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A type of illness known as cardiovascular disease affects the heart or blood arteries. The flow of
blood to the heart, brain, or body is reduced due to thrombosis (blood clotting). Streptokinase
(SK) is an extracellular enzyme that converts plasminogen to plasmin, as a medication in
thrombolytic treatment. The current study was focused on streptokinase production and enhanced
activity using magnetic nanoparticles. Nutrient agar media and liquid state fermentation at pre-
optimized conditions was used. The proteolytic activity of the enzyme was determined by using
the casein digestion method and then Biuret test was performed for protein estimation. The
product of bacterial culture was extracted, and the partial purification of streptokinase was done
by ammonium sulfate precipitation, dialysis and then further chromatographic techniques and gel
filtration were applied. Immobilization of streptokinase was done by using Fe;O4 magnetic

nanoparticles to enhance its activity and protein yield. The immobilization of SK on magnetic
nanoparticles was characterized by UV-Vis spectroscopy and Zetasizer. Fe;04 magnetic

nanoparticle showed absorption peak at 224.4 nm and size of 229.4 nm. When compared to the
total activity of gel chromatography (5.10 U/ml), immobilization increased the total activity of
SK to 7.106 U/ml. In this way enzyme activity of immobilized streptokinase increased by 1.39-
fold. Immobilized enzyme was used in in vivo studies and then compared with native one. The
activity analysis of immobilized streptokinase was compared with the native one. Immobilized
streptokinase exhibited more thrombolytic activity in rabbits than the native form, as
demonstrated by in vivo study.

Keywords: Streptokinase; Immobilized enzyme; Nanoparticle; Chromatography; Streptococcus
pyogenes; Thrombosis

INTRODUCTION

phlebitis, and venous thrombosis contribute to the
development of embolic disorders. Several anticoagulants,

Impaired oxygen delivery to cardiac tissues or the formation
of intravascular clots can result in severe outcomes such as
coronary artery disease, pulmonary embolism, or sudden
cardiac arrest !. The primary global causes of death are
coronary heart illnesses, which include myocardial
infarction, stroke, embolism, and other heart disorders 2.
Thrombosis-related conditions such as thrombophlebitis,
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such as heparin, are currently utilized to treat thrombosis
disorders despite the potential for a brain hemorrhage.
Plasminogen activators used in thrombolytic therapy have
been proposed as a better treatment option than other
anticoagulants 3. Apart from surgical operations to eliminate
or bypass the clot, or the formation of deposit arteries to
offer an alternative source of blood, only therapy option is
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the injection of clot busters medicines such as streptokinase

to destroy the blood clot 4 In 1933, William Smith
developed streptokinase (SK) initially, known as fibrinolysin
because of its role in the breakdown of fibrin.
Streptococcus bacteria produce mature protein SK, a 414-
amino acid, 47-kDa single-chain protein without disulfide

bridges 3. Because of its low cost and powerful therapeutic
effects, It is the one of these that is most frequently utilized

in underdeveloped nations ©. Despite its clinical utility,
streptokinase suffers from a short circulation half-life and is
associated with adverse effects including chills, fever,

vomiting, gastrointestinal bleeding, and immune-related

reactions /.

Currently, biotechnology companies worldwide are
searching for methods to boost the efficiency of enzymes
and develop novel approaches to prolong their shelf life.
Compared to free enzymes in solution, immobilized
enzymes are more resilient and long-lasting to changes in
the environment. More importantly, a wider variety of
bioreactor designs, simpler enzyme and product recovery,
various enzyme uses, continuous enzymatic process
operation, and quick reaction termination are made possible

by the heterogeneity of the immobilized enzyme systems 8,

It has been created expressly to severely impede an
enzyme's or cell's freedom of movement 9,

Nanoparticle utilization has increased rapidly across many
different companies. They serve as a key tool in the
detection and treatment of diseases by enhancing the effects
of bioactive compounds via immobilization on solid

supports, encapsulation, and biological tissues 10 The
magnetic mineral Fe;Oy, because of its biocompatibility and
greater magnetization, is generally served as a support
substance for enzyme. Fe304 magnetic
nanoparticles, Streptokinase was rendered immobile by

coating it with polyaniline 11" The MNPs' immobilized
enzymes demonstrated a greater temperature and pH
operating range, along with improved thermal and storage
stabilities, as compared to their pristine equivalents 12,
Immobilization evolved to increase the enzyme's activity.
After being immobilized on the magnetic nanoparticle

(MNP), the fibrinolytic streptokinase was evaluated for its

thrombolytic and streptokinase properties 13, Streptokinase
is frequently utilized in in vivo thrombolysis therapy because

of its efficacy as a thrombolytic medication 14 In animal
embolus models, the thrombolytic drugs immobilized on
magnetic nanoparticles (MNPs) showed stability and an
efficient fibrinolytic therapy in comparison to native
therapies 15,

The streptokinase enzyme immobilized on Fe3;04 was
described as an effective nano-biocatalyst in the current
study. Subsequently, the effects of administering
immobilized streptokinase on the lysis of rabbit fibrin clots
were investigated.

%
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MATERIALS AND METHODS

The experiment was carried out at the University of
Agriculture in Faisalabad, Pakistan, at the Enzyme
Biotechnology Laboratory inside the Department of
Biochemistry. The study's foundation was the Streptococcus
pyvogenes EBL-48 strain, which was acquired from the
Enzyme Biotechnology Laboratory. The streptokinase
enzyme was produced by the Streptococcus pyogenes EBL-
48 strain that had been previously optimized. The generated
streptokinase was subsequently purified using a variety of
chromatography methods, including gel filtration and ion
exchange.

Production of streptokinase

On the nutrient agar media, Streptococcus pyogenes EBL-
48 bacteria were cultivated. Nutrient agar plates were used
to support the bacterial culture. Using a digital weight
balance, all the components (Agar: 2.8 g, peptone: 1 g, yeast
extract: 0.5g, NaCl: 0.5 g, distilled water: 100 ml) were
measured to create the nutritional agar media at 6.8-7.4 pH.
Streptokinase production was carried out following the
method described by Zhang (2023). Further, For the
inoculum preparation all the chemicals of liquid broth media
(peptone: 1 g, NaCl: 0.5 g, yeast extract: 0.5 g, Distilled
water: 100 ml) weighed with the help of weighing balance
and then dissolved in a flask containing 100 milliliters of
distilled water. The medium was then sterilized at 121°C for
15 minutes. After that bacterial culture was injected into the
flask then placed in an orbital shaker for 24 hours at 37°C

and 120 rpm by using the previous method '°.

The fermentation media was made by combining all the
components (KH,POy4: 0.15 g, CaCO5: 1.5 g, glucose: 3 g,
yeast: 1.8 g, sugar cane: 1.2 g,) with 100 ml of distilled
water at 6 pH under optimized conditions by using the

previous method 17,

Enzyme Assay
Casein Digestion Assay

Casein digestion assay was used to analyze streptokinase.
Tyrosine, along with other amino acids and peptide
fragments, are released during enzyme digestion of casein
upon plasminogen activation. By mixing 50 mM Tris HCI
(pH 8.0) with 10 mg of casein in 0.1 ml of sample solution,
a mixture of around 2 ml was created. Then set aside for
about 20 minutes of incubation at 37°C. 0.4 ml of 3.3M HCI
was added to the mixture above after incubation. An extra
2.6 ml of 5% w/v trichloroacetic acid (TCA) was added to
stop the reaction. After cooling on ice for approximately half
an hour, the mixture was filtered using Whatman no. 1 filter
paper (pore size ~11 pum) and analyzed using a
spectrophotometer The enzyme activity was measured using
the absorbance measured at 280 nm by using the method

with some modifications by using previously method 18,
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Enzyme estimation By Biuret reagent

A substance known as biuret is produced by heating urea to
180°C. A chemical test known as the "Biuret test" employs
the Biuret reagents, which include Copper II sulphate
(CuSOQy) in a 1% solution, in accordance with the previously

described procedure 19, Primarily, collected test tubes with
the labels "blank test tube" and "sample test tube." Enzyme
sample was in the sample test tube, which also held distilled
water as a blank. The test tubes were then filled with 1 ml of
the Biuret reagent, which was added, and incubated at 37°C
for 20 minutes. A difference in color was noticed. This
solution was turned into a purple colour. After that, the
sample was analyzed using a spectrophotometer to measure

its absorbance at 540 nm by using a previously method 20,

Purification of streptokinase

The produced enzyme was then purified using a variety of
techniques, such as ammonium sulphate precipitation, ion-
exchange chromatography, and gel-filtration
chromatography. Partial purification was done by
Ammonium sulphate precipitation (Salting In & Salting
Out), Dialysis, ion exchange (DEAE cellulose)
chromatography, and Gel (sephadexG-150) chromatography

was used by previously method 3,

Immobilization of streptokinase
Synthesis of Fe304 magnetic nanoparticles

Added 50 mL of distilled water to a solution containing 5
mL of 1.1 M FeClz and 5 mL of 0.6 M FeSOy then placed it
on the magnetic stirrer at 25°C.To precipitate the particles,
dropwise additions of NaOH (5.0 M) were made till pH 10.
Then placed on water bath at 50°C for 30 minutes by
continuous stirring. Continuously washed with water to
neutralize the nanoparticles. After that placed these
nanoparticles in oven for about 2 hours at 50°C. Weighed
the particles. By introducing 0.5 g of magnetic nanoparticles
to 50 mL of KMnOy4 solution (0.1 M) at 25°C for 1 hour
while gently magnetic stirring, magnetic nanoparticles were
coated. Following this, the nanoparticles were repeatedly
washed with distilled water until they became transparent.
Next, 50 mL of a 0.5 M aniline solution that had been
solubilized with 1.0 M HNOj3 was used to dissolve the
magnetic KMnO4 nanoparticles.
stirring, polymerization occurred at 4°C for an hour. The
magnetic nanoparticles coated with polyaniline were rinsed
several times using distilled water, and 0.1 M citric acid.
Furthermore, using a previously described technique, they
were dried at 50°C in a drying oven and stored at ambient

temperature (around 25°C) until needed in an airtight

container 2!,

With mild magnetic

Immobilization of the SK on MNPs

Nevertheless, it had been altered to render the Streptokinase
immobile. Nanoparticles (10 mg/mL) were mixed with 2%
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glutaraldehyde in microtubes. For four hours, the material
was mechanically agitated while being kept out of the light.

After three rinses with 245 mM sodium phosphate buffer
(pH 7.2), the particles were rinsed ten times with distilled
water. Each microtube was filled with 1 mL of SK (5
mg/ml), and the mixture was mechanically agitated for two
hours. Following two washes of the nanoparticles with
the buffer, 1.0 mL of 0.1 M glycine was added to inhibit any
residual reactive groups. After that, the mixture was stirred
for 30 minutes in a cold chamber. Using a previously
described technique, the magnetic nanoparticles containing
the SK/MNPs were subsequently washed with sodium
phosphate solution and stored at room temperature in order

to ascertain the activities later '3+ 22,

Enzyme activity

The suspensions (1 ml) were mixed with 0.2 M Tris-HCI,
pH 7.2, 103 M CaCl,, 1.0% (w/w) casein, and 1 mg of the
(MNP/SK), and they were then incubated for 1 hour at
28°C.The reaction was then stopped by adding 1.0 mL of a
10% (w/v) trichloroacetic acid solution. After centrifugation
at 3000 g for 15 minutes, an aliquot (0.8 mL) of the
supernatant was transferred to a second tube that contained
0.2 mL of 1.8 M NaOH. After being homogenized, the
samples were examined using UV-Vis spectrophotometry at
a wavelength of 420 nm. One unit of streptokinase activity
is the amount of enzyme that leads to a 0.01 increase in
absorbance per minute.

Animal trials

In vivo experiment three male adult rabbits were used. All
animal procedures were approved by the Institutional
Animal Ethics Committee of the University of Agriculture,
Faisalabad, at Department of Biochemistry (letter No. 479)
and were conducted in accordance with national guidelines.
To anesthetize the animals about 1ml of lignocaine was
injected into the site of surgery. After that it was surgically
cut to expose the jugular vein of rabbit. Then this exposed
vein was treated with a few drops of FeCly saturated filter
paper for 3-5 minutes. After the formation of blood clots, the
animal which received 1 ml IV heparin (5000 U) was
regarded as a negative control group. 1m of Streptokinase
produced and purified in EBL has injected IV of 2nd animal.
The third was injected IV with Iml of immobilized
streptokinase produced and purified in EBL. After 1 hour,
Blood flow velocity in the jugular vein was measured by
ultrasound (prob 7 MHz) to confirm lysis of induced
thrombosis. After that, observed blood flow movement on
ultrasonography. The speed of the blood in the vessel affects
the difference in frequency between ultrasonic waves that

are transmitted and reflected by using the previous method
23
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Statistical analysis

All experiments were performed in triplicate (n = 3). Data
were analyzed using SPSS software. Statistical comparisons
between groups were made using one-way ANOVA. A p-
value < 0.05 was considered statistically significant.

RESULT AND DISCUSSION
Production and purification of streptokinase

Plenty of bacteria, including Bacillus, Pseudomonas,
Staphylococcus, Alteromonas, Coryne, and Escherichia coli,
are known to produce streptokinase. According to reports, S.
equisimilis is a reliable source of SK among the Streptococci

from human hosts 2%, On nutritional agar media, the
Streptococcus pyogenes strain used in this experiment was
maintained. Streptococcus pyogenes EBL-48 was cultivated
using 0.8 g sugarcane bagasse as a substrate for
streptokinase production under liquid-state fermentation at
37°C, 120 rpm, and pH 7 for 24 hours and then filtered with
Whatman no.1 filter paper (pore size ~11 um) to remove cell
debris.

Comparison and discussion

streptokinase

of purification of

Increase of protein purity is a serious challenge in the
production of recombinant therapeutic
proteins. Chromatographic techniques were carried out for
the purification of streptokinase. Various steps of
chromatographic techniques were carried out for the
purification of the enzyme. In Table. 1 and Table. 2, the
analysis of the variation following each phase (crude
enzyme extract, dialysis, ion exchange, and gel filtration) are
provided. Streptokinase activity showed a decreasing trend
across purification steps: from 12.12 U/mg in the crude
extract to 5.10 U/mg after gel filtration Fig. 1a. This work

correlates with more recent work °. According to Table. 1,
the enzyme's protein content gradually decreases. The
protein content value of crude enzyme extract is 3.46 mg/ml,
1.01 mg/ml after dialysis, 0.85 mg/ml after ion exchange
and 0.38 mg/ml after gel filtration showing significant
statistical results of one way ANOVA described in Table. 2.

The probability value for the protein content is (P<0.05),
indicating that our results from the current study are
statistically highly significant and are consistent with those

of another study 261t was evident from a drop in protein
levels that the enzyme functions more effectively after
purification. After purification, streptokinase dissolves
blood clots more quickly than the enzyme in its raw form.
Ghosal also came to the conclusion that the specific activity
of the enzyme rises with each step. More recently, according
to researchers 2/, the specific activity was 127 U/mg after
ion exchange and 18.82 U/mg after size exclusion
chromatography. Table. 2 displays the statistical outcome of
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the specific streptokinase activity. Our research's findings
have been found to be significant because the statistical
analysis’s probability value is less than 0.05. To produce
high-quality streptokinase-specific activity, the U/mg
enzyme count must be raised throughout the purification
process. The specific activity increasing from left to right is
seen in Fig. 1a. This means that the specific activity after
gel filtration is higher than all previous ones. This pattern is

also observed in the research 28, The specific activity of
crude enzyme extract is 3.50 U/mg, desalted is 8.50 U/mg,
after ion exchange it is 9.62 U/mg and after gel filtration, it
is 13.42 U/mg. The frequency of enzyme purification
increases from first to last after purification using various
methods. The statistical analysis of streptokinase following
multiple purifications is shown in Table. 2, and it came to
the conclusion that the results are significant (P< 0.05). The
purification factor obtained after crude enzyme extract is 01,
the purification factor after ammonium sulphate
precipitation is 1.43, the purification factor after ion
exchange is 2.75, and the purification factor after gel
filtration is 3.84.

Table. 1 Comparison of Purification Steps

Purification Activity Protein Specific % Fold
step (Um/l) (mg activity yield purific-
m/l) (U m/g) ation
Crude Extract  12.12 346  3.50 100% 1
Desalted 8.59 1.01 8.50 70.87% 1.43
Ion Exchange  8.18 0.85 9.62 67.49% 2.75
Chromatography
Gel Filtration ~ 5.10 0.38 1342 42.08% 3.84
Chromatography

The purity factor increases after each cleaning stage. The
present study is consistent with Narasimhan's 29 purification
of the enzyme using the same sequence, which produced
purifications of 01, 2.6, 4.9, and 10.1, respectively. After
each phase of purification, the yield of enzymes declines in
percentage. According to Table. 1, the crude enzyme extract
recovery percentage in the current study is 100%, which is
ideal; following ammonium sulphate precipitation, it is
70.87%; for ion exchange, it is 67.49%; and for filtering in
gel, it is 42.08%. The probability value in Table. 2 is 0.000,
which is less than 0.05 and demonstrates that the results of
the percent yield analysis are significant. The new findings
were comparable to Dabaa's study, which purified the
enzyme and yielded percentage recoveries of 100% of the
crude enzyme extract, 90% after ammonium sulphate, 74%

after ion exchange, and 64% after gel filtration . Table. 1
provides a detailed explanation of the purification process
for streptokinase. The purification steps led to a progressive
increase in specific activity, from 3.50 U/mg in the crude
extract to 13.42 U/mg after gel filtration, as summarized in
Table. 1. Although total activity decreased from 12.12 U/ml
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Table. 2 One-Way ANOVA of Purification Steps

Sum of Squares Df Mean Square F-value Sig.

Activity Between Groups 74.7578 3 249193 1383.76 0.000
Within Groups 0.1441 8 0.0180
Total 74.9019 11

Protein Content Between Groups 17.3497 6 2.89162 38338.43 0.000
Within Groups 0.0038 5 0.00075
Total 17.3535 11

Specific Activity Between Groups 150.436 4 37.6901 52131.44 0.000
Within Groups 0.005 7 0.0007
Total 150.441 11

Percentage Yield Between Groups 5103.30 5 1020.66 47240.59 0.000
Within Groups 0.13 6 0.02
Total 5103.43 11

Folds Between Groups 14.9088 4 3.72720 1665.34 0.000
Within Groups 0.0157 7 0.0024
Total 14.9245 11

NS= Non-significant (P>0.05), *=Significant (P>0.05), **=highly

significant (P>0.05)
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Figure 1: Production, purification and characterization of Streptokinase a): Comparison of total activity, Protein,

specific activity, % yield and fold purification b): Results of UV-Vis Spectrometer of Fe304 magnetic nanoparticles

before immobilization c): Results of UV-Vis Spectrometer of Fe304 magnetic nanoparticles after immobilization of
Enzyme d): Graphical illustration of streptokinase immobilized MNPs by Zeta sizer

to 5.10 U/ml, this reduction was expected due to protein loss  explained in more detail in Fig. 1a, which is a graphical
during each purification step. The overall purification fold  depiction of this Table. 1.

achieved was 3.84. A summary of the results of the

streptokinase analysis following purification procedures are
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UV-Visible Spectroscopy

UV visible Spectroscopy is a potent analytical technique
because it is frequently employed for analysis and because it
may be used to partially detect functional groups in an
organic chemical This spectroscopy primarily focuses on the
absorption of electromagnetic radiation in the 200-800 nm
range by any compound and identifying transitions or
changes in the spectra of specific compounds that result
from the excitation of electrons to higher energy levels in
order to be able to verify the occurrences in this context.
Chromophores are known for their chemical compounds'

ability to absorb UV-Vis rays .

Fe3O,4 magnetic nanoparticles were created in the current
study using co-precipitation. By adding a base solution to a
solution containing the iron ions, the co-precipitation
method involves the simultaneous precipitation of iron ions
and ions. In this investigation, sodium hydroxide served as
the base solution. Two different iron salts, ferric chloride
and ferric sulphate, were employed in the synthesis to
compare their effects on the properties of the resulting
MNPs. A constant molar ratio of 1:2 was maintained

between the iron salt and the base solution 3! The produced
MNPs were characterized using UV-spectrophotometric
methods from Hitech Lab, University of Agriculture
Faisalabad, at wavelengths between 290 nm and 440 nm.

The outcomes are consistent with the work 32, which
demonstrates to the production of magnetic nanoparticles of
Fe3O4.

Iron oxide nanoparticles have many advantages over other
types of nanoparticles, such as biocompatibility, low
toxicity, and magnetic properties that make it easy to remove

them from the bloodstream 3. Streptokinase (5 mg/mL),
which had been purified by gel filtration chromatography,
was added to the functionalized iron oxide MNPs together
with the crosslinking agent glutaraldehyde. This made it
easier for the streptokinase molecules to immobilize it on the
surface of the nanoparticles by forming covalent connections
with the iron oxide MNPs.

Immobilization makes the streptokinase more stable and
active, which boosts its effectiveness in medicinal settings.
Glutaraldehyde can stop streptokinase from leaking from the
nanoparticles, which could reduce the efficacy of the
treatment. Glycine was also added to the mixture to prevent

nonspecific binding of streptokinase 34 The absorbance
peak verified the existence of streptokinase-immobilized
magnetic nanoparticles and indicated that they are located

between 340 nm and 440 nm 3°.

Involuntary Light Scattering

The particle size can be estimated by measuring the
variation in light intensity scattered by a suspension or
solution. This technique is called dynamic light scattering,
or DLS. The homogeneity and stability of nanoparticles are

%
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determined by their size and poly dispersion index, which
also determines what will happen to them once they enter
the human body. DLS was utilized to evaluate formulations
that contained SK. The particle size of streptokinase
immobilized nanoparticles was measured using a zeta-sizer
(Z-Average nm) in order to examine the impact of adding

enzyme on particle size, which correlates with 36, Fig. 1(d)
showed the particle size of immobilized streptokinase about
2449 + 62.35 nm. A PDI of 0.261 indicates moderate
monodispersity, suggesting a relatively uniform nanoparticle
size distribution. The intercept value in DLS reflects the
baseline signal; a value of 0.904 indicates a good correlation
fit.

Numerous studies have been conducted to develop a strategy

for thrombus induction in animal models 37, evaluated the in
vivo activity of streptokinase on a rabbit model, so a rabbit
was prepared for an in vivo investigation. For instance,

Ferric chloride ions were employed to mimic the blood clot

38 created in the carotid artery of rats by inducing blood

clots in the jugular veins of rabbits. In this study, thrombus
was induced in the jugular vein using 20% FeCls solution.
Transamin was also used to create a thrombus in a rabbit’s
carotids artery. One hour after the medicine was
administered, the rate of thrombolysis was assessed.
Determining thrombolysis in vivo is challenging since direct
monitoring of plaque and thrombus is constrained.

Using ultrasonography, the specific location of thrombus
formation in the rabbit model was found. This work used
ultrasonography to identify the precise location of the
thrombus and establish a link between the thickness of the
aortic stenosis and thrombus formation, as described in Fig.
2 (a), (b), and (c). Our results demonstrate that the blood
clot-induced disintegration was brought on by the
streptokinase injection. When compared with the samples of
Immobilized streptokinase by Fe304 magnetic nanoparticles
and native streptokinase with heparin control, the results
showed that immobilized streptokinase (streptococcus
pyogenes EBL-48) by Fe304 magnetic nanoparticles
completely lysed the induced clot while native streptokinase
without streptokinase partially lysed the induced clot.
According to these findings, the infusion of 4000 IU of
streptokinase caused the extensive systemic activation of the
fibrinolytic system.
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Figure 2: Clot lysis using Native Streptokinase a): Ultrasound images of Induced Clot lysis By
Native Streptokinase b): Immobilized by Fe304 magnetic nanoparticles c): Ultrasound images

of Induced Clot lysis by Heparin as Control

CONCLUSION

Streptokinase produced from Streptococcus pyogenes EBL-
48 was successfully purified and immobilized onto FezOa
magnetic nanoparticles. Immobilization enhanced the
enzyme’s efficiency by 1.39-fold (measured at pH 7.4 and
37°C), and the formulation remained stable under test
conditions. No hemolysis was observed at any tested
concentration, as determined by spectrophotometric analysis
of hemoglobin release at 540 nm.

Further studies are recommended to evaluate the long-term
stability, pharmacokinetics, and in vivo bio-distribution of
immobilized streptokinase. In addition, the reusability of the
enzyme and its clot specificity should be investigated to
enhance therapeutic applicability.
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