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Abstract: Tissue plasminogen activator (tPA) a thrombolytic agent is commonly used for digesting the blood clot. tPA half-life is
low (4–6 min) and its administration needs a prolonged continuous infusion. Improving tPA half-life could reduce enzyme
dosage and enhance patient compliance. Nano-carries could be used as delivery systems for the protection of enzymes
physically, enhancing half-life and increasing the stability of them. In this study, chitosan (CS) and polyethylene glycol (PEG)
were used for the preparation of CS-g-PEG/tPA nanoparticles (NPs) via the ion gelation method. Particles’ size and loading
capacity were optimised by central composite design. Then, NPs cytotoxicity, release profile, enzyme activity and in vivo half-life
and coagulation time were investigated. The results showed that NPs does not have significant cytotoxicity. Release study
revealed that a burst effect happened in the first 5 min and resulted in releasing 30% of tPA. Loading tPA in NPs could decrease
25% of its activity but the half-life of it increases in comparison to free tPA in vivo. Also, blood coagulation time has significantly
affected (p-value = 0.041) by encapsulated tPA in comparison to free tPA. So, CS-g-PEG/tPA could increase enzyme half-life
during the time and could be used as a non-toxic candidate delivery system for tPA.

1 Introduction
Thrombosis is the formation of blood clots inside vessels. Blood
clot composes of cross-linked fibrin with aggregated platelets and
blood cells. The blood clot could reduce normal blood flow and
sometimes obstruct the vessels of vital organs, called the stroke.
Nowadays, stroke is one of the important reasons of mortality in
many countries [1]. Several thrombolytic agents have been used to
digest and remove the blood clot in medicine. Thrombolytic agents
are usually enzymes such as streptokinase (SK), tissue
plasminogen activator (tPA) and urokinase (UK) [2]. tPA is a single
chain, 70 kDa serine protease (EC 3.4.21.68), produced by blood
vessels’ endothelial cells. tPA converts plasminogen to plasmin,
which is an important stage in thrombolysis process [3].
Recombinant tPA is produced in three commercial types: including
alteplase, reteplase, and tenecteplase. Using tPA as a therapeutic
agent suffered by its delivery time, location and plasma
concertation level. It is necessary to have an adequate level of tPA
in specific time at clot location to overcome the enzyme side
effects (i.e. altering hemostasis and blood–brain barrier
permeability). On the other hand, the presence of different antibody
and endogenous inhibitor such as α-antiplasmin could reduce its
therapeutic effect [4].

So designing and developing delivery systems for controlling
location and rate of tPA release and its protection against
antibodies and inhibitors could maximise enzyme efficacy while
minimising its side effects.

Different approaches such as protein engineering [5], genetic
manipulation [6], macromolecules modifications [7] coupling tPA
to blood cells [8] were used for designing the tPA delivery system.
Although these methods improve tPA activity and reduce their side
effects in different aspects, there are still various limitations. For
example, increasing tPA activity may enhance bleeding risk; or
improving tPA half-life by attaching to different macromolecules
could increase its immunogenicity [9].

Using nanoparticles (NPs) is a promising approach for tPA
delivery. Encapsulation tPA in different NPs provides versatile
tools for improving its half-life, facilitates its location target,

protection of enzyme against the immune system and external
control of its release simultaneously. It seems that nowadays the
most promising approach for tPA delivery is utilising micro and
nanoparticles [4, 9].

Lipidic, polymeric and metal oxides carriers could be used in
tPA encapsulation [10]. tPA could be encapsulated by carriers or
immobilise on their surface. Biocompatible and biodegradable
polymers such as chitosan (CS), poly (lactide-co-glycolide acid)
(PLGA) and polyethylene glycol (PEG) could be used as carriers
for enzyme delivery. CS is obtained from deacetylation of chitin
and is composed of beta-linked glucose amine and N-acetyl
glucose amine. CS has been used as a carrier for different
medications in vivo without any significant toxicity [11–13]. PEG
is an FDA approved polymer which could lead to prolong
circulation time and decrease immune response when used as a
coating in drug delivery systems [14]. CS and PEG are used for
encapsulation of different proteins like albumin [15], insulin [16],
heparin [17] and SK [18] previously.

PLGA and CS coated PLGA NPs are successfully used for
encapsulation of tPA. The particles prepared by water/oil/water
double emulsion and obtained particles showed a sustained release
profile with an initial burst effect. Particle size is about 280–360 
nm and encapsulation efficiency (EE) is about 46–50% [19]. In
another study, tPA was loaded in PLGA and was coated by CS and
CS-GRGD. Encapsulation of tPA resulted in an accelerate
thrombolysis effect and increase in enzyme stability [20]. PEG-
gelation as a nano-carrier also could increase the half-life of tPA
about 3 times, although its activity suppressed about 55% during
encapsulation [21]. Encapsulation of tPA by echogenic liposomes
could increase thrombolysis efficiency of the enzyme in a rabbit
model [22]. Moreover, liposome and PEG-coated liposome as
carriers, result in increasing tPA half-life for about 16–21 times
compared to free tPA [23].

Bio-conjugation of recombinant tPA to poly [aniline-co-N-(1-
one-butyric acid) aniline] coated magnetic NPs showed that using
magnetic NPs could reduce clot lysis time from about 39 to 10 min.
The NPs improved thrombolysis activity and enzyme stability in
vitro [24]. Conjugation of tPA to polyacrylic acid-coated magnetic
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NPs showed that blood circulation time increased up to 75 min in
vivo but enzyme activity decreased about 14% [25]. Another
research showed that tPA which is covalently bonded on CS coated
magnetic NPs removes blood clots 2 times faster than free tPA in
vitro. Also, 20% of the dose of conjugated form has similar
thrombolytic effect in comparison to free tPA therapeutic dose in
vivo [26]. Results of other studies showed that covalently binding
of tPA on dextran and silica-coated magnetic NPs could increase
stability and reduce the activity of the enzyme. In addition, the
thrombolytic effect of immobilised tPA increased about 3 times in
comparison to free tPA in similar dose [27, 28].

Designing drug carries system need to adjust different factors
such as initial materials concentrations, temperature, pH, reaction
time as independent variables and release kinetic, EE and loading
capacity (LC), particles’ size and charge as dependent variables
[29]. Any unforeseen relation between effective factors or
dependent and independent variables could alter expected results
and outcomes of drug delivery system. Therefore, using design of
experiment (DOE) could be used as helpful tools in the design and
preparation of delivery systems. DOE is used for the optimisation
of different synthesis processes. For example, synthesis of
hydroxyapatite [30], silver [31], gold [32], CS [33, 34] and PLGA
[35] NPs.

Several studies have been done to modify tPA based on
polymeric NPs as mentioned earlier. However, further research is
required for recognising the advantages and disadvantages of
different NPs to develop delivery systems for possible clinical
applications. Moreover, using experimental design as a rapid and
cost-effective approach results in a high level of control in
designing and improving a suitable tPA delivery system.

In this study, PEG was covalently bound to CS and used for the
preparation of CS-g-PEG-tPA NPs by ion gelation method. Then,
the effect of polymer and enzyme concentrations and reaction
times were investigated on particles’ size and EE using DOE. After
synthesis process optimisation, particles with minimum size and
maximum EE were prepared. Then release profile, cytotoxicity and
enzyme activity of encapsulated tPA were investigated.

2 Materials and methods
2.1 Materials

Medium molecular weight (190–310 kDa) CS with DD   75% and
methoxy PEG (Mn ∼2000) were purchased from Sigma Aldrich
(USA). tPA were purchased from MyBioSource (Canada). All
other chemical materials were purchased from Merck Millipore
(Germany) and used without any purification.

2.2 Methods

2.2.1 CS-g-PEG synthesis and characterisation: CS amine
groups were calculated by acid-based titration method discussed
previously [36, 37]. For determination of free amine, 0.3 g CS was
dissolved in 30 ml of 0.1 M HCl and tittered by 0.1 M NaOH. 100 
μl of methyl orange was used as a pH indicator and colour change
from pink to orange/yellow was taken as an endpoint of titration
and free amines was calculated using (1)

NH2 % =
C1 V1 − C2 V2 × 0.016

G (100 − w)/100
× 100 (1)

where C1 and V1 are the concentration and volume of HCL,
respectively, C2 and V2 are the concentration and volume of
NaOH, respectively, G is the CS weight (g) and W is the SC water
percentage.

For evaluation of CS water percentage, 0.5 g of CS was
weighed and heated to 105°C. Then for every 10 min, CS was
weighed until it reached a constant weight. Then the water
percentage was calculated using (2)

CS water % =
W1 − W2

W1
× 100 (2)

where w1 is the CS weight before heating and w2 is the CS weight
after heating.

Poly (ethylene glycol) methyl ether was used to CS-g-PEG
synthesis. PEG molecules were grafted to an amine group of CS
using methyl group. The mechanism was described previously by
Harris et al. [38]. Briefly, for CS-g-PEG synthesis, first 1 M
methoxy PEG was added to 12 M acetic anhydride. Then the
obtained solution was added to chloroform and dimethyl sulfoxide
(DMSO) (10/90 V/V (and the mixture was stirred at 2500 rpm for
15 h at RT under a nitrogen atmosphere. Addition of excess diethyl
ether resulted in precipitation of PEG aldehyde. After that, 3 mM
of CS and 2.79 mM of PEG aldehyde were added to methanol and
acetic acid (20%) mixture (10/1 V/V). Then NaCNBH3 (5 ml, 42 
mM) was added dropwise and the obtained mixture was dialysed
using 50 kDa MWCO membrane. Finally, the mixture was freeze-
dried and washed with excess acetone for removing unreacted PEG
molecules. PEG grafting to CS was evaluated by free amine
calculation (as described in the previous section) and IR
spectroscopy (Perkin Elmer 483, USA).

2.2.2 NPs preparation and characterisation: NPs were
prepared using ion gelation method [39]. Briefly, different
concentrations of CS-g-PEG (0.5–1.5 mg/ml) were dissolved in
distilled water having 1% acetic acid. After that, CS-g-PEG
solution was stirred for 12 h at 2500 rpm and then was filtered
using 0.22 μm syringe filter for removing insoluble polymer. Then,
sodium tripolyphosphate (TPP) solution having 10–20 μg/ml tPA,
was added dropwise to CS-g-PEG solution that has been stirring at
1500 rpm. In all NPs preparation, CS-g-PEG/TPP molar ratio was
kept as 3/1.

NPs size was investigated using zeta sizer (Nano series,
Malvern, United Kingdom) and scanning electron microscope
(SEM) (XL30, Philips, United States). NPs used without any
purification or dilution and all samples were done in triplicate for
size determination.

LC and EE% of CS-g-PEG-tPA NPs were calculated using (3)
and (4), respectively, [40]. Prepared NPs were centrifuged at
12,000g for 30 min at 4°C and Bradford assay [41] was used for
calculation of tPA concentration in supernatant

LC% =
tPA in NPs

NPs
× 100 (3)

EE% =
tPA in NPs

total tPA
× 100. (4)

2.2.3 Experimental design study: In this study, a central
composite design (CCD) was done using Minitab (v17.0) Software.
Basic principles of experimental design including CCD was clearly
described elsewhere [42, 43]. In CCD design, independent
variables in five levels ( − α, − 1, 0, + 1 and + α) were introduced to
the software as inputs and related dependent variables were kept as
outputs. The relation between the two groups of variables was
calculated using (5)

Y = β0 + β1X1 + β2X2 + β3X3 + β11X1
2

+β22X2
2
+ β33X3

2
+ β12X1X2 + β13X1X3

+β23X2X3 + ε

(5)

where y is predicted response, X1, X2, X3 are independent
variables, β0 is intercept, β1, β2 and β3 are linear terms, β11, β22
and β33 are quadratic terms, β12, β13 and β23 are interaction terms
and ε is random error.

Three factors including CS-g-PEG concentration, reaction time
and tPA concentration were selected as input variables in this study.
Then, the effects of the factors on size and LC% were investigated.
Details of the factors are shown in Table 1. The values of alpha in
the design was ˃1.68 obtained from the factorial part of the design
[44, 45].

Different particles were prepared based on selected variables
(factors); details are shown in Table 2. Each sample in Table 2 was
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prepared using different values defined by the software. Then size
and LC% of obtained particles were evaluated using described
methods (in previous sections) and were inserted to table for final
analysis.

2.2.4 tPA activity: Entrapped enzyme activity was assayed using a
colourimetric method based on S-2251 substrates [46, 47].
Substrate solution was prepared briefly by adding 1 ml Tris (0.5 M,
pH = 7.4) and 5 μl Tween-20 to 1 ml of 3 mM S-2251. Then 50 μl
of both free and entrapped enzymes (10 μg/ ml) were added to 25 
μl of normal human plasma in 96 well microplates and were
incubated at 37°C for 10 min. After that 50 μl of substrate solution
was added to the samples and then it was incubated for more 20 
min at 37°C. Finally, 25 μl of stop solution (acetic acid 10% V/V)
was added to each well and the created colour was read out at 405 
nm using microplate reader (Biotek, Epoch, USA). All experiments
were done in triplicate, then encapsulated tPA activity was
calculated using (6)

tPA activity % =
tPA activity in NPs

free tPA activity
× 100. (6)

2.2.5 tPA release from NPs: NPs were centrifuged at 8000g for
40 min in 4°C, then the precipitated particles were collected and
encapsulated tPA in particles was calculated (similar to the LC%
study). After that, 500 mg of NPs were dissolved in 1 ml of
bicarbonate buffer and stirred at 150 rpm. At certain times (i.e. 5,
10, 20, 30, 60 and 90 min) 50 μl of the sample was collected and
tPA concentration was calculated in the supernatant after
centrifugation using Bradford assay. To avoid volume changes
during release study, 50 μl of fresh Phosphate-buffered saline
(PBS) was added after each sampling [22].

2.2.6 Cytotoxicity of NPs: Cytotoxicity of NPs was evaluated
using MCF-7 as a model [48]. The cells were cultured in

Dulbecco's modified Eagle's medium (DMEM) with 10% PBS,
then they were counted and diluted and 2000 cells were placed in
each well of 96 well microplates. After 24 h, equal concentration
(i.e. 10 μg/ml) of free tPA, CS, m-PEG and NPs were exposed to
cells except for control wells and incubated for 24 h at 37°C. Then
20 μl of MTT (5 mg/ml) was added to each well and incubated for
3 h at 37°C. Finally, isopropanol was used to dissolve formazan
crystals and absorption was read out at 590 nm using a microplate
reader. All experiments were done in triplicate and 620 nm was
used as references wavelength in MTT assay. Cell viability
percentage was calculated using (7)

cell viability % =
sample ansorbance − blank absorbance

control absorbance − blank absorbance

× 100.
(7)

2.2.7 In vivo activity of tPA and blood coagulation
time: Encapsulated tPA activity was compared to free tPA in vivo.
Nine male Wister rats (180–210 g) were selected for the study and
jugular vein of the rats was catheterised after anaesthesia with
ketamine and xylene as described in the previous study [49]. The
rats were recovered and divided into three groups randomly.
Groups 1 and 2 were administered with equal concentration
(30,000 IU/kg) of encapsulated and free tPA, respectively, and the
third group was taken as the control. Blood samples were taken in
desired time (3, 6, 12, 24, 45, 60 min) using sodium citrate (3.2%
w/v) as an anticoagulant and after centrifugation (2000g, 10 min);
enzyme activity and blood coagulation time were assayed in
plasma. tPA activity was calculated using S-2251 substrate as
detailed in Section 2.2.4. Blood coagulation time (i.e. prothrombin
time (PT), partial thromboplastin time (PTT) and international
normalized ratio (INR)) were assayed using coagulometer (Coatron
M2, teco, Germany) in the last blood samples (60 min). For the in
vivo study, animals were kept in 12/12 h light/dark cycle with no
limitation to food and water access. Using a live animal was

Table 1 Independent variables and defined levels of them
Independent variables Levels

−1 + 1
CS-g-PEG, mg/ml 0.50 1.5
Reaction time, min 30 90
tPA, μg/ml 10 20

 

Table 2 Total experiment number and values for each dependent and independent variables
Run order Independent variables levels or input Dependent variables values

CS-g-PEG, mg/ml tPA, μg/ml Reaction time, min Size, nm LC, %
1 1.5 10.0 90.0 557.5 18.0
2 1.5 20.0 90.0 485.0 23.3
3 0.5 10.0 30.0 500.0 16.7
4 0.5 20.0 30.0 405.0 22.2
5 0.5 20.0 90.0 360.0 20.3
6 1.8 15.0 60.0 785.5 25.3
7 0.2 15.0 60.0 428.5 18.7
8 1.5 20.0 30.0 638.5 28.4
9 1.0 15.0 60.0 301.5 21.0
10 0.5 10.0 90.0 732.5 17.9
11 1.0 15.0 60.0 507.0 17.7
12 1.0 15.0 60.0 378.0 20.7
13 1.0 15.0 60.0 466.5 19.7
14 1.0 15.0 60.0 367.5 22.2
15 1.0 6.6 60.0 412.5 16.7
16 1.0 15.0 60.0 468.0 18.3
17 1.0 23.4 60.0 315.0 25.3
18 1.0 15.0 110.5 495.0 19.7
19 1.5 10.0 30.0 577.0 23.4
20 1.0 15.0 9.5 569.5 22.1
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considered and approved under the ethical guideline of the Islamic
Azad University, Science and Research Branch number
IR.IAU.SRB.REC.1397.135.

3 Results
3.1 Polymer grafting

Grafting CS was done using its free amines groups. Grafting
process quality was checked by measuring the CS and CS-g-PEG
free amines using the titration methods. Free amines of CS before
grafting was about 87% and after PEG grafting it reduced to 62%.
IR spectrum of free CS, free PEG and CS-g-PEG are shown in
Fig. 1. 

3.2 NPs synthesis

NPs were successfully prepared using ion gelation method.
Dynamic light scattering (DLS) assay showed that particles’ size
ranged from 300 to 800 nm based on the initial materials’
concentrations with poly dispersity index of 0.1–0.7. The SEM
image of NPs sample shown in Fig. 2 as model. LC and EE% of all
the samples (based on Table 2) were calculated and shown LC and
EE% are in the range of 16.7–24.8 and 35.2–43.1, respectively.

Size and LC% of prepared NPs as dependent factors are shown
in Table 2. p-values and coefficient of determination (R2) of design
are shown in Table 3. Details of Table 3 showed all three factors
could have affected LC% but reaction time did not significantly
affect on particles size (p = 0.69). Lack of fits ( 0.05) and R2

( 90%) values confirmed both models have acceptable validity and
productivity.

Modified equation of size and LC% based on (5) with
considering inputs and output effects are shown in (8) and (9)

Size = 780 − 633 CS − g − PEG mg/ml

−11.7 tPA μg/ml + 1.45reaction time min

+298.6 CS − g − PEG mg/ml × CS − g − PEG mg/ml

+0.0536reaction time min × reaction time min

+22.8 CS − g − PEG mg/ml × tPA μg/ml

−3.00 CS − g − PEG mg/ml × reaction time min

−0.343 tPA μg/ml × reaction time min
(8)

LC% = 9.21 + 3.69 CS − g − PEG mg/ml

+0.4783 tPA μg/ml + 0.0445reaction time min

+2.59 CS − g − PEG mg/ml × CS − g − PEG mg/ml

−0.0817 CS − g − PEG mg/ml × reaction time min .
(9)

Equations (8) and (9) could represent the relation between each
dependent variables (i.e. size and LC%) and all independent
variables. As shown in the equation, all the details such as
intercept, linear, quadratic and interaction terms are effective in
both equations. The relation between inputs and outputs as 3D
graphs are shown in Fig. 3. 

Each 3D graph in Fig. 3 shows the effect of two independent
variables on one dependent variable. For drawing each graph, two
variables were arranged at a minimum to maximum level and the
third one was kept constant at the middle level.

Details of graphs in column I show that increasing tPA
concentration causes an increase in the particles size (CI and BI).
CS-g-PEG concentration has an optimum level for minimising size,
which means both decreasing and increasing polymer
concentration can result in increasing the size (AI and BI).
Reaction time has an indirect effect on the size and its increase
leads to drop size (AI and CI).

Fig. 1  IR spectrum of CS (A), PEG (B) and CS-g-PEG (C). CS spectrum
(A) shows strong bands in the region of 3200–3600 and 1400 cm−1 that are
related to N–H and O–H stretching and CH2 bending, respectively. PEG
spectrum (B) shows strong bands in the 2800–3000 cm−1 corresponds to
C–H stretching. Bonds in the region 820–1400 cm−1 are related to C–O
and C–C stretching and C–H2 rocking, twisting and wagging. CS-g-PEG
spectrum (C) shows the increment of PEG ether bands of at 1000–1300 cm
−1 and C–H symmetric and asymmetric stretching at 2850–2900 cm−1 and
the decrement of the primary amine scissoring peak at 1600 cm−1 that
confirmed that the CS was grafted to PEG

 

Fig. 2  SEM image of prepared NPs. The image shows that particle size is
about 300 nm and the optimised formulation contains a monodisperse
population of particles (with a low PDI value)

 

Table 3 p-values and coefficient of determination values of CCD design
Variables p-values R2, %

CS-g-PEG, mg/ml tPA, mg/ml Reaction time, min Model Lack of fit
Size 0.00 0.03 0.69 0.00 0.59 80.86
LC % 0.00 0.00 0.06 0.00 0.94 88.10
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As shown in AII and BII, LC% has a direct relationship with
CS-g-PEG concentration and an indirect relationship with reaction
time. Therefore, LC% increases by increasing CS-g-PEG
concentration and decreasing reaction time during NPs preparation.
Increasing tPA concentration could increase LC%, as shown in BII
and CII. Maximum LC% could be achieved in a maximum level of
tPA and CS-g-PEG concentrations and a minimum level of reaction
time.

Optimisation parameters were done for minimising size and
maximising LC% simultaneously. Results of optimisation are
shown in Table 4. As detailed in Table 4, minimum predicted level
for size is about 301 nm and maximum predicted level for LC% is
about 24%, which could be reachable when CS-g-PEG, tPA and
reaction time levels are adjusted as 0.85 mg/ml, 23.40 μg/ml and
54.39 min, respectively.

Fig. 3  Effects of different parameters on size (column I) and LC% (column II) of NPs
(a) Reaction time and CS-g-PEG concentration effects on NPs size, (b) Reaction time and CS-g-PEG concentration effects on LC%, (c) tPA and CS-g-PEG concentrations effects on
NPs size, (d) tPA and CS-g-PEG concentrations effects on LC%, (e) Reaction time and tPA concentrations effects on NPs size, (f) Reaction time and tPA concentrations effects on
LC%
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3.3 tPA activity, release study and cytotoxicity

NPs were prepared using optimised parameters for CS-g-PEG, tPA
and time shown in Table 4. The obtained particles were used for
activity and releasing evaluation of entrapped tPA and the particle
cytotoxicity assay. The activity assay showed that the enzyme loses
35–40% of its activity during the encapsulation process. Maximum
activity of entrapped tPA in NPs was about 75%. Therefore, the
activity of enzyme decreased during NPs synthesis process.

The release of tPA from NPs is shown in Fig. 4. Details of the
figure show that a burst effect occurs during the first 4 min
resulting in releasing 30% of the entrapped tPA. Afterwards, the
release of tPA continued till 30 min with an incremental slope.
After that, release reached to fixed value until 90 min. The figure
also shows that about 60% of encapsulated tPA could release from
particle during 90 min.

Cytotoxicity results are shown in Fig. 5. CS-g-PEG/ tPA NPs
with 300 nm size did not show significant cytotoxicity (p > 0.05) in
comparison to CS, m-PEG and free tPA.

3.4 In vivo activity of tPA and blood coagulation time

An activity of entrapped and free tPA are shown in Fig. 6. As
detailed in Fig. 6, the activity of free tPA is about 20% more than
encapsulated one at the first 12 min. After 24 min of
administration, the activity of the free enzyme decreased faster
than encapsulated tPA. Both enzyme types’ activity decreased
strongly by elapsed time, and after 60 min, the activity of

entrapped tPA is 70% higher than the free one. The result showed
that entrapped tPA decreased activity of the enzyme at the first
minute, but could improve the enzyme activity by increasing time.

PT, INR and PTT results after 60 min of administration are
shown in Table 5. In all the parameters, results of treated and
control groups were compared using analysis of variance
(ANOVA) test. As p-value is shown in Table 5, all three parameters
(p 0.05) increased significantly after tPA administration in
comparison to the control group. For comparing free and
encapsulated treated groups, a t-test was done. Details of Table 5
represent, PT and INR t-test p-value are not significant (0.074 and
0.053, respectively), meaning no differences exist in these
parameters between free tPA and entrapped tPA treated groups.
However, PTT revealed significant differences (p = 0.041) between
two administrating groups. Therefore, entrapped tPA could affect
PTT more than free ones.

4 Discussion
CS and PEG are biocompatible and biodegradable polymers and
are widely used for in vitro and in vivo drug delivery. Presence of
PEG in NPs structure usually results in an increase of blood
circulation time due to hydrophilic properties of the polymer [22].
In this study, an activated form of PEG (i.e. methoxy PEG) was
used for polymer grafting. Methoxy as a good leaving group could
be replaced by CS amine in a nucleophilic reaction [38].
Calculation of CS free amine before and after grafting, showed that
at least 25% of free amine decreased during grafting reaction. Also,
the IR spectrum (Fig. 1c) showed two peaks at 1110 and 2900 cm
−1, that verified CS successfully grafted to PEG [50]. DLS and
SEM results (Fig. 2) showed that NPs were successfully prepared
using a grafted polymer with ion gelation methods. Ion gelation
method is widely used for the delivery of different hormones and
enzymes [18, 51, 52]. The method uses electrostatic interactions
for NPs synthesis and therefore desired molecules (i.e. tPA) could
entrap into particles. Therefore, the methods could be one of the
best choices for enzyme delivery due to the elimination of
unwanted interaction with carried materials [53].

Preparation of NPs in ion gelation method depends on positive
(CS-g-PEG) and negative (TPP) charged molecules. Previous

Table 4 Predicted levels of all variables for optimisation of
size and LC% of tPA/CS-g-PEG NPs
Predicted values for independent
variables

Predicted values for
dependent variables

CS-g-PEG,
mg/ml

tPA, µg/ml Time, min Size. nm LC, %

0.85 23.40 54.39 301.72 24.08
 

Fig. 4  Release profile of tPA from optimised CS-g-PEG/tPA NPs in 90 min.
Releasing tPA started with a burst effect during 0–4 min. Then, tPA released
in zero-order kinetic

 

Fig. 5  MCF-7 cells viability percentage in the presence of same
concentration of tPA, CS, PEG and CS-g-PEG/tPA NPs. Initial materials
including tPA, CS and PEG do not have any effect of MCF-7 cell viability
%. The NPs could affect cell viability slightly, but the difference is not
significant (i.e. p > 0.05)

 

Fig. 6  In vivo activity of free and encapsulated tPA. Free tPA activity is
more than the encapsulated ones in the first 12 min. However,
encapsulation in CS-g-PEG NPs improves the enzyme activity after 24 min

 
Table 5 Blood coagulation time of free and encapsulated
tPA after 60 min of enzymes administration
Variables Control

Mean±SD
n = 3

Free tPA
Mean

±SD n = 
3

Encapsulated
tPA Mean±SD n 

= 3

ANOVA
p-value

PT 16.2 ± 0.9 18.5 ± 1.7 18.2 ± 2.3 0.023
t-test p-value 0.074
INR 1.0 ± 0.0 1.1 ± 0.1 1.1 ± 0.2 0.011
t-test p-value 0.063
PTT 20.5 ± 6.5 23.8 ± 4.4 26.2 ± 4.2 0.007
t-test p-value 0.041
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studies showed that positive/negative molecules ratio could be
about 2–5 [54]. The preparation methods also are strongly affected
by CS molecular weight, pH of reaction and reaction time [18, 55].
Therefore, CS-g-PEG concentration and reaction time were
selected as independent variables for the optimisation of size and
LC%.

Results of DOE (Table 3 and Fig. 3), showed that an increase of
initial materials’ concentrations usually could increase the size of
particles due to enhancing of initial molecules number in the
medium [56, 57]. As mentioned earlier, results of this study
showed that an increase of tPA concentration could increase the
size of particles but an increase of CS-g-PEG concentration could
not increase the size directly. The findings could be due to the
preparation method mechanism. As TPP concentration was kept
constant in NPs preparation, it seems that increasing of positive
charge molecule (i.e. CS-g-PEG) lonely, could not increase
particles size [58]. For increasing the size, both negative and
positive charge molecules need to increase.

An increase in both CS-g-PEG and tPA concentrations resulted
in increasing LC% important factor for drug delivery. Bigger
particles usually entrap more drug in comparison to smaller ones
[59]. Therefore, increasing initial materials concentration could
increase LC%. This finding is in agreement with other studies that
showed the size of particles has a direct effect on LC% in
polymeric NPs [60–62]. Effective parameters have been optimised
to reach the smallest size and highest LC% simultaneously.
Optimisation could help to achieve an appropriate concentration of
initial materials for desired dependent parameters. It was widely
used in previous studies [34, 63, 64].

Encapsulated enzymes activity and stability are strongly
affected by the preparation process and physiochemical properties
of enzyme and polymers [65, 66]. Attachment of different
molecules to tPA and encapsulation tPA in particles affected its
activity. Using the PEG-gelatin complex shows that 45% of tPA
activity decreases during encapsulation [21]. Attachment of the tPA
to gelation leads in a 57% drop in its activity during the synthesis
process [67]. In this study, tPA has lost 35–40% of its activity
during encapsulation. Decreasing tPA activity depends on several
factors including half-life of the enzyme (i.e. 6–10 min), molecular
weight and net charge of polymers [21, 67]. tPA release from NPs
showed a burst effect in the first 5 min which usually happens in
the electrostatic absorption of a drug on polymer surface [19].
After that, the release continued by zero-order kinetic until 30 min
due to differences of tPA concentration between inside and outside
of NPs. A thrombolytic agent should lysis fibrin clot rapidly after
infusion. It seems that a burst effect in the release profile could be
effective for a temporary increase in the enzyme concentration at
the first minute. Then, releasing specific concertation of tPA
provides adequate dosage for treatment that occurs during the zero-
order kinetic profile [4, 68].

Toxicity of NPs is one of the important issues in the biological
application of them such as drug delivery. Several factors including
size, shape, surface charge and concentration could have effects on
NPs toxicity [69]. Cytotoxicity evaluation confirmed that NPs did
not have a severe toxic effect on cell lines. The findings could
candidate CS-g-PEG/tPA NPs for biological applications.
However, more in vitro and in vivo experiments should be done
before deciding about NPs toxicity profile. It is worth mentioning,
as principles of the in vitro analysis, besides the high sensitivity of
MTT assay, cytotoxicity could not exactly reflect all aspects of the
toxicity of the particles. Different cell lines may show various
results in the assay. It is highly recommended to select several cell
lines for the cytotoxicity assay. Moreover, normal cells may affect
more than the cancer cell lines (i.e. MCF-7) in the presence of low
toxic material. Acute and chronic systemic toxicity, sensitisation,
genotoxicity and hemocompatibility of the particles need to be
evaluated for specifying details of the formulation safety [70, 71].

In vivo tPA activity showed that free enzyme is more active in
the first 12 min of the study. This finding could happen due to
limited movement of an entrapped enzyme. During NPs synthesis
in ion gelation process, the enzyme could be entrapped in particles
or adsorbed to particles surface [19]. After CS-g-PEG/tPA NPs
infusion to blood, the adsorbed enzyme released immediately, but

entrapped ones need more time to release [72]. The time for
moving tPA from inside of NPs to blood could drop concentration
and activity of encapsulated tPA at beginning minutes. After about
24 min, the activity of the encapsulated enzyme gets higher than a
free one. As the half-life of tPA in the blood is about 6 min, free
enzyme eliminates faster than encapsulated one. While
encapsulated enzyme needs more time to release from NPs and
also the elimination of tPA is limited to released ones, the activity
of encapsulated enzyme remains more than the free ones that
remain in blood. The finding is in agreement with other studies
showed that nanocarriers could improve circulation time by the
physical protection of tPA [25, 27, 28].

PEG molecules could also help NPs to obtain more circulation
time in blood by increasing particles hydrophilicity. Moreover,
PEG decreases immune system interaction by NPs that results in
decreasing NPs elimination by immune systems [14]. PEGylation
of tPA and tPA nanocarriers improves half-life in previous studies
significantly; for example, attaching PEG to tPA increases its half-
life 6 times [73]. In another study, using PEG resulted in extended
tPA circulation 10 times [74]. Notably, changing tPA activity in the
beginning times or prolonging of its half-life must be considered
due to a therapeutic dose of tPA. Activity and half-life change of
the thrombolytic agent may affect their side effects. Nowadays new
approaches have emerged in the tPA delivery system utilising
external control mechanisms such as sonic energy and magnetic
field [67, 75].

As tPA is a fibrinolytic agent, using it could increase blood
coagulation time [76]. In this study, PT and PTT tests were used to
investigate the free and encapsulated enzyme activities on
coagulation. Results of blood coagulation time showed that using
both free and encapsulating enzyme increased PT and PTT in
comparison to control. t-Test results showed no differences in PT
and INR of both free and encapsulated tPA but encapsulated one
increased PTT (p = 0.041). This finding could be due to more
activity of encapsulated tPA at 24–60 min after administration.

5 Conclusion
In this study, PEG was covalently attached to CS, then the PEG-CS
copolymer was used for entrapment of tPA via ion gelation
process. NPs sizes and LC% were optimised using DOE and
effects of the independent variable (i.e. CS and tPA concentration
and reaction time) was investigated on dependent factors (i.e. size
and LC%). Results of the study showed that initial material
concentrations could affect both particles size and LC% and should
be adjusted for designing drug delivery systems. Entrapment of tPA
in CS-g-PEG NPs result in decreasing in enzyme activity, but the
half-life increased in vivo. More activity of tPA during time could
significantly affect blood coagulation time (i.e. PTT) in vivo. It
seems that using polymeric NPs could improve enzyme half-life
and could be a candidate as biocompatible and biodegradable nano-
carrier for clinical applications.
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