrombolytic activity

An in vitro thrombolysis study was performed in a petri dish partly simulating the occlu-
sive thrombus developed in blood vessels (Correa-Paz et al. 2019). Blood was taken from
the ear vein of a rabbit and transferred to a 4 mL tube with a pipette. Subsequently, 0.5 mL
blood was added to each tube, which naturally clotted into a thrombus at room temperature
for 20 h. Next, the thrombus was gently removed with a needle and placed in a 6 cm
diameter petri dish. Then, NK-MNPs (in PBS, 600 IU/mL) were added into the petri dish
with blood clots, as were PBS, magnetite materials (in PBS) and free NK (in PBS, 600
IU/mL). Afterwards, 15.0 mL PBS was added to a petri dish under which a magnet with a
diameter of 2 cm was placed. The dishes were maintained in an air atmosphere at 37 °C,
and the time required for each thrombus to completely dissolve was recorded.

4.8. Hemolysis study

The hemocompatibility of NK-MNPs was evaluated through a hemolysis study on red
blood cells. According to the Chinese Pharmacopoeia, a 2% (V/V) red blood cell solution
was obtained. Fresh mouse blood was collected in a conical flask and stirred gently with
a glass rod to remove fibrin. Then, approximately 10 times the amount of saline was
added and mixed well. After centrifugation at 1000 r/min for 15 min, the supernatant was
removed. The above process was repeated until there was no red in the supernatant. The
red blood cells were diluted to 2% (V/V) with normal saline and stored at 4 °C until use.

As shown in the Table, 2% (V/V) erythrocytes, NK-MNPs, magnetic nanomaterials,
PBS (negative control), and distilled water (positive control) were added to the tubes.
The tubes were mixed gently to avoid artificially breaking the red blood cells. The
samples were incubated with red blood cells for 6 h at 37 °C. Then, the OD at 560 nm
was measured to examine the samples’ hemocompatibility. When the hemolysis rate
is higher than 5%, the sample will cause hemolysis (Yuan et al. 2012).

Hemolysis rate (%) = (OD -OD -OD )/ (OD -OD

sample’ negative no erythrocyte positive negative

) x100%

Table: Hemolysis test sample compositions

1 2 3 4 5 6 7 8 9 10

2% (V/V) Erythrocytes (mL) 25 25 25 25 25 25

NK-MNPs (IU/mL) 50 100 150 50 100 150
Magnetite materials (g) 0.05 0.05
Distilled water (mL) 25

PBS (mL) 25 25 5 5 5 5

4.9. Storage stability of NK-MNPs

The enzyme activity of NK-MNPs was measured at 4 °C for 0, 30, 60 and 90 days.
The remaining enzyme activity was calculated by the following formula.

Remaining enzyme activity (%) = 30/60/90 days (enzyme activity) / 0 day (enzyme
activity) x100%
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