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ABSTRACT

The objective of this paper was to develop a PLGA carrier Ticagrelor sustained-release micro-
spheres preparation, which was expected to continue to release Ticagrelor for 14 days with a high
encapsulation rate. Ticagrelor microspheres were prepared successfully with average diameter of
7.31 pm, drug loading of 12.49 + 0.32% and EE up to 79.09 £ 1.69%. In the release medium of PH7.4
PBS, the microspheres showed good drug release behavior in vitro. In vivo release results also
showed that the sustained-release microspheres could effectively control drug release in vivo and
maintain a relatively stable blood drug concentration for about 2 weeks. The results indicate that
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Ticagrelor sustained-release microspheres can be used for long-term treatment of acute coronary

syndrome.

1. Introduction

Acute coronary syndrome (ACS) is a clinical syndrome
that causes thrombosis due to the rupture of athero-
sclerotic coronary plaques. It has become one of the
main fatal diseases in my country in recent years.
Therefore, the treatment of ACS is urgent. Platelet ther-
apy is particularly important. At present, aspirin com-
bined with clopidogrel, which is applied to antiplatelet
therapy, is often used clinically [1]. Clopidogrel is an
antagonist of the P2Y12 receptor on the platelet surface.
It is a prodrug and needs to be metabolized in the liver
into an active product-a thiol derivative, so it has a slow
onset of action. The recovery time of platelet function
after discontinuation of clopidogrel is longer in patients,
and clopidogrel has low resistance to some medications,
which increases the risk of thrombosis after percuta-
neous coronary intervention (PCI).

Ticagrelor is a new type of cyclopentyltriazole pyrimi-
dine (CPTP) antiplatelet drug developed by AstraZeneca,
UK, as a drug for the treatment of acute coronary syn-
drome. As a medicine for the treatment of acute coron-
ary syndrome, it can directly and reversibly antagonize
the P2Y12 receptor on the platelet surface, preventing
the platelet membrane glycoprotein GPaob/oa coupled
with it from binding to fibrinogen, thereby inhibiting
platelet aggregation [2]. Compared with clopidogrel,
Ticagrelor has a faster onset of action. Under normal
circumstances, the degree of platelet inhibition will
reach the highest value within 2 hours. At the same

time, Ticagrelor is a non-prodrug, and liver metabolism
is not required in this process, so the drug will not be
affected by liver function. According to existing studies,
genotypes such as CYP2C19 and ABCB1 will not affect
Ticagrelor, and Ticagrelor is equally effective for patients
with low clopidogrel responses. Therefore, Ticagrelor
has a better curative effect than that of previous stan-
dard treatments, which can significantly reduce the inci-
dence of cardiovascular events in ACS patients without
increasing the risk of bleeding [2]. The marketed dosage
form of Ticagrelor is an oral yellow film-coated tablet,
which has been recommended by many international
treatment guidelines for the treatment of patients with
acute coronary syndrome (ACS). It has been approved
for listing in nearly 100 countries around the world and
has been included in medical insurance projects in many
countries. In November 2012, this product obtained an
import drug license issued by the CFDA and was
approved to be marketed in China under the trade
name Belinda. However, due to the high price, a single
dosage form is far from meeting clinical needs, and the
absorption of oral administration is affected by food,
which easily leads to the appearance of peaks and val-
leys in blood concentration, which seriously hinders its
wide clinical application. Therefore, what measures will
be taken to improve the clinical efficacy of Ticagrelor
and reduce the toxic and side effects caused by peak
blood concentration is an urgent problem in the medical
field.
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In recent years, research on PLGA sustained-release
microspheres has been hot [3,4]. In 2019, Luye Pharma
Group announced that its new drug in development for
the treatment of Parkinson’s disease — Rotigotine sus-
tained-release micropellets for injection — had been
approved by the China Food and Drug Administration
(CFDA) to conduct a phase Il clinical trial in China.
Exenatide sustained-release microspheres for injection
have also been approved by the China Food and Drug
Administration to enter clinical trials and so on. PLGA
sustained-release microspheres can realize long-term
drug action, reduce the time of administration and
decrease the fluctuation of blood drug concentration.
Therefore, PLGA has become an ideal carrier material for
sustained-release and controlled-release systems at pre-
sent [5-8]. In this paper, Ticagrelor PLGA microspheres
for injection were prepared by an improved emulsifica-
tion solvent evaporation method, and their structure
was characterized by DCS, XRD, SEM and other techni-
ques. Its drug release in vitro and its pharmacokinetics in
rabbits were studied systematically. The detailed report
is as follows.

2. Experimental materials
2.1. Materials and animals

Reagents: PLGA (lactide/glycolide 75/25, MW 5000 Da,
acid-terminated) was purchased from Shanghai Mengya
Biological Co., Ltd. The polyvinyl alcohol (PVA) was used
to make microspheres originated from Shenchuang
Chemical Co., Ltd. (Guangzhou). Methanol and triethyla-
mine were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing). Dichloromethane, acetoni-
trile, tetrahydrofuran and other reagents were of analy-
tical grade.

Instrument: Micropipette, Vortex oscillator, SCIENTZ-
12 N freeze dryer, TD5A-WS desktop low-speed centri-
fuge, liquid chromatograph, UV detector, etc.

Animal: Rats (male, 180-220 g) were raised in
a 22 = 1°C environment prior to the experiment and
given a standard diet and water. All animal experiments
were in compliance with the ‘Guidelines for the Care and
Use of Laboratory Animals’.

2.2. Preparation of microspheres

The PLGA microspheres of Ticagrelor were prepared by
an improved emulsification solvent evaporation method
[9]. After dissolving 150 mg PLGA and 30 mg Ticagrelor
in 40 ml dichloromethane and petroleum ether (oil
phase), 40 ml 1% (volume fraction, same as below)
PVA solution was added, and the O/W emulsion was

obtained by phacoemulsification in an ice bath for
2 min. It was then added drop by drop with a syringe
to a polyvinyl alcohol solution of 50 mL of 3% PVA. The
emulsion was stirred at 25°C at 1750 r/min for 3 h to
remove the oily solvent. The microspheres were col-
lected by centrifugation at 4000 r/min for 20 min and
washed with distilled water 3 times. After lyophilization,
the low temperature was stored at —20 °C.

2.3. Formulation optimization of microspheres

On the basis of the investigation of various factors, four
factors (namely, mixed solvent ratio [A, dichlothane:
petroleum ether, volume ratio], PLGA concentration in
the oil phase [B, mass-to-volume ratio], dosage ratio [C,
mass ratio] and stirring speed [D]) were selected to
optimize the microsphere preparation process by
response surface methodology. Three levels of each fac-
tor were selected for response surface analysis experi-
ments. The experiment arrangement is shown in Table 1.

2.4. Characterization of microspheres

2.4.1. Observation of surface morphology, particle
size and distribution

The morphology of the microspheres was observed and
photographed with an optical microscope during the
preparation process, and they should be a round, sphe-
rical, or elliptical entity. A Laser particle size analyzer
(MD-1, Chongging, China) was used to measure the
particle size of the successfully prepared microspheres,
and SPSS10.0 statistical software was used to obtain the
average particle size. The measured particle size disper-
sion was expressed by span (span of dispersity), and the
calculation formula was span = (D90 — D10)/D50, where
D10, D50 and D90 indicated that 10%, 50% and 90% of
the microspheres had particle sizes smaller than those
indicated by this value. The size distribution was consid-
ered as narrow for span values <0.45.

2.4.2. Differential scanning calorimetry

Thermogravimetric analysis was performed through the
use of a German TG209F1 thermogravimetric analyzer.
Thermal analysis was performed on PLGA, blank micro-
spheres, Ticagrelor, drug-carrying microspheres and the
physical mixture of blank microspheres and Ticagrelor to

Table 1. Levels and codes of response surface test factors.

Mixed solvent PLGA Dosing  Stirring speed
Coding ratio concentration (%) ratio (r/min)
-1 5:1 15 1:10 500
0 10:1 20 1:20 1500
1 15:1 25 1:30 3000




determine the physical state of the drugs mixed into the
microspheres, so as to study the influence of drugs on
the glass transition temperature of PLGA.

Specific steps: A 35 mg sample was first placed in an
aluminum tray, using purified indium (99.9%) as the
standard reference material. Calibrate the instrument
temperature and energy scale and perform thermal ana-
lysis after sealing with a pinhole aluminum cap. Analysis
of the atmosphere: nitrogen; heating rate: 10°C/min;
scanning range: 30-210°C.

2.4.3. X-ray powder diffraction

In this test, Ticagrelor powder, blank microsphere, drug
and blank microsphere physical mixture and drug-
loaded microsphere samples were analyzed by X-ray
diffraction. Test conditions: X-ray diffraction, 40 kV,
40 mA, scanning rate of 5°/min, scanning range of 5-
45°. Finally, the physical form of the drug in the sample
was determined by comparing the peak intensity of the
XRD images obtained.

2.4.4. Determination of drug loading volume and
encapsulation rate
First, 30 mg of lyophilized Ticagrelor microsphere pow-
der was dissolved in 1.0 mL dimethyl sulfoxide. Then,
0.16 ml was placed in a 10-mL volumetric flask and the
volume was fixed with anhydrous ethanol on the scale.
The suspension was centrifuged at 2000 r/min for 10 min
to separate PLGA, and the absorbance of the superna-
tant was measured at 300 nm, and the concentration
was calculated according to the standard curve to obtain
the drug content.

The Ticagrelor loading and encapsulation efficiency
were calculated by the use of the following formulae:

Amountofticagrelorinmicrospheres

100 1
Weightofmicropsheres * ®

Drugloading(%) =

Actualticagrelorloading

Encapsulationefficiency(%) =

x 100
(2)

2.4.5. UV analysis

Precisely weigh 25 mg of Ticagrelor and place it in
a 250-mL flask. Dilute 0.2% polysorbate 80 solution to
scale, shake well, and serve as a linear reserve solu-
tion. Measure an appropriate amount of the above
reserve solution into the corresponding flask, dilute it
with 0.2% polysorbate 80 solution to scale, shake it
well, and prepare a reference solution with a mass
concentration of 1, 2, 5 10, 20, 25 pg/mL,

Theoreticalticagrelorloading
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respectively. An appropriate amount of the above
solutions was taken and the absorbance (A) was
measured at the wavelength of 300 nm. Linear
regression was conducted between A and the corre-
sponding mass concentration (C), and the linear
equation was obtained as A = 0.0266 C-0.0296
(R? = 0.9983). The linear detection mass concentration
range of the indicator was 1-25 pg/mL.

2.4.6. In vitro accelerated release study

In vitro drug release experiments of Ticagrelor micro-
spheres were carried out by simulation of the envir-
onment of the body and gastric juice, and the release
types were evaluated. 30 mg Ticagrelor sustained-
release microspheres were accurately weighed in
6.0 mL phosphate buffer saline (PBS, pH = 7.4).
Then, put it into a dialysis bag and put it in
a 100 ml sealed conical flask [10]. It was incubated
in a 37 £ 0.5°C thermostatic water bath oscillator at
100 r/min for 14 days. Samples were taken at the
sampling points of 0.25, 0.5 1, 3, 6, 12 h, and 1-14
days, respectively, and the same volume of blank
fresh phosphate buffer was added at the same time.
The suspension was separated at 3500 r/min for
5 min, and the supernatant was separated and tested.

2.5. Factors experiment

In order to explore the inherent stability of the prepared
Ticagrelor sustained-release microspheres, we took an
appropriate amount of prepared microspheres and inves-
tigated the influence of temperature, humidity and light on
the three unilateral factors [11]. Each test was repeated 3
times. The verified accelerated release determination
method was used to determine the release characteristics
of the injected microspheres in the stability test, and the
similarity factor (f,) of the release curve of the freshly pre-
pared microspheres was used as the evaluation index. An
optical microscope was used to observe the appearance
and shape changes and dispersion of the injected
microspheres.

Accelerated release determination method: in
(37 £ 0.5) °C constant temperature water bath,
300 r/min shaking conditions, with 20% ethanol and
pH 7.4 phosphate buffer salt as the release medium.
Take samples at 0.5 h, 1 h, 2 h, 6 h, 12 h and 2-4
days, and then determine the drug content and cal-
culate the release amount. By investigating the
above-mentioned three-phase indicators, observe
the influence of different influencing factors on the
stability of the injected microspheres [12].
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2.5.1. Experimental design of temperature, humidity
and illumination

High-temperature test: Take the injected Ticagrelor sus-
tained-release microspheres and seal them in an
Erlenmeyer flask, place them at 5°C, 25°C, and 40°C for 14
days, and then take samples on the 7th and 14th day for
testing.

Humidity experiment: Take self-made injection
Ticagrelor sustained-release microspheres and place
them in a weighing bottle. Place them in a constant
humidity airtight container with relative humidity (RH)
(70 + 5%)% and (90 + 5%)% respectively at room tem-
perature for 14 days. Take samples and test on the 7th
and 14th day. At the same time, the hygroscopic and
deliquescent properties of the microspheres were inves-
tigated by calculating whether they gained weight
before and after the test and observing their fluidity.

lllumination experiment: Place the injected micro-
spheres in transparent and brown vials respectively, and
place them for 14 days under strong light conditions with
an illuminance of (4,000 = 500) Ix. Take samples for test-
ing on the 7th and 14th days and observe the changes in
appearance, shape and color to explore the effect of
strong light on the stability of the injected microspheres.

2.6. Pharmacokinetic study

2.6.1. Pharmacokinetic study design

All rats were fasted for 12 h prior to the experiment, and
then randomly divided into two groups: one group (n = 6)
received Ticagrelor hydrochloric acid aqueous solution
(30 mg/kg) intravenously, and the other group (n = 6)
mg/kg)

received  Ticagrelor
intramuscularly.

microspheres (250

=

Ticagrelor

s
i

PLGA Microspheres

At predetermined time intervals, blood was drawn
through the orbital vein. Sampling time points for the
Ticagrelor-HCl group were 10, 20, 40, 60, 90, 120, 160,
200, 250, 300, 360, 420, 490 and 576 min, respectively.
Ticagrelor microspheres were sampled for 0.5, 1, 1.5, 2,
2.5,3,35,4,45, 5,6, 7 days and once daily to 14 days
thereafter. The blood samples were placed in the
heparin anticoagulant collection vessel, centrifuged at
4000 r/min at 4°C for 5 min, and the plasma was sepa-
rated and refrigerated at —70°C for later use.

2.6.2. Plasma sample treatment

Plasma sample treatment: Take 100 uL of plasma sample
to 1.5-mL EP tube, and 20 pyL methanol and 200 pL acet-
onitrile were added to the tube, then the plasma sample
was vortex oscillated for 1 min. Centrifuged at 23,000 r/
min at 4°C for 5 min, 100 pL supernatant was transferred
into the injection flask for 1 pL injection analysis.

2.6.3. High-performance liquid chromatography
conditions

Plasma sample processing: Take 100 pL of plasma sample
to 1.5-mL EP tube, add 20 pL of methanol and 200 uL of
acetonitrile, vortex for 1 min. Centrifuge at 23,000 r/min for
5 min at 4°C, transfer 100 yL of the supernatant, and
transfer 1 pL into a sample bottle for analysis. The standard
curve of ticagrelor in plasma was: A = 31,795 C + 895.27,
r=0.992. The linear range was 0.1-5 pg/mL, and the lower
limit of quantification was 100 ng/mL. Then, 0.1 -1.5 pg/mL
of drug-containing plasma were prepared by using low,
middle and high concentrations of drug-containing
plasma. The concentration of Ticagrelor after extraction
was determined by HPLC, and the chromatogram peak
area A1 was recorded. The standard solution of ticagrelor

Vessel




was determined by the same method, and the chromato-
gram peak area A2 was recorded. The recoveries of (A1/
A2)x100% were 85.21 + 3.42%, 8691 * 1.55% and
85.87 + 0.57%, respectively.

2.7. Statistical analysis

All values were expressed as mean * standard deviation
(SD). P < 0.05 indicated that the difference was statisti-
cally significant, and ANOVA was used when necessary.
Pharmacokinetic parameters were obtained using the
DAS 2.0 (Drug and Statistics for Windows) program.
lllustration: Using PLGA as a carrier, Ticagrelor micro-
spheres were wrapped to form microspheres. Through
intramuscular injection into mice and observed its
pharmacokinetics.

3. Results and discussion

3.1. Response surface test results and variance
analysis

The experimental data was analyzed using Design-Expert
10.0.3 software, and the quadratic polynomial regression
equation was finally obtained: Encapsulation rate
(%) = —272.17541 + 13.20950-A + 22.86003-B + 5.63957-C +
0.019084-D-0.0221-AB-5.02-AC+8.236: AD-0.0459-BC+2.08:
BD-2.13.CD-0.77256-  A*-0.53421-B%-0.12535.C*-7.7561D".
The obtained variance analysis results of the regression
equation are shown in Table 2, in which the F value was
used to test the significance of the influence of various
variables on the response value. The larger the F value is,
the higher the significance is. When the probability of the
significance test of the model was P < 0.05, the model was
considered statistically significant. It could be seen from
Table 3 that the order of the influence of process condi-
tions on the encapsulation efficiency was as follows:
C > A > D > B (dosing ratio>mixed solvent ratio>stirring

Table 3. Variance results.

DESIGNED MONOMERS AND POLYMERS . 309

Table 2. Experimental design and results.

Mixed PLGA Stirring

Serial solvent  concentration Dosing speed (r/ Encapsulation
numbel ratio (%) ratio min) rate (%)
1 -1 -1 0 0 53.91
2 1 -1 0 0 40.69
3 -1 1 0 0 58.32
4 1 1 0 0 42.89
5 0 0 -1 -1 66.83
6 0 0 1 -1 56.65
7 0 0 -1 1 62.61
8 0 0 1 1 41.78
9 -1 0 0 -1 70.57
10 1 0 0 -1 47.45
1" -1 0 0 1 46.19
12 1 0 0 1 43.66
13 0 -1 -1 0 59.87
14 0 1 -1 0 70.65
15 0 -1 1 0 48.96
16 0 1 1 0 50.56
17 -1 0 -1 0 62.54
18 1 0 -1 0 49.92
19 -1 0 1 0 51.13
20 1 0 1 0 37.51
21 0 -1 0 -1 57.64
22 0 1 0 -1 59.56
23 0 -1 0 1 53.48
24 0 1 0 1 55.92
25 0 0 0 0 81.96
26 0 0 0 0 82.86
27 0 0 0 0 83.12
28 0 0 0 0 81.62
29 0 0 0 0 82.35

speed>PLGA concentration).The model’'s determination
coefficient, R Adj = 0.9841, indicated that 98.41% of the
changes in the encapsulation efficiency of Ticagrelor micro-
spheres were due to the above four factors. The signal-to-
noise (S/N) = 25.864 > 4 also showed that the model was
reliable from another aspect, which indicated the degree of
fitting between the experimental model and the real data,
which has a practical guiding significance. This model
could be used to analyze and predict the encapsulation
efficiency of the optimal extraction process.

R?* = 0.9841, Adj R* = 0.9681, Pred R* = 0.9094, S/
N = 25.864.

Source Sum of squares Degree of freedom Mean Square F value P value Significant
Moder 5279.93 14 37714 61.77 <0.0001 **
A-Mixed solv 540.56 1 540.56 88.53 <0.0001 **
B-PLGA con 45.44 1 45.44 7.44 0.0163

C-Dosing rat 613.90 1 613.90 100.54 <0.0001 **
D-Stirring sp 252.63 1 252.63 41.38 <0.0001 **
AB 1.22 1 1.22 0.20 0.6616

AC 0.25 1 0.25 0.041 0.8426

AD 105.99 1 105.99 17.36 0.0010

BC 21.07 1 21.07 3.45 0.0844

BD 0.068 1 0.068 0.011 0.9177

cD 28.36 1 28.36 4.64 0.0491

A? 2419.64 1 2419.64 396.29 <0.0001 **
B2 1156.93 1 1156.93 189.48 <0.0001 **
c? 1019.22 1 1019.22 166.93 <0.0001 **
D? 952.66 1 952.66 156.03 <0.0001 **
Residual 85.48 14 6.11

Lack of Fit 83.95 10 8.39 2191 0.0046

Pure Error 1.53 4 0.38

Cor Total 5365.41 28
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3.2. Response surface analysis of various factors

As could be seen from Figures 1-6, with the changes in
the levels of the four factors, the encapsulation rate had
shown a trend of first increase and then decrease. The
contour line was a closed ellipse and the response sur-
face was convex, which indicates that their interaction is
strong and has a maximum value.lt can be seen from
Figure 1 that the influence of PLGA concentration and
dosing ratio on the encapsulation efficiency presents
a parabolic distribution. When the PLGA concentration
was controlled at 19-21% and the dosage ratio was
1:18-1:22, the encapsulation efficiency could reach the
highest. The influence of mixed solvent ratio and PLGA
concentration on the encapsulation efficiency is shown
in Figure 2, which was an arcuate surface, and the

Encapsulation rate

00
B:PLGA conceriration ***

200

B0 C: Dosing ratio

C: Dosing ratio

encapsulation efficiency first increased and then
decreased with the increase in PLGA concentration.
When only considering the influence of these two fac-
tors on the encapsulation efficiency, the optimized pro-
cess conditions were as follows: 20% PLGA
concentration and 10:1 mixed solvent ratio. As shown
in Figure 3, the dosing ratio had a greater impact on the
encapsulation efficiency than the mixed solvent ratio.
When the dosing ratio was reduced from 1:10 to 1:20,
there was a positive correlation with the encapsulation
rate, and then the opposite. Therefore, we could con-
clude that the dosing ratio of 1:20 was the best process
parameter. Figure 4 shows that when only the stirring
speed and the mixed solvent ratio were considered, the
fluctuation of the encapsulation ratio in the direction of

Encapsulation rate

B:PLGA concentration

Figure 1. Curved surface effect diagram of the influence of dosing ratio and PLGA concentration on encapsulation efficiency.
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Figure 2. Curved surface effect diagram of the influence of PLGA concentration and mixed solvent ratio on the encapsulation

efficiency.
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Figure 3. Curved surface effect diagram of the influence of dosing ratio and mixed solvent ratio on the encapsulation efficiency.
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Encapsulation rate

D: Stirring speed

A Mixed solvert ratio

Figure 4. Curved surface effect diagram of the influence of stirring speed and mixed solvent ratio on the encapsulation efficiency.
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250050000
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Encapsulation rate

D: Stirring speed
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Figure 5. Curved surface effect diagram of the influence of stirring speed and PLGA concentration on the encapsulation efficiency.

Encapsulation rate

30005000

D: Stirting speed

Encapsulation rate

D: Stirring speed

C: Dosing ratio

Figure 6. Curved surface effect diagram of the influence of stirring speed and dosing ratio on the encapsulation efficiency.

the mixed solvent ratio was much greater than the effect
of the stirring speed on it, indicating that the stirring
speed had a more significant influence on the encapsu-
lation ratio. It can be seen from Figure 5 that the com-
bined effect of the stirring speed and the PLGA
concentration on the encapsulation efficiency was the
lowest among the interactions of the four factors, and it
could be seen from the figure that the optimal process
condition for the stirring speed was 1750 r/min. In the
interaction of Figure 6, under the two factors of dosing
ratio and stirring speed, the lowest encapsulation rate
was 41.78% and the highest was 81.96%. When the
rotation speed was 1750 r/min and the dosage ratio
was 1:20, the encapsulation efficiency was the most
significant. In summary, the best prescription after

optimization by the response surface effect method
was as follows: mixed solvent ratio: 10:1, PLGA concen-
tration 20%, dosage ratio 1:20, stirring speed:
1750 r/min.

3.3. Observation of microscope morphology

According to the optimized formula, the modified oil-
in-water emulsion solvent evaporation method was
used to prepare Ticagrelor-loaded PLGA microspheres.
However, in our preliminary research, we observed ser-
ious damage to the microspheres, and found that the
concentration of polyvinyl alcohol in the outer water
phase was a decisive factor affecting the integrity of
the microspheres [13]. In order to obtain drug-loaded
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a

Figure 7. Microsphere morphology under the microscope during the preparation process.

microspheres with a smooth appearance and a low burst
rate. We further optimized the formula by changing the
concentration of the outer water phase. As shown in
Figure 7a, when 1% polyvinyl alcohol was used as the
water phase, obvious holes appear on the surface of the
microspheres after the dichloromethane volatilizes. This
might be caused by the low PVA concentration in the
external water phase during the volatilization of methy-
lene chloride. When the concentration of the primary
emulsion and water phase was increased to 2% PVA, it
could be seen from the optical microscope that some of
the microspheres (Figure 7b) were slightly damaged, but
the spherical shape was more uniform and the holes
were significantly reduced. This indicated that increasing
the concentration of polyvinyl alcohol had the potential
to improve the surface morphology of the microspheres.
As expected, when 3% PVA was used in the outer water
phase, the spherical, intact, nonporous and smooth sur-
face microspheres were successfully prepared
(Figure 7c¢).

3.4. Characterization of microspheres, drug
loading and encapsulation efficiency

The optimized Ticagrelor microspheres were character-
ized by particle size, surface morphology and particle size
distribution, and their drug loading and encapsulation

- [ PLGA microspheres|

Volume (%)

Diameter (1 m)

efficiency were tested. As shown in Figure 8, the prepared
Ticagrelor microspheres had a narrow particle size distri-
bution and were monodisperse, with an average particle
size of 731 £ 1.5 pym, and no microspheres larger than
12 um. Because the particle size and its distribution sig-
nificantly affect the mode of administration of the micro-
spheres and the distribution and absorption of the
microspheres, the high ratio of surface area to volume
was also conducive to drug release [14].

According to research reports, the removal rate of the
oil phase solvent was an important factor affecting the
microsphere morphology, drug loading capacity and
drug release kinetics [15]. The drug encapsulation rate
and burst release rate are shown in Figure 8. When the
mixed solvent ratio was 10:1, the microsphere encapsu-
lation rate had reached the maximum, and the corre-
sponding drug burst release rate had decreased to the
minimum. As the ratio increases, the encapsulation rate
gradually decreases, while the drug burst rate will rise
linearly. The reason why the mixed solvent of dichloro-
methane and petroleum ether was used in the formula
was because petroleum ether had a higher saturated
vapor pressure than methylene chloride and was very
volatile at room temperature. The high volatility of pet-
roleum ether makes the volume of the solution in the
dispersed phase oil droplets decrease rapidly, thereby
speeding up the solidification process. Because of its

80 [==— Burst release rate

. [—®— Encapsulation efficiency

T T T T T
0 10:1 Bl 3:1 1:1
V(DCM) : V(Petroleum ether)

Figure 8. The statistical diagram of the influence of ticagrelor’s particle size distribution and the volume ratio of mixed solvents on the

encapsulation rate and burst release rate of ticagrelor microspheres.
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Figure 9. SEM images of prepared ticagrelor microspheres under different viewing angles.

water insolubility, numerous small bubbles were formed
in the outer water phase when volatilized from the oil
droplets. The specific surface area of the gas-liquid inter-
face increases, which could speed up the extraction rate
of dichloromethane from the external water phase, and
help with the rapid deposition of PLGA to form solidified
microspheres [16]. As shown in Figure 9a—c, when the
PVA concentration was 1%, many holes appeared on the
surface of the microspheres, which led to drug loss and
enhanced burst release. When the mixed solvent ratio
was 5:1, the scanning electron microscope of the micro-
spheres was shown in Figure 8b, and the curing speed
was too fast, which caused the blank microspheres to be
extremely easily broken. The microspheres prepared
with the optimized formula are shown in Figure 9d-f. It
could be observed that the microspheres were

El Ticagrelor

Blank microspheres
Microspheres

—V

50 100 150 200
TC

nonporous, smooth and had no drug crystals loaded
on the surface of the microspheres and had uniform
size [17]. Ultimately, the drug loading of the micro-
spheres was 12.49 + 0.32%, and the encapsulation effi-
ciency reached 79.09 + 1.56% using ultraviolet
spectrophotometry. This result did not exceed expecta-
tions, because when the emulsification solvent volatili-
zation method was used to make microspheres, the
solubility of the drug, the molecular weight of PLGA
and its concentration played an important role in the
process of making microspheres. In particular, the ionic
interaction between the drug and the terminal group of
PLGA during the preparation process will increase the
molecular weight. In order to reduce the influence of
these factors, we used PLGA with a ratio of 75:25 and
a low molecular weight [15].

b

M

M
Mw

Physical mixture

10 15 20 25 30 35 40 45
20(degree)

Figure 10. Ticagrelor, blank, microspheres, physical mixture DSC(e) and XRD(f) patterns.
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3.5. Thermogravimetric and XRD analysis

In order to understand the changes in the physical state
of the drug during the preparation of microspheres, we
used differential scanning calorimetry to perform thermal
analysis on Ticagrelor, blank, microspheres and physical
mixture. The thermogram is shown in
Figure 10a. Whether it was a drug or a physical mixture of
a drug and PLGA, there was a corresponding endothermic
peak at the position corresponding to its melting point. The
peak of the Blank microspheres group appeared at 43.67°C,
while the glass transition temperature of the Microspheres
group increased to 54.02°C. This situation rarely occurs
because, in most cases, when the drug was encapsulated
in the microspheres, the interaction between the drug and
PLGA will reduce the glass transition temperature of PLGA
[18]. However, the same phenomenon was observed in the
gentamicin/polylactic acid copolymer, in which gentamicin
base and gentamicin sulfate both increased the molecular
weight of the polymer [19]. Therefore, it could be guessed
that this result may be caused by stronger hydrogen bond-
ing. Because there were as many as 12 hydrogen bond
acceptors in the Ticagrelor molecule, they could interact
with the carboxyl group at the end of the carrier PLGA to
form a more stable cluster, thereby increasing the molecu-
lar weight. Glass (Tg) and melting (Tm) transition tempera-
tures and melting enthalpy increase with the increase in
polymer molecular weight [20], which could explain why
the glass transition temperature has increased by nearly
10.35°. In addition, the peaks of the blank microspheres
and Ticagrelor physical mixture groups appeared at
44.45°C and 123.49°C, respectively, indicating that the
blank microspheres and Ticagrelor were mixed with two
substances, and the thermal energy between the compo-
nents did not change. There was no endothermic peak at
127.5°C in microspheres. These thermograms showed that
the drug was encapsulated to form a new phase and did
not exist on the surface of the microspheres, which proved
that the drug was dispersed into the microspheres in an
amorphous or molecularly dispersed state.

Wide-angle X-ray diffraction (XRD) can monitor pos-
sible changes in the crystal form of the drug, so as to
further study the crystalline properties of Ticagrelor in
the microspheres. Figure 10b shows the XRD patterns of
Ticagrelor, blank, microspheres, and physical mixture.
The analysis results has shown that there are many
diffraction bands peculiar to crystalline materials. The
absence of the characteristic peak of the drug
Ticagrelor in the XRD pattern of the drug-loaded micro-
spheres further indicates that the drug was mainly in the
amorphous state in the microparticles, which proved the
formation of the drug-loaded microspheres.

3.6 Experimental results affecting factors

The results are shown in Table 4, and the optical
microscopy results are shown in Figure 16a-c. It can
be seen from the table that the injected microspheres
were placed at 5°C and 25°C for 14 days, and there
was no significant change in each index (P > 0.05, f,
> 50). And when placed at 5°C, the color, fluidity,
dispersion and release behavior of the injected micro-
spheres were better than 25°C. After being placed at
40°C for 7 and 14 days, although the color of the
microspheres did not change, the microspheres were
slightly melted and agglomerated and adhered to the
container wall. The results of accelerated release of
microspheres in vitro are shown in Figure 11.
Although the content of Ticagrelor in the micro-
spheres did not change significantly (P > 0.05), the
(fy) of its drug release curve was lower than 50, and
the drug release rate was significantly accelerated.
The reason may be that 40°C is close to the glass
transition temperature of the injected microsphere
carrier material PLGA, which increases the volume of
the PLGA space, resulting in unstable structure of the
injected microspheres, resulting in faster release of
the microspheres with diffusion as the main drug
release mechanism [21].

Table 4. Experimental results of influencing factors of injected microspheres.

Influencing factors Condition Time Appearance Main drug content (%) f,
- 0 White powder 12.49 £ 0.32 -
Temperature 5°C 7 White powder 12.64 + 0.03 94.71
14 White powder 12.27 £0.10 89.54
25°C 7 White powder 12.51 £ 0.04 81.77
14 White powder 12.09 £ 0.24 76.95
40°C 7 White powder, partial cake 12.37 £ 0.02 42.05
14 White powder, partial cake, sticky wall 12.18 £ 0.16 40.64
Humidity (70 £ 5) %RH 7 White, cake, no weight 12.01 + 0.46 32.45
14 Light yellow, cake, weight loss 0.8% 11.61 + 0.54 33.06
(90 + 5) %RH 7 Light yellow, cake, weight loss 1.4% 11.64 + 0.43 34.01
14 Light yellow, agglomerate, increased by 2.1% 11.29 £ 0.09 30.27
lllumination Transparent Willin bottle 7 Light yellow powder 9.74 £ 0.32 35.73
14 Dark yellow powder 8.12+1.70 4135
Brown Willow 7 White powder 12.44 + 0.64 76.27
14 White powder 11.99 + 0.07 64.56
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Figure 11. Influencing factors in vitro release curve of injected microspheres.

The humidity test results are shown in Table 4, and
the optical microscope results are shown in Figure 16d-
e. It can be seen from Figure 13 that after the injected
microspheres were placed under high humidity condi-
tions, their appearance had changed significantly, and
they all appeared to aggregate, absorb moisture, and
agglomerate. At the same time, it can be seen from
Table 4 and Figure 14 that although the main drug
content of the injected microspheres has no significant
change (P > 0.05), it was placed under the conditions of
(75 £ 5%) and (90 + 5%)%RH for 7 and 14 days. However,
the release curve of the drug changed significantly (f,
< 50), and the release rate was significantly accelerated.

100 A

80

60

The reason may be that the infiltration of water accel-
erates the degradation of the PLGA ester bond of the
injection microsphere carrier material [22], which accel-
erates the degradation rate and release of PLGA.

The results of the illumination experiment are shown
in Table 4, and the results of the optical microscope are
shown in Figure 16f-g. After being placed under strong
light for 7 and 14 days, the color of the injected micro-
spheres in the transparent vial was irradiated with strong
light, from white to yellow. The main drug content of
injected microspheres was significantly reduced
(P < 0.05). The in vitro release results of the injected
microspheres are shown in Figure 12. The release curve

—a— Transparent vial 7 days
—e&— Transparent vial 14 days
—w— Store away from light
—&— Brown vial 14 days

Cumulative release rate %

0 20 40

60 80 100
t/h

Figure 12. In vitro release curve of injected microspheres after 14 days of illumination under different conditions.
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Figure 13. The optical microscope image of the microspheres injected in the experiment.

of the injected microspheres has obviously changed (f,
< 50), and it can be seen that the release rate has been
significantly accelerated. There was no change in the
microspheres placed in the brown vial.

3.7. In vitro drug release profile

The in vitro release curve of the prepared Ticagrelor
sustained-release microspheres is shown in Figure 14. We
have systematically studied the in vitro release behavior
of the prepared microspheres. It could be seen from the
in vitro release curve that the microspheres were slowly
and continuously released, and there was a slow release
period of about 5 days. Five days after the release, due to
the accelerated degradation of the polymer and the
accelerated solution erosion rate, the microspheres slowly
appeared in more and more pores. On the 13th day, the
release rate reached 89.2% and almost no longer
released. Compared with the typical three-phase release
mode (i.e., burst release period, delayed release period,
and second release period), the initial burst release phase
was not obvious here. We have performed related math-
ematical model fitting on the in vitro release data of the

100%

80%

60%

40% 4

20% 4

Cumulative release percentage (%)
S

0% T T T T T T 1
0 2 4 6 8 10 12 14

Time (d)

Figure 14. In vitro release curve of PLGA microspheres contain-
ing Ticagrelor.

drug. As shown in Table 5, the Weibull model and the
first-level model were obviously suitable for simulating
the drug release behavior of Ticagrelor microspheres [23].
The fitting of the first-order model with the first-order



Table 5. Results of Ticagrelor release profile fitting for different
mathematical models.

Model Equation Orrelation coefficient
Higuchi F=Ky-(t— T/ag)Vz 0.9756
First-order /y*r — 1 — e F(t-Tig) 0.9963
Zero order M, = kot + Co 0.8897
Weibull ,a/r_, — 1 e—a(t-Tg)? 0.9973

0

release constant of greater than 0.5 shows that the con-
centration of gradient diffusion was the main release
mechanism of the drug. When b > 1 (b = 1.114), the
sigmoid shape of the Weibull function indicates that
a complex mechanism dominates the release process in
the Weibull model. In fact, this was because the release
rate did not change monotonously. It initially increases to
the inflection point non-linearly, and then decreases gra-
dually. In addition, the drug was dispersed in the micro-
spheres in an amorphous or molecularly dispersed state,
so the diffusion and release of the drug needed to pass
through the PLGA matrix or water-filled pores [24].It was
observed that there were no obvious pores on the surface
and inside of the microsphere system. The release of the
drug outside the bound microspheres indicates that the
drug release mechanism of the microspheres was con-
trolled by both diffusion and matrix erosion. As a diffusion
barrier, PLGA’s properties will significantly affect drug
release. Since the PLGA we chose had a smaller molecular
weight and shorter polymer chains compared with other
commonly used ones, their overall chain mobility is
higher than others, so Ticagrelor passes through the poly-
mer matrix faster. In addition, the carboxyl end group in
glycolic acid could further improve the hydrophilicity of
PLGA, which makes water easy to penetrate into the
polymer and brings about the hydration of polymers.
Although the explanations of various experimental
results indicated that the PLGA was a kind of hydropho-
bic polymer, it would soften in the aqueous phase. This
change leads to a decrease in the mechanical properties
of the polymer. Liang et al. have used different ratios of
PLGA to explore whether changes in the internal pores
of the microspheres affect the dissolution of the drug.
Finally, it was observed that during the coagulation
process of microspheres with a polymer mixture as
a carrier, low molecular weight PLGA may cover a large
proportion of pores created by solvent evaporation [25].

3.8. Pharmacokinetic results

The average blood drug concentration-time distri-
bution after Ticagrelor-HCl solution was injected into
the tail vein and Ticagrelor PLGA microsphere was
injected into the muscle, as shown in Figures 15 and

DESIGNED MONOMERS AND POLYMERS . 317

1600
1400
1200
1000

800

6004 ™

Concentration (ng/mL)

100

200 »

0 T T T T
0 100 200 300 100 500

Time (min)

Figure 15. Plasma Ticagrelor concentration—time curve (n = 6)
after injection of Ticagrelor 30 mg/kg (dissolved in saline [1 mg/
mL]) in rats.

16. The main calculated pharmacokinetic parameters
are shown in Table 6. As can be seen from Figure 16,
the peak concentration (Cnay) of Ticagrelor micro-
spheres in rats reached 830.681 + 84 ng/mL 1 day
after being intramuscularly injected, followed by

Table 6. The pharmacokinetic parameters of rats after intramus-
cular injection of Ticagrelor-HCl solution (30 mg/kg) and
Ticagrelor PLGA microspheres (250 mg/kg).

Parameter lLv Ticagrelor microspheres
ti2 2.02+0.56 h 3.05 days
Crnax 1362.65 ng/mL 830.7 + 84 ng/mL
Tinax - 0.50 days
AUC 2008.3 + 107.5 h-ng/mL 2366.9 + 134.6 day-ng/mL
AUMC 4289.1668 * 675 h’ng/mL  13,558.9 + 2475 day*ng/mL
MRT 213 h 5.51 days
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Figure 16. Plasma concentration-time spectrum of PLGA micro-
spheres (250 mg/kg) loaded with Ticagrelor in rats (n = 6).
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Figure 17. Correlation between the area under the blood drug concentration curve with time in vivo and the percentage of

cumulative release in vitro.

a linear decline, and then increased slightly on the
5th day, and could still be detected on the 14th day.
Compared with the Ticagrelor-HCl solution, the MRT
value of Ticagrelor microspheres can be extended to
5.51 dayd, which is 62 times that of the Ticagrelor
microspheres. It is further proved that the prepared
Ticagrelor-loaded microspheres have good sustained-
release properties.

In vitro in vivo correlation (IVIVC) is a mathematical
model with predictive ability. The established IVIVC
model can provide a basis for exempting bioequivalence
research during clinical research on the one hand; on the
other hand, it can assist developers in formulating more
reasonable release quality standards [26]. As shown in
Figure 17, the in vitro cumulative percentage release at
the corresponding time point was significantly correlated
with the in vivo pharmacokinetic parameter AUC
(R® = 0.9542). Therefore, the cumulative percentage
release of Ticagrelor in vitro can be used to predict the
AUC value at the corresponding time point in vivo. Based
on the good in vivo/in vitro correlation, the in vitro drug
release test can be used to predict the in vivo perfor-
mance of the corresponding prescription. That is, by
using the dissolution test to replace the in vivo bioequi-
valence test (BE), so as to save time and cost in product
development and the entire life cycle of the drug. The
exploration of the correlation between in vivo and in vitro
release is an important part of the research of sustained-
release microspheres. It is the basis and the main basis for
establishing a technical platform for the preparation and
evaluation of sustained-release microsphere drug delivery
systems [27]. The establishment of this in vivo and in vitro

release correlation model provides an important way to
speculate on the pharmacokinetic process of sustained-
release microspheres in animals.

4. Conclusion

In this paper, PLGA was used as the carrier material, and the
improved O/W emulsification solvent evaporation method
was used to prepare biodegradable and spherical com-
plete Ticagrelor sustained-release microspheres for injec-
tion. The encapsulation rate was as high as 79.09 + 1.56%,
and it could be continuously released in vitro for 14 days.
The released data are well in line with the first-level and
Weibull models. The sustained and stable plasma drug
concentration was obtained after intramuscular injection
in rats, indicating that Ticagrelor was absorbed slowly in
the body, and a good in vitro—in vivo correlation was
obtained. These results indicate that the Ticagrelor sus-
tained-release microspheres, as a new drug delivery
method, provide the possibility for effective treatment of
patients and strong research support for its extensive clin-
ical application in the future.
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