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a b s t r a c t

The objective of this work was to prepare the streptokinase (SK) entrapped in chitosan nanoparticles (CS
NPs) using bulk mixing (BM) and microfluidic (MF) techniques. The physicochemical properties of the
samples were characterized by means of scanning electron microscopy and dynamic light scattering
analysis for optimizing CS and SK solution concentrations as well as pH values. The obtained results
showed that CS NPs fabricated using MF chip have the most uniform morphology, spherical shape, and
average diameter of 67 ± 13 nm along with a narrow polydispersity. Conversely, the NP samples prepared
via BM method have an irregular and disordered morphology as well as a broad distribution in their
particle size (452 ± 300 nm). The in vitro drug release from microfluidically generated CS NPs depicted
the controlled release of SK without plateau regime compared to those samples prepared using BM
method during 48 h. Also, the drug release kinetic followed Higuchi model which revealed that the
Fickian diffusion was the predominant mechanism. Subsequently, in in vivo animal model test, the
performance of SK in blood plasma exhibited higher amidolytic activity for SK entrapped in CS NP
samples fabricated via MF technique compared to those NPs prepared using BM and also SK alone.

© 2017 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Nowadays, one of the major causes of human mortality world-
wide is the bloodstream infection owing to clot formation. This
disorder in its severe level leads to the stoppage of blood flow in
heart, brain, and lung that results in a serious damage to these vital
organs and pulmonary embolism. Although the preliminary pre-
ventions are the best solution for reducing the thrombolysis dis-
ease, the prescription of fibrinolytic drugs such as tissue
plasminogen activator (tPA), streptokinase (SK), and urokinase (UK)
due to their indispensable role in this way is highly recommended.

Generally, these chemical drugs are able to convert plasminogen
to plasmin as a natural fibrinolytic agent in the blood plasma,
thereby breaking the fibrinogen and fibrin structures for throm-
bolysis therapy.1-4 Amid these drugs, SK is known as the most
considerable protein-based drug which enables to change plas-
minogen to plasmin for preventing the blood clot and embolism. SK
with molecular weight of 47 kDa is a b-hemolytic extracellular and
nonenzymatic protein that is widely used for thromboembolic
98-(21)-61112247, 61113062;
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disorders in human. It includes 414 a-amino acids without any
disulfide bridges and has dielectric point at pH 4.7 that leads to
plasminogen activation through a fibrinolytic process indirectly.5 In
regard to SK performance in blood plasma, it forms a complex with
plasminogen immediately, leading to provide plasmin as a pro-
teolytic factor. Subsequently, the formed plasmin can degrade the
insoluble fibrin polymers and break them into different fragments
in predetermined levels, as a result dissolving and disappearing
them in the blood fluid stream. On the other hand, SK has a bac-
terial resource which is known as an antigenic reagent for immu-
nologic system in the body. This property provides a series of
antibodies in the blood plasma that extremely tend to attack the SK
molecules and then obviate them immediately. This reaction is
considered as the main shortcoming of SK performance, and in
consequence its biological half-life is reduced in exposure to the
physiological environments. Therefore, by decreasing the effective
dose of SK in blood circulation, its readministration at time periods
of 12 to 72 h is essential in order to keep the amount of the drug at
the appropriate therapeutic level. This issue results in a series of
adverse side effects for the patients.6

Due to rapid degradation of SK in the blood plasma, its role in
thrombolysis therapy significantly decreases. To overcome this
problem, many solutions have been investigated to change the
molecular structure of SK including genetic mutant and chemical as
hts reserved.
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well as enzymatic modifications.6-10 Among them, some polymeric
carriers have also been prepared and employed to increase the SK
resistance against degradation. Rajagopalan et al.11 prepared mac-
romolecules to maintain their performance in in vivo experiments
using PEGylation of SK owing to postponing degradation of this
protein-based drug. Moreover, by using liposomes, these materials
have shown a great potential as carriers for improvement of SK
half-life.12,13 In another study, Leach et al.14 compared the throm-
bolysis potential of the prepared samples based on pure SK, SK
encapsulated into liposome, and SK microencapsulated into
poly(ethylene glycol) (PEG) on rabbit animal models. They revealed
that the samples based on PEG showed the highest reperfusion
compared with another 2 samples. The main disadvantage of these
nanocarriers was the conventional method used for their produc-
tion. It is worth noting that the bulk mixing (BM) as a common
method leads to provide nanoparticles (NPs) with nonuniform
distribution in their size and irregular morphology. This method
results in a series of unrepeatable outcomes for each batch. In
contrast to liposomes and PEG, chitosan (CS) chains are able to
provide a strong electrostatic interaction with thrombolytic drug
molecules. Recently, Chen et al.15 studied the magnetically
controlled release of recombinant tPA from CS nanocomposites for
targeted thrombolysis. They showed that the ionic cross-linking of
water-soluble CS in the presence of recombinant tissue plasmin-
ogen activator (rtPA) and magnetite (Fe3O4) NPs could produce
rtPA-encapsulated magnetic CS NPs. These samples had negligible
rtPA protein release when stored in phosphate buffer for 28 days; in
contrast, the burst release of rtPA from the CS NPs found in the
serum was 60% of the original activity released in 30 min.

However, it is predicted that using microfluidic (MF) technique
owing to its unique process characteristics can enhance the phys-
icochemical properties of CS NPs for protein delivery.

In the past few years, employing biopolymer-based NPs with an
emphasis on CS as drug carriers has received a great deal of
interest.16,17 CS is an N-deacetylated derivative of chitin that can be
obtained from crustacean exoskeletons or via fungal fermentation
processes. CS has beenwidely used in biomedical and drug delivery
applications owing to its unique properties such as biodegrad-
ability, nontoxicity, biological inert effect, good adherence to pep-
tide and proteins, antitumor and antibacterial activities as well as
blood hemostasis. Furthermore, this polysaccharide is relatively
cheap and available.18,19 CS can provide a good complex with drugs
especially proteins which have opposite charges against CS, and
hence this polymer has high entrapment capability of those drug
molecules to achieve an efficient drug delivery system.20-24 The
entrapment efficiency (EE) of drug in a polymeric carrier depends
on a series of different parameters such as preparation methods of
NPs, physicochemical characteristics of drug, drug-polymer in-
teractions, and also nature of other added ingredients.25-27 The
scientists in their recent works have clearly shown that the
microfluidically fabricated NPs based on synthetic and natural
biopolymers like poly(lactic-co-glycolic) acid and CS have a high
capacity value for drug loading.28,29 In addition, the protein drug
loading into CS NPs prepared using MF chips not only increases the
entrapment efficacy, but this technique also leads to the formation
of those NPs with a uniform shape, small size, and narrow poly-
dispersity.30 It is worth noting that many reports have been pub-
lished on CS NPs containing SK by the use of traditional BM
method.31-33 Nevertheless, there is a lack of effort on this drug-
polymer system based on MF as a promising bottom-up precipi-
tation technique.

This work is aimed at preparing CS-based NPs containing SK by
using both MF and BM methods in order to compare them. Then,
the physicochemical properties of the samples such as morphology,
drug EE, and its release are investigated. Subsequently, the in vitro
release kinetic of SK entrapped in those NPs are discussed in detail
based on different models. Finally, an in vivo animal model exper-
iment is operated for assessing the activity of SK entrapped in CS
NPs in blood plasma.

Materials and Methods

Materials

CS (low molecular weight of 60-120 kDa) and bovine serum
albumin were purchased from Sigma-Aldrich (St. Louis, MO). SK
was supplied from Boehringer Company (Mannheim, Germany).
The plasmin-specific substrate (s-2251) was provided from Chro-
mogenix, Germany. The other chemicals as analytical reagent
grades were obtained fromMerck Company (Darmstadt, Germany),
and used without further purification.

Preparation of CS-Based NP Samples Containing SK

Figures 1a and 1b show the overall schematic representation of
SK entrapped in CS NPs by means of MF and BM methods,
respectively. Accordingly, weighed CS powder was added to acetic
acid solution (1% [v/v], pH 5) and stirred at room temperature for
2 h to produce solutions with concentrations of 1-5 mg/mL. Also,
weighed SK powder was diluted in distilled water with concen-
trations of 0.1-2 mg/mL. In regard to BM method, the diluted drug
was added dropwise to different CS solutions while stirring (300
rpm) at temperature of 4�C until the mixture with entrapped drug
was attained (Fig. 1b). This process was carried out for 60 min and
the prepared SK entrapped in CS NPs were denoted by BMCSSK. As
is shown in Figure 1a for MF technique, the programmable syringe
pumps injected separately the CS solutions from lateral channels
followed by the SK solution inserted into the central channel with
the shape of T-junction embedded in the MF chip. The solution
concentrations were the same as those mentioned earlier for pro-
ducing NPs based on BM. The CS-to-SK flow rate ratios (QCS/QSK)
were adjusted at 0.5, 1, and 2 for the formation of hydrodynamic
flow focusing phenomenon through the cross-section region.
Eventually, the resulting NP suspensions exited from the MF chip
were collected and denoted byMFCSSK0.5, MFCSSK1, andMFCSSK2
(Table 1).

Characterization of CS NPs Containing SK

EE of SK in CS NPs
For calculating the EE of SK (EESK) in CS-based NPs prepared by

both BM and MF processes, they were centrifuged with a speed of
18,000 rpm at 4�C for 20 min and then the powder samples were
attained using a laboratory freeze dryer (Alpha 1-2/LD Plus; Martin
Christ, Osterode am Harz, Germany). The amounts of SK in the
supernatants were evaluated by using Bradford34 protein assay. In
this procedure, bovine serum albumin and CS solutions were
applied as standard and blank samples, respectively. The EESK
values were calculated according to Equation 1:

EESK¼ Total amount of SK� Free amount of SK in supernatant
Total amount of SK

(1)

Morphology and Surface Charge of CS NPs Studies
The morphology and size of the resultant NPs were investigated

by using a scanning electron microscopy (SEM; Philips XL30;
Eindhoven, the Netherlands). Also, the average diameters of the



Figure 1. Schematic representation of SK entrapped in NPs based on CS by the use of (a) MF technique along with hydrodynamic flow focusing and (b) BM method.
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NPs were estimated using ImageJ software and calculated by
measuring about 10 different NPs for minimizing the statistical
errors. The size distribution and the surface charge of the BM- and
MF-based samples were measured using a dynamic light scattering
(DLS) associated with a zeta-potential analyzer (Brookhaven In-
struments Corporation).
In Vitro SK Release From CS-Based NPs

To study the SK release from the CS NPs produced using BM and
MF methods, they were immersed into phosphate buffer saline
(PBS, pH 7.4) at 37�C in a total volume of 10 mL. After pre-
determined time intervals, the NPs were collected from the sus-
pension by using centrifugation at 16,000 rpm for 5 min and then
they were suspended again in fresh PBS and the free amount of SK
in the supernatant was calculated based on Bradford method
mentioned earlier; the absorbance peak at wavelength of 405 nm
was read by means of an ultraviolet-visible spectrophotometry
(Termo 2000; Nanodrop software). The SK release at each point was
Table 1
The Recipes of Different Conditions for Fabricating the SK Entrapped in CS NPs by the U

Sample Preparation Method CS Flow Rate (m

BMCSSK BM ND
MFCSSK0.5 MF 5
MFCSSK1 MF 5
MFCSSK2 MF 10

ND, not determined.
recorded, and the drug calibration curve with the regression coef-
ficient of 0.9991 (R2) was obtained according to Beer-Lambert law
(Eq. 2):

A ¼ 0:86� c (2)

where “A” and “c” are the drug solution absorbance and concen-
tration, respectively. After that, the cumulative release of SK was
calculated based on Equation 3 as follows:

Cumulative release percentageð%Þ ¼

Pt

t¼0
Mt

M0
(3)

where “Mt” is the amount of released SK from the NPs and “M0” is
the total amount of SK in the NPs.
se of BM and MF Methods

L/h) SK Flow Rate (mL/h) Flow Rate Ratio

ND ND
10 0.5
5 1
5 2



Figure 2. The effect of different parameters on EESK in CS-based NPs prepared using
MF and BM methods: (a) the effect of CS concentrations, (b) the influence of pH values,
and (c) the impact of total protein concentrations.

M. Shamsi, P. Zahedi / Journal of Pharmaceutical Sciences xxx (2017) 1-84
Release Kinetic Model Analysis of SK Entrapped in CS NPs

To investigate the release profiles of BMCSSK and MFCSSK, the
drug-release kinetic was also studied by the use of 5 well-known
models including zero-order, first-order, Higuchi, Hixon-Crowell,
and Korsmeyer-Peppas.35,36 These models can explain how drug
molecules can move from inner layers of a polymeric carrier to its
surface and release into an aqueous environment, which occurs by
2 main mechanisms: (1) drug diffuses out a polymer matrix and (2)
drug releases owing to the degradation of a polymer matrix.
Equations 4-8 show the models where “Qt” is the amount of drug
dissolved at time “t,” “Q0” is the initial amount of drug in the so-
lution (often Q0 ¼ 0), and “K” is the release constant. In Korsmeyer-
Peppas equation, “Mt” and “M∞” are the cumulative amount of drug
released at time “t” and the initial drug loading, respectively. Also,
“n” is the diffusion exponent suggesting the nature of the drug-
release mechanism.

Zero� order: Qt ¼ Q0 þ K0t (4)

First� order: LnQt ¼ LnQ0 þ K1t (5)

Higuchi: Qt ¼ KH
ffiffi
t

p
(6)

Hixon� Crowell: Q
1
3
0 � Q

1
3
t ¼ KHCt (7)

Korsmeyer� Peppas:
Mt

M∞
¼ Kkt

n (8)

In Vivo Bioavailability of SK Entrapped in CS NPs

In this work, all the experiments based on animal model were
carried out according to the animal care and ethical considerations
defined by a committee associated with Pharmaceutical Sciences
Research Center at Tehran University of Medical Sciences. A series
of male Wistar rats (n ¼ 4, 250-300 g) were selected to investigate
the biological stability and activity of SK through blood plasma, and
the rats were divided into 4 groups as follows: group 1, those rats
that received the neat CS NPs (as negative control); group 2, those
rats that received CS NPs containing SK fabricated by using MF
technique (MFCSSK); group 3, those rats that gained CS NPs con-
sisting of SK prepared using BM method (BMCSSK); and group 4,
those rats treated directly with SK alone (as positive control). In
brief, at first, the rats were anesthetized by using a mixture of ke-
tamine (40 mg/kg) and xylazine (15 mg/kg) and then polyethylene
catheters were connected to their jugular veins in order to collect
the blood samples at predetermined time intervals. After the rats
were recovered, the sampleswere injected to their bodies bymeans
of the tube connections. The SK concentration of all samples was
adjusted to 15,000 IU/mL which was injected to the blood circu-
lation of each rat and then these 4 groups were maintained in the
cages with enough food and water. To prevent the blood clotting,
sodium citrate with a concentration of 130 M and a ratio of 9:1
(blood/sodium citrate) was added to a series of sterilized micro-
tubes . Subsequently, the blood samples were immediately centri-
fuged to remove their plasma and then they were kept at �20�C.
The performance of SK was measured based on amidolytic activity
by the formation of plasminogen-SK complex. Briefly, at first, 50 mL
of each plasma sample was transferred to a 96-well plate and then
25 mL of common fresh humanplasmawas added to eachwell. After
incubating the samples at 37�C for 20 min, 50 mL of S-2251 solution
(0.75mM)was added to themixture and theywere incubated again
with the same conditions mentioned earlier. To suppress the pro-
cedure, 25 mL of acetic acid (10%) was added to each plate. The SK
activity in blood plasma was measured by using an ELISA reader
(Multiscan EX; Thermo Electron Corporation) at a wavelength of



Figure 3. The SEMmicrographs of SK entrapped in CS NPs produced using (a) BMmethod and (b) MF technique and their corresponding results obtained from DLS (c) and (d) at the
optimal conditions (CS concentration of 1 mg/mL, solution pH of 5, and total protein concentration of 0.4 mg/mL).
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405 nm. This test was repeated 3 times and the obtained results
reported with p value less than 5%. It is worth noting that the SK
activity determination in blood plasma was carried out based on
the standard curve of this drug in the literature.34

Results and Discussion

Formation of Hydrodynamic Flow Focusing Through the MF Chip

The fabrication process of MF device with T-junction pattern
was explained in the previous article in detail.37 To provide CS-
based NPs with controlled physical properties such as suitable
compactness, small size, and narrow polydispersity, the assessment
of a unique phenomenon in MF technique, the so-called hydrody-
namic flow focusing, was performed. Figure 1a shows the produc-
tion of MFCSSK2 using 2 colored markers, rhodamine B and sodium
fluorescein. In fact, the advantage of MF technique compared to BM
method is the presence of laminar flow of solutions besides hy-
drodynamic flow focusing, leading to CS NPs with too small size
and narrow polydispersity.

The Effects of Different Parameters on EESK in CS-Based NPs and
Their Morphology

Figures 2a-2c illustrate the EESK in the CS NPs as a function of
different CS concentrations (1-5 mg/mL), various pH values (pH 5-
6), and total protein concentrations (0.1-2 mg/mL). Commonly,
medium concentrations of CS (1-3 mg/mL) in MF technique resul-
ted in the NP formation whereas CS concentrations out of these
ranges might provide a series of problems.29 As seen from
Figure 2a, the maximum EESK with amounts of 55% and 94% were
obtained at 1 mg/mL of CS concentrationwith regard to BM andMF
methods, respectively. It is worth noting that by increasing the CS
concentration up to 5 mg/mL, the EESK decreased and tended to
zero value with a linear behavior for those NPs prepared by using
BM method. Conversely, the EESK for CS NP samples fabricated via
MF technique remained at about 7%. The hydrodynamic flow
focusing phenomenon in MF technique increased EESK compared
to BM method. By increasing the CS concentration from 1 to 5 mg/
mL, the high viscosity of CS solution restricted the entrapment of SK
in CS NPs. Eventually, the CS solution with concentration of 1 mg/
mLwas selected as the optimumvalue for further evaluations. With
the isoelectric points of CS and SK being 6.3 and 4.7, respectively,
the effect of pH variation of the solutions on EESK was studied and
it ranged from 5 to 6, which is represented in Figure 2b. As is
evident, by increasing the pH, the EESK for CS NPs was decreased
and also in overall, the EESK amounts of microfluidically generated
CS NPs were higher than those of samples based on BM method
throughout pH changes. Afterward, the EESK in CS NPs prepared by
using BM andMFmethodswas studied as a function of total protein
concentrations. As is observed from Figure 2c, at optimal total
protein concentration of 0.4 mg/mL, the highest value for EESK was
attained. Also, at lower and higher concentrations, a remarkable
decrease in the drug entrapment occurred. This trend could be
related to the monolayered adsorption phenomenon for protein-
biomaterial based on the principle of Langmuir isotherm which
has been first defined by Langmuir and Blodgett.38 In conclusion,
the optimum conditions for CS NP samples were as follows: CS



Figure 4. (a) EESK and (b) surface charge of the CS NP samples denoted by MFCSSK0.5,
MFCSSK1, MFCSSK2, and BMCSSK at the optimal conditions (CS concentration of 1 mg/
mL, solution pH of 5, and total protein concentration of 0.4 mg/mL).

Figure 5. The cumulative SK release of BMCSSK and MFCSSK2 samples during 48 h at
the optimal conditions (CS concentration of 1 mg/mL, solution pH of 5, and total
protein concentration of 0.4 mg/mL).

Table 2
Regression Coefficients of Different Mathematical Models Fitted to the Release of SK
From BMCSSK and MFCSSK2 With Concentration of 300 mg/mL (Mean ± SD, N ¼ 3)

Sample Zero-Order First-Order Higuchi Hixon-Crowell

BMCSSK 0.8 ± 0.05 0.84 ± 0.06 0.97 ± 0.07 0.86 ± 0.02
MFCSSK2 0.64 ± 0.06 0.52 ± 0.07 0.88 ± 0.03 0.45 ± 0.05
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concentration of 1 mg/mL, solution pH of 5, and total protein
concentration of 0.4 mg/mL.

Figures 3a-3d depict the SEM micrographs and DLS data of
BMCSSK and MFCSSK2 samples according to the optimized condi-
tions. The obtained results from SEM and DLS clearly revealed that
the MFCSSK2 samples have a uniform morphology containing NPs
with a spherical shape and their average size was estimated as
small as 67 ± 13 nm (Figs. 3b and 3d). In contrast to MFCSSK2, the
BMCSSK samples have particles with irregular and nonspherical
shape, and their average sizewas in submicrometers of about 452 ±
300 nm (Figs. 3a and 3c). The other samples including MFCSSK0.5
and MFCSSK1 also have the average diameter sizes of 106 ± 23 and
84 ± 17 nm, respectively. Amid the samples prepared using MF
technique, MFCSSK2 due to higher compactness was selected for
further evaluation.28-30 On the other hand, Figures 4a and 4b
demonstrate EESK in BMCSSK and MFCSSK samples along with
their surface charge changes. As is seen, by increasing the QCS/QSK

from 0.5 to 2 for MFCSSK samples, the EESK increased from 55% to
94%, whereas the surface charge decreased from 13 to 3 mV. The
reason of this trend could be due to increasing the electrostatic
interactions between the positive and negative portions of CS and
SK in a microscale level. As the BMmethod works at the centimeter
scale and has difficulty in providing homogenous reaction condi-
tions, only lower amounts of SK molecules were entrapped in
BMCSSK (~54%), thereby obtaining higher surface charge (~17 mV).
It could be concluded that in the MF technique compared to BM
method, higher amounts of SK molecules were adsorbed through
CS NP layers which led to a reduction in positive surface charge of
MFCSSK samples.
In Vitro SK Release From BMCSSK and MFCSSK2 Along With Their
Release Kinetic Model Studies

Figure 5 shows the SK release profiles of BMCSSK and MFCSSK2
in PBS (pH 7.4) at a physiological release environment during 48 h.
As is seen, the rate of SK release from the MFCSSK2 samples was
slower than that of BMCSSK along with a gentle slope in the profile.
Moreover, the drug release behavior of BMCSSK samples reached a
plateau state after about 30 h, whichmeant that after this time until
48 h therewere no drugmolecules to diffuse from the sample to the
PBS. Interestingly, the SK release from the MFCSSK2 samples
continued gradually throughout the release time and even after
that. This was due to a series of unique MFCSSK2 properties in
terms of high EESK, uniformity, and compactness of NPs with the
spherical shape that was provided by the MFmethod. Furthermore,
the SK release kinetic of the samples was investigated by using the
well-known Korsmeyer-Peppas equation by which the main
mechanism of SK release from the samples was governed by Fickian
diffusion theory. This conclusion arose because the “n” value in this
equation was kept at 0.5 after experimental data fitting. Table 2
represents the regression coefficients of 4 more models such as
zero-order, first-order, Higuchi, and Hixon-Crowell for the SK
release from the samples, and the best fitting was obtained from
Higuchi model with the highest regression coefficient of 0.97 and
0.88 for the BMCSSK and MFCSSK2, respectively, which confirmed



Figure 6. The SK activity trend in blood plasma during 2 h for samples containing
MFCSSK2, BMCSSK, and SK alone at the optimal conditions (CS concentration of 1 mg/
mL, solution pH of 5, and total protein concentration of 0.4 mg/mL).
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that the drug molecule penetration followed the diffusion
phenomenon.

In Vivo SK Activity Studies in the Blood Plasma

As mentioned earlier, in this assay, 4 different samples including
neat CS NPs, MFCSSK2, BMCSSK, and also the drug alone were
injected into the vein of each group of rats. It should be noted that
the SK concentration in the samples containing SK and SK alone
was the same and was equal to 300 mg/mL. Figure 6 demonstrates
the variations in SK activity in blood plasma against the post-
treatment time (2 h). Regarding SK used directly, a significant
decrease in SK activity was noted in the environment especially
after 90 min. In other words, pure SK without CS coating does not
have enough stability in the blood plasma because of its short half-
life. As a result of this trend, this drug could not act efficiently for
long-term thrombolytic therapy unless a periodical administration
of the drug was prescribed. In contrast, a different trend was
observed for SK activity for the drug entrapped in CS NPs. A decline
in SK activity in blood plasma for BMCSSK and MFCSSK2 was
mainly due to the level of incorporation of drug molecules into the
CS NPs. As is shown in Figures 1a and 1b, the SK molecules were
completely put in the MFCSSK2 layers whereas this did not happen
for BMCSSK. In other words, the multilayered MFCSSK2 could
protect the drug molecules against different immunologic reagents
like macrophages present in the blood plasma. Therefore, not only
could SK molecules be released gradually into the plasma, but also
their degradation could be postponed. On the other hand, the neat
CS NPs have no drug, which in turn indicates that the level of SK
activity in the blood plasma was zero. Hence, there were no data to
be reported for these samples. Eventually, by comparing the SK
activity results in blood plasma obtained from SK used directly,
BMCSSK, and MFCSSK2, a reduction of 50%, 34%, and 28% was
observed, respectively, after 2 h.

Conclusions

In this work, we showed that the CS NPs fabricated using MF
technique were promising nanocarriers for increasing the half-life
and entrapment capacity of SK. These unique properties could
easily be attained by controlling a series of main parameters such as
CS and SK concentrations, their flow rate ratios, pH values, and total
protein concentrations through MF chip. The optimized conditions
with which SK entrapped in CS NPs with uniform spherical shape
and average diameter size of 67 ± 13 nm could be prepared were as
follows: CS concentration of 1 mg/mL, SK concentration of 0.4 mg/
mL, QCS/QSK of 2, and pH of 5. Accordingly, the EESK in MFCSSK2
was higher compared with the other samples, especially BMCSSK.
The appropriate characteristics of MFCSSK2 samples such as their
high uniformity in morphology and compactness led to a sustained,
controlled release of SK drug in PBS and the release mechanism
followed Higuchi model. Finally, the SK activity of MFCSSK2 in
blood plasma revealed remarkable performance compared to other
samples in in vivo animal model test and exhibited good potential
in the treatment of thrombolytic disorder.
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