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a b s t r a c t

Two important thrombolytic enzymes, nattokinase (NK) and lumbrukinase (LK), were immobilized onto
fine magnetic Fe3O4 nanoparticles using 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) as the
coupling reagent, and their thrombolytic activities were studied. The Fe3O4 nanoparticles and NK- and
LK-conjugated magnetic nanoparticles were characterized by transmission electron microscopy, Fourier
eywords:
attokinase
umbrukinase
agnetic nanoparticle

onjugate

transform infrared spectrophotometry, vibrating sample magnetometry, X-ray diffraction, and UV–vis
absorption spectroscopy. Dual kinetic absorbance measurements at 405 and 630 nm were employed to
measure their thrombolytic activity. Analysis of protein amount showed that the optimum conditions for
NK and LK binding to nanoparticles were respectively at a mass ratio of 2:1:1, 2:1:2 (magnetic nanopar-
ticles:protein:EDC), and pH 6.00. Thrombolytic activity assay showed that the best thrombolytic activity
could reach 91.89% for NK–nanoparticle conjugates and 207.74% for LK–nanoparticle conjugates, which

pure
hrombolysis are much higher than the

. Introduction

Thrombotic events affect many individuals in a number of ways,
ll of which can cause significant morbidity and mortality [1–5].
ccording to the report of the World Health Organization, 17 mil-

ion people die of cardiovascular diseases every year [6]. Previous
tudies demonstrated that intravascular thrombosis, a blood clot
n a blood vessel, is one of the main causes for various thrombotic
vents, and the major component of blood clots is fibrin formed
rom fibrinogen during the proteolysis by thrombin [3,7–10].

eanwhile, fibrin clots can be hydrolyzed by plasmin to avoid
hrombosis in blood vessels. In a normal situation, these reactions
re kept at a balance. However, once the balanced situation is trig-
ered by some disorders, the clots cannot be hydrolyzed, and thus
hrombosis occurs [11]. Based on the working mechanisms, two
inds of thrombolytic agents have been developed and been applied
n clinic therapy [4–6,12]: (1) plasminogen activator, such as tissue-

ype plasminogen activator (t-PA), streptokinase, and urokinase,
hich activate plasminogen into active plasmin to degrade fibrin;

nd (2) plasmin-like proteins, such as nattokinase, lumbrukinase,
nd fibrolase, which directly degrade the fibrin in blood clots.

∗ Corresponding author at: College of Science, No. 3 Taicheng Rd., Northwest A&F
niversity, Yangling, Shaanxi 712100, PR China. Tel.: +86 29 87082520;

ax: +86 29 87082520.
E-mail address: jywang@nwsuaf.edu.cn (J. Wang).

381-1177/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2009.10.009
enzymes (NK, 82.86%; LK, 106.57%).
© 2009 Elsevier B.V. All rights reserved.

Of the thrombolytic enzymes mentioned above, nattokinase was
reported to not only possess plasminogen activator activity, but
also directly digests fibrin through limited proteolysis. Its fibri-
nolytic activity can be retained in the blood for more than 3 h. It was
also reported that nattokinase is less sensitive to the cleavage of fib-
rinogen, but is more sensitive to the cleavage of cross-linked fibrin
compared to plasmin [6,13–17]. Earthworm fibrinolytic enzymes
(lumbrukinase) are a group of serine proteases that have strong
fibrinolytic and thrombolytic activities [2,18,19]. Therefore, these
two enzymes have been regarded as promising agents for throm-
bosis therapy. However, plasmin in blood has a short half-life, and
its expensive price and undesirable side-effects prompt researchers
to search for cheaper and safer resources [6]. In addition, all avail-
able thrombolytic agents suffer significant shortcomings, including
large therapeutic doses, limited efficacy, reocclusion, and bleed-
ing complications, thus discouraging their widespread application
[1,5,7,20].

To address these problems and improve therapy effectivity,
targeting the delivery of these thrombolytic agents to localized
diseases has gained increasing interest over the past decade in
the field of nanobiotechnology [21–24]. Among them, magnetite
(Fe3O4) nanoparticles were found to have extensive applications

in this field since the 1960s due to their magnetic and electronic
properties [25–29], good biocompatibility, low toxicity, and easy
drug-binding characteristics by changing their surface properties
[30]. To date, the targeting of drug-bearing magnetic particles to
a specific part of the body has been studied using magnetic flu-

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:jywang@nwsuaf.edu.cn
dx.doi.org/10.1016/j.molcatb.2009.10.009
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ds, unstable suspensions, and magnetic microspheres [31,32]. All
f these demonstrate that Fe3O4 nanoparticles are ideal for car-
ying small molecular weight pharmacologically active substances
o a target area. In addition, the resulting enzymes conjugated on
he magnetic particles have long-term stability and high enzymatic
ctivity [33–35].

In earlier studies, an attempt was made to link streptoki-
ase, a thrombolytic agent, directly to magnetic particles using
-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) as the
oupling agent. The immobilized streptokinase was assayed in vitro
y lysing the standard fibrin clot. The magnetic properties of the
article–streptokinase congener allow the treatment to be focused
o the exact location where the clot was located, thus reducing the
mount of enzyme required and, in turn, reducing the risk of elicit-
ng an immune response [24,28]. However, the dynamic process of
he formation and lysis of clots have not yet been studied. In par-
icular, the action of nattokinase and lumbrukinase has not been
eported to date according to our best knowledge.

In the present study, an attempt was made to link the protein
olecules NK and LK directly to magnetic particles using EDC as the

oupling agent. Different values of pH and mass ratios of magnetic
articles (MNPs) to protein and to EDC were studied in order to
stablish the optimum conditions for immobilization. Meanwhile,
ystemic assay of the coagulation and thrombolytic capacities was
urther investigated, which not only showed the whole process of
hrombosis, but also the process of thrombolysis under different
onditions.

. Materials and methods

.1. Materials

The fibrinogen and thrombin used in this work were obtained
rom Sigma–Aldrich (St. Louis, MO). The BCATM Protein Assay
it was purchased from Pierce Biotechnology (Rockford, IL). The
K (20,000 FU/mg) was obtained from Tianyi Biotech, Ltd. (Xi’an,
hina), while the LK (16,000 U/mg) was received from Guoyuan
iotech, Ltd. (Shanghai, China). The 1-[3-(dimethylamino)propyl]-
-ethylcarbodiimide (EDC) was purchased from GL Biochem, Ltd.
Shanghai, China). All solvents and other chemicals were purchased
rom local commercial suppliers and were of analytical reagent
rade, unless otherwise stated. All solutions were prepared using
istilled and deionized water.

.2. Preparation of magnetic Fe3O4 nanoparticles

Magnetic Fe3O4 nanoparticles were prepared by coprecipitat-
ng ferric and ferrous salts in an alkaline solution [25,26,35]. 3 mL
eCl3 (2 M dissolved in 2 M HCl) was first added to 10.33 mL double
istilled water, and 2 mL Na2SO3 (1 M) was then added drop-
isely within 1 min under magnetic stirring. Just after mixing the

olutions, the color of the solution changed from light yellow to
ed, indicating complex ions formed between the Fe3+ and SO3

2−.
hen the solution returned to its original color, 80 mL NH3·H2O

olution (0.85 M) was added under vigorous stirring. A black precip-
tate quickly formed, which was allowed to crystallize completely
or another 30 min under magnetic stirring. The precipitate was
ashed with deoxygenated water by magnetic decantation until

he pH value of the suspension was less than 7.5. After sealing, the
repared Fe3O4 was stored in a refrigerator prior to use.
.3. Conjugation of NK and LK onto magnetic Fe3O4 nanoparticles

The conjugation of NK and LK onto magnetic particles was
erformed using a protocol reported previously [28]. To deter-
ine the optimum conditions for NK and LK immobilization, also,
is B: Enzymatic 62 (2010) 190–196 191

the coupling reactions were carried out under different condi-
tions, including the pH value of the reaction mixture and the
proportion of magnetic nanoparticles (MNPs) to protein to EDC
(MNPs:protein:EDC). All steps were performed at room tempera-
ture and in a laminar flow hood to maintain sterility of all reagents.
Caution was used in handling biological materials.

For a given value of pH 5.14 and a mass ratio of 2:1:2
(MNPs:NK:EDC), 0.5 mL of NK solution (20 mg/mL, pH 5.14 in
0.003 M sodium and potassium phosphate buffer) was added into
1 mL of EDC solution (20 mg/mL dissolved in the same buffer). Then,
1 mL of magnetic particles (20 mg/mL in the same buffer, pH 5.14)
was added to the mixture. After shaking for 24 h in a shaker incu-
bator, the protein-conjugated nanoparticles were separated with a
magnet, and were stored in a refrigerator at 4 ◦C until use. All of the
other experiments for coupling condition optimization were also
performed following the same procedures described above.

2.4. Analysis of the amount of protein drugs bound onto the
nanoparticles

To analyze the amount of protein drugs (NK and LK) bound
onto the magnetic nanoparticles, the concentrations of each protein
drug in the initial solutions and in the reaction supernatants after
immobilization were determined with the BCATM Protein Assay
Reagent Kit using a microplate reader (Bio-Rad Model 680, USA).
The amount of protein drug attached onto the magnetic nanopar-
ticles was then calculated as

D = CiVi − Cf Vf

W

where D is the amount of protein drug (NK or LK) bound onto mag-
netic nanoparticles (mg/mg), Ci and Cf are the concentrations of
the initial and final protein drug in the reaction medium (mg/mL),
respectively, and Vi and Vf are the volumes of the reaction medium
(mL). Herein, W is the weight of the magnetic nanoparticles (mg).

2.5. Characterization methods

The size of Fe3O4 nanoparticles and protein-conjugated
nanoparticles were characterized by transmission electron
microscopy (TEM, JEM-3010, with EDS of Oxford INCA and CCD
Camera of Gatan 894, Japan). The crystal structure was char-
acterized by an X-ray diffractometer (XRD, Philips D/Max-2500,
Holland) using a monochromatized X-ray beam with nickel-filtered
Cu K� radiation. Magnetic measurements of Fe3O4 nanoparticles
and protein-conjugated nanoparticles were carried out on a
vibrating sample magnetometer (VSM, LAKESHORE-7304, USA)
by changing H between +4000 and −4000 Oe. The FT-IR spectra
of protein-conjugated nanoparticles were recorded using Fourier
transform infrared spectroscopy (Nicolet NEXUS 670, USA).

2.6. Activity measurement

For each drug protein-conjugated nanoparticle sample ana-
lyzed for thrombolytic activity, 100 �L of fibrinogen (3 mg/mL)
was added into two wells of 96-well Elisa plates (Jet Biofil). After
warmed for 3 min at 37 ◦C, 0.72 �L of thrombin (140 units/mL) was
mixed in each of the two wells. Then, the plate was immediately
placed in an eight-channel microplate reader (Bio-Rad 680) for
dual kinetic absorbance measurements at 405 and 630 nm. Data
were recorded continuously at a 60 s interval for 2 h. After that,

100 �L of pure NK or LK and particle–NK or –LK congener solutions
(0.2 mg/mL) were added into the mixture, respectively. Followed by
1 s mixing step, the absorbance of the reaction mixtures were then
continuously recorded for another 2 h under the same conditions.
Each experiment was repeated three times. Blank controls were
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ig. 1. (a) XRD pattern of the prepared Fe3O4 nanoparticles. (b) TEM image of the
anoparticles. Scale bar = 21 nm. (d) The magnetization curves of the prepared Fe3O

un concomitantly during each experiment using 200 �L of phys-
ological saline [36]. Thrombolytic activity was then calculated as
ollows:

a = Am − Af

Am − Ai
× 100 (1)
here Fa is the thrombolytic activity of the analyzed sample, Am

s the maximum absorbance, and Ai and Af are the initial base-
ine absorbance and the final absorbance of the reaction mixture,
espectively.

ig. 2. Effect of coupling reaction conditions on the protein drug amount bound on Fe3O4

f MNPs:NK:EDC on protein NK amount bound on Fe3O4 nanoparticles. (b) Effect of pH v
mount bound on Fe3O4 nanoparticles.
ared Fe3O4 nanoparticles. Scale bar = 20 nm. (c) ED pattern of the prepared Fe3O4

oparticles (Hc = 12.5 Oe; Ms = 66 emu/g; Hs = 1500 Oe).

To investigate the inhibitory ability of the two enzymes and their
particle congeners during the blood clot formation, their inhibitory
ability were also investigated by adding pure NK or LK, respectively.
Their particle congeners were likewise included into the mixture of
fibrinogen and thrombin, both of which were present, at the begin-
ning of each experiment. The experimental procedure was the same

as described above. The inhibitory range of each sample was then
calculated as follows:

Ir = Af − Ai (2)

nanoparticles. (a) Effect of pH value of the coupling reaction medium and the ratio
alue of the coupling reaction medium and the ratio of MNPs:LK:EDC on protein LK
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Fig. 3. TEM images of NK–Fe3O4 nanoparticle conjugates (

here Ir is the inhibitory range of each sample, Am is the maximum
bsorbance, and Ai and Af are the initial baseline absorbance and
he final absorbance, respectively.

. Results and discussion

.1. Synthesis and characterization of Fe3O4 nanoparticles

The Fe3O4 nanoparticles were used as the magnetic carrier in
his study, and were synthesized by a chemical coprecipitation of
e2+ and Fe3+ ions under alkaline condition [25,27,35]. The X-ray

owder diffraction (XRD) pattern of the as-prepared product shown

n Fig. 1(a) confirms its crystalline nature and also verifies the peaks
hat were well matched with standard Fe3O4 reflections. The pre-
ented XRD pattern featured six strong Bragg diffraction peaks at

ig. 4. (a) FT-IR spectra of pure NK protein (top) and NK–Fe3O4 nanoparticle conju-
ates (bottom); (b) FT-IR spectra of pure LK protein (top) and LK–Fe3O4 nanoparticle
onjugates (bottom).
LK–Fe3O4 nanoparticle conjugates (b). Scale bar = 20 nm.

20–70◦ 2� (2� = 30.08, 35.42, 43.08, 53.56, 56.98, and 62.62), which
can be indexed as (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0).
The results confirmed the successful synthesis of Fe3O4 using a
cubic spinel structure (JCPDS card no. 85-1436).

Fig. 1(b) shows a TEM image of the Fe3O4 nanoparticles, indi-
cating that nanosized Fe3O4 particles of uniform morphology and
good dispersion had been generated. The diameter of a single Fe3O4
nanoparticle was estimated to be in the range of 8–15 nm. Elec-
tron diffraction (ED) patterns (Fig. 1(c)) which correspond to bright
field images show that these particles consisted of Fe3O4 nanopar-
ticles with a cubic spinel structure. This again provides supportive
evidence that Fe3O4 nanoparticles had been created.

Fig. 1(d) shows the magnetization curve of the prepared Fe3O4
nanoparticles, which demonstrates a symmetrical hysteresis loop.
This phenomenon is characteristic of a material that is superpara-
magnetic in nature; in other words, the Fe3O4 nanoparticles can
become magnetized in the presence of a magnetic field. Once the
field is taken away from the particles, only a minimal residual mag-
netization remains within the particles. This makes these particles
ideal for further magnetic targeted therapy, as the nanoparticles
might be taken to the located clots in the body via the action of
an external magnetic field [29,32,34,35]. The saturation magneti-
zation (Ms) and coercivity (Hc) of the Fe3O4 nanoparticles were
66 emu/g and 12.5 Oe.

3.2. Preparation and characterization of NK- and LK-conjugated
magnetic nanoparticles

3.2.1. Preparation of NK- and LK-conjugated magnetic
nanoparticles

In the current study, the magnetic particles are synthesized by
the coprecipitation method resulting in the formation of macroions
[25,27,35]. The specific adsorption of the amphoteric hydroxyl
(–OH) group imparts both superficial negative charges to the par-
ticles in an alkaline medium and positive charges in an acidic
medium. Bacri et al. [37] have shown that the –OH ligand will
remain on the particles at a pH between 6 and 10. Thus, in
the present case, the free hydroxyl group on the surface of the
particles is responsible for the binding of the protein. First, the
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride

(EDC) modifies the carboxyl group of the protein at a slightly
acidic pH [38], then the proteins become conjugated onto mag-
netic nanoparticles by an ester bond. However, the protein analysis
by BCA protein protocol showed that different conditions could
directly influence the amount of drug protein bound onto the
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particles. All of these results indicate that these protein-bound
particles also possess excellent magnetic performance in aqueous
phase.
ig. 5. The magnetization curves of NK–Fe3O4 nanoparticle conjugates (a, Ms
s = 63 emu/g, Hc = 9.3 Oe, and Hs = 1500 Oe).

anoparticles. To determine optimum conditions for conjugation,
he pH value of the reaction mixture and the proportion of mag-
etic nanoparticles (MNPs) to protein to EDC (MNPs:protein:EDC)
ere also optimized in this study. The results are shown in Fig. 2.

Fig. 2 shows the optimum condition for binding NK onto mag-
etic nanoparticles at a mass ratio of 2:1:1 (MNPs:NK:EDC) and
H 6.00. The optimum conditions for higher amount binding of LK
nto the magnetic particles were observed at a mass ratio of 2:1:2
MNPs:LK:EDC) and pH 6.00. The optimum amount of protein drug
ound onto the nanoparticles was 49.89% (w/w) for NK and 38.74%
w/w) for LK.

.2.2. Characterization of NK- and LK-conjugated magnetic
anoparticles

Fig. 3 illustrates the TEM images of NK- and LK-conjugated mag-
etic nanoparticles, which show that proteins are layered over the
agnetic particles with an average diameter of 12–24 nm for NK

nd 12–20 nm for LK. Fig. 4(a) shows the FT-IR spectral character-
stics of NK bound to the magnetic particles. It was evident that the
haracteristic bands of protein NK at 3430, 1630, and 1000 cm−1

re present in pure NK and NK-bound magnetic nanoparticles. The
e–O band was also observed at 630 cm−1. Fig. 4(b) shows the
T-IR spectra of pure LK and LK-bound magnetic particles, which
lso indicates similar results. The characteristic bands of protein
K at 3420, 1630, and 1080 cm−1 were present in pure LK and LK-
onjugated magnetic nanoparticles, and the characteristic band of
e–O was also observed at 637 cm−1. Overall, the FT-IR spectra also
rovide supportive evidence that the NK and LK proteins had been
onjugated onto the magnetic nanoparticles.

A study of the magnetic performance of the protein-bound mag-
etic nanoparticles using a vibrating sample magnetometer (VSM)
hows that their magnetization curves (Fig. 5) were also in a sym-
etrical hysteresis loop, with an Ms of 57 emu/g for NK-conjugated
agnetic nanoparticles and 63 emu/g for LK-conjugated particles.

heir coercivity was 9.3 Oe for NK-conjugated nanoparticles and
.3 Oe for LK-conjugated nanoparticles. This phenomenon indicates
hat the prepared Fe3O4–protein nanoparticles are also superpara-

agnetic [24,33]. Compared with the Fe3O4 nanoparticles, the
rotein-bound nanoparticles exhibited a relatively low Ms. This
ay have been a result of protein binding onto the particle surface,
hich may then quench the magnetic moment [33].

To further ascertain if the protein-bound nanoparticles in the
queous phase have good response to an external magnetic field,

he magnetic performance of protein-bound nanoparticles in a
hysiological saline was also studied using an external mag-
etic field and a UV–vis spectrophotometer (Mapada UV-1600PC,
hanghai). Fig. 6 shows the magnetic separation property of the
rotein microspheres, which was determined through the trans-
mu/g, Hc = 9.3 Oe, and Hs = 1500 Oe) and LK–Fe3O4 nanoparticle conjugates (b,

mittance of the microsphere suspension after being separated by
a 0.42 T magnetic field for a certain time. Experimental results
show that magnetic separation of protein-bound nanoparticles
is rapid and easy. Also, they still retained satisfactory magnetic-
responsive aggregation and redispersion properties (Fig. 6, inserts).
Transmittance of magnetic separation suspension neared 98.3% for
NK-conjugated nanoparticles and 96.6% for LK-conjugated parti-
cles within 1 h, whereas separation by deposition in the gravity
state required at least 4 h to reach 72.1% transmittance for NK-
conjugated particles and 66.4% transmittance for LK-conjugated
Fig. 6. The magnetic separation property of protein drug–nanoparticle conjugate
suspension in a magnetic field and under gravity (a, NK–Fe3O4 nanoparticle conju-
gates in physiological saline; b, LK–Fe3O4 nanoparticle conjugates in physiological
saline). Inserts in (a) and (b) are the protein drug (NK or LK) in physiological saline
and their response to an external magnetic field.
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Fig. 7. Thrombolytic and inhibitory activity analysis of pure protein drug and protein drug–nanoparticle conjugates. (a) Temporal changes of absorbance of the reaction
mixture of fibrinogen and thrombin before and after the addition of different protein NK drugs (i, pure NK; ii–iv, NK–Fe3O4 nanoparticle conjugates prepared at pH 5.14,
6.00, 7.05, and a corresponding mass ratio of 2:1:1, 2:1:1, and 2:1:2 (MNPs:NK:EDC), respectively). (b) Temporal changes of absorbance of the reaction mixture of fibrinogen
and thrombin before and after the addition of different protein LK drugs (i, ii and iv, LK–Fe3O4 nanoparticle conjugates prepared at pH 5.14, 7.05, 6.00, and a corresponding
mass ratio of 2:1:2, 2:1:2, and 2:1:2 (MNPs:LK:EDC), respectively; iii, pure LK). (c) Temporal changes of absorbance of the reaction mixture of fibrinogen, thrombin, and
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lent inhibitory ability (Fig. 7(c) and (d)). The thrombolytic and
inhibitory activities are listed in Tables 1 and 2, respectively. From
the results, we find that the NK-conjugated nanoparticles prepared
at pH 7.05 (MNPs:protein:EDC = 2:1:2) offered the best throm-

Table 1
Thrombolytic and inhibitory activities of pure protein NK and NK–Fe3O4 nanopar-
ticle conjugates prepared at different pH values of the coupling reaction medium.

NK or immobilized NK on
MNPs at various pH values

Activity of NK

Thrombolytic activity (%) Inhibitory range

pH 5.14a 48.76 0.268
ifferent protein NK drugs (i–iii, NK–Fe3O4 nanoparticle conjugates prepared at pH 5
espectively; iv, pure NK). (d) Temporal changes of absorbance of the reaction mix
anoparticle conjugates prepared at pH 7.05, 6.00, 5.14, and a corresponding mass

.3. Activity measurement

In our preliminary study, we found that blood clots produced
y fibrinogen and thrombin differed at varying ratios of fibrino-
en to thrombin. In order to facilitate the in vitro study, conditions
or the formation of blood clots were optimized in our laboratory
rior to activity measurement [4,11,39–41]. The optimum condi-
ions for the final concentrations of fibrinogen and thrombin used
ere 3 mg/mL and 0.001 units/�L, which allowed for relatively high

tability and suited rate of formation of clots.
Based on the optimized concentration of fibrinogen and throm-

in, the thrombolytic activity and inhibitory activity of the
rotein-bound particles, as well as the pure NK and LK, were all
onsidered in the current study. Additionally, to further investi-
ate the influence of the pH value of the coupling reaction medium
n the activity of protein drugs, two other protein-bound particles
repared at different pH values were also studied for NK and LK,
espectively. The results are shown in Fig. 7.

From Fig. 7(a) and (b) we can clearly see that the addition
f thrombin to the fibrinogen solution achieves activated blood
oagulation, resulting in fibrin clot formation associated with
ncreased optical density. When pure proteins and protein–particle
onjugates were added, fibrinolysis process was initiated, exhibit-
ng a relative decrease of optical density (which we can clearly
ee before and after the Inflexion of a Curve). All of these

esults imply that the change of absorbance on the curve rep-
esents the thrombi level, and gives general information about
brin generation and lysis throughout the measurement [8].
rom the results, we can also see that the curves reflect the
ynamic contributions of ongoing coagulation activation and
.05, 6.00, and a corresponding mass ratio of 2:1:1, 2:1:2, and 2:1:1 (MNPs:NK:EDC),
f fibrinogen, thrombin, and different protein LK drugs (i, pure LK; ii–iv, LK–Fe3O4

f 2:1:2, 2:1:2, and 2:1:2 (MNPs:LK:EDC), respectively).

fibrinolysis reactions during the course of clot formation and
lysis.

Although a dynamic interaction between coagulation activation
and fibrinolysis likely proceeds throughout the entire course of this
assay, the former appears to contribute most to the phase of rise
in absorbance. Similarly, fibrinolysis appears to contribute most to
the decline phase in absorbance. The biochemical processes of the
decline in absorbance are not yet completely understood; however,
it is possible that the lysis phase represents fibrin reorganization
during fibrinolysis and later, fibrin dissolution [36].

In the study of the inhibitory ability of the pure protein and
protein–particle conjugates, we also find that they all show excel-
pH 6.00a 71.96 0.095
pH 7.05b 91.89 0.128
Pure NK 82.86 −0.011

a Mass ratio = 2:1:1 (MNPs:NK:EDC).
b Mass ratio = 2:1:2 (MNPs:NK:EDC).
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Table 2
Thrombolytic and inhibitory activities of pure protein LK and LK–Fe3O4 nanoparticle
conjugates prepared at different pH values of the coupling reaction medium.

LK or immobilized LK on MNPs
at various pH values

Activity of LK

Thrombolytic activity (%) Inhibitory range

pH 5.14a 18.06 0.126
pH 6.00a 207.74 0.04
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pH 7.05a 97.97 0.152
Pure LK 106.57 0.01

a Mass ratio = 2:1:2 (MNPs:LK:EDC).

olytic activity (91.89%), even higher than the pure NK (82.86%).
he possible reasons may be that immobilization of enzyme on the
agnetic particles can protect them from denaturation and self-

igestion, resulting in their long-term stability and high enzymatic
ctivity. Additionally, immobilization concentrates enzyme on the
articles and therefore accelerates the speed of their action [33,42].
eanwhile, thrombolytic activity increased with the increasing pH

alue used when preparing the protein–particle conjugates. One
ossible reason may be that the basic condition can activate the
K’s activity, which was in agreement to the results from the study
f NK’s fibrinogenolysis and fibrinolysis at different pH values in
ur laboratory. However, the inhibitory range is slightly different,
orresponding to the amount of protein bound onto the nanoparti-
les; that is, the higher the drug amount, the higher the inhibitory
ctivity. Compared with the pure NK, protein drug-conjugated par-
icles possessed low inhibitory activity. One possible reason may be
hat the protein–particles were not homogeneous in the reaction

edium.
For pure LK and LK-particle conjugates, the results, as shown in

ig. 7(b) and (d) and Table 2, indicate that the LK-particle conjugates
repared at pH 6.00 (MNPs:protein:EDC = 2:1:2, corresponding to
he highest protein-bound amount) offered the best thrombolytic
ctivity (207.74%), which was much higher than that of pure LK
106.57%). Their inhibitory ranges also manifest the same trend
ith the protein-bound amount.

In comparison, the thrombolytic activity of pure LK is appar-
ntly higher than that of pure NK, but a bit weaker in terms of
nhibitory activity. According to the protein–particle conjugates

ith the highest protein-bound amount, the immobilized LK has
tronger activity than immobilized NK both in thrombolytic and
nhibitory activities, even stronger than those of pure NK and LK. All
f these results indicate that both NK and LK have fibrinogenolysis
nd fibrinolysis. They can be used as anticoagulants and thrombol-
sis agents. Moreover, based on the results, it is known that using
he enzymes at the initial stage of thrombosis can effectively inhibit
he formation of thrombi.

. Conclusions

In summary, NK and LK were first well immobilized onto mag-
etic nanoparticles in the presence of EDC without the aid of a
rimary coating. The activity assay showed that they all had good
hrombolysis and inhibition of thrombosis, even higher than the
ure NK and LK. As such, they can be used as promising throm-
olytic agents to benefit people suffering from thrombotic diseases.
urthermore, the preparation method of magnetic nanoparticles
mmobilized with thrombolytic enzymes and evaluation method

f thrombolytic activity can be directly and conveniently applied
n daily studies of thrombolytic drugs and diseases. However,
mprovements and related research remain necessary for it to
ecome more effective and practical to clinical use for thrombolytic
vents.
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