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The clinical manifestations of variant angina is unevenly distributed during the 24 h, thus
the in vivo performance of drugs should be tailored according to the angina circadian
rhythm. Cryptotanshinone (CTN) is one of the representative bioactive lipid-soluble com-
ponents of Danshen which has been commonly used for cardiovascular diseases such as
angina pectoris. The aim of this study was to develop a novel CTN sustained-released pel-
lets (CTN-SRPs) to precisely synchronize the CTN plasma concentrations with predicted
occurrence of angina pectoris for angina chronotherapy. A deconvolution-based method
was applied to develop and optimize the CTN-SRPs. The plasma concentration-time curve
of CTN immediate-released formulation after oral administration in rats was used as the
weight function. The predicted plasma concentration-time curve of CTN-SRPs simulated
according to the incidence of variant angina during 24h was used as the response func-
tion. Then the desired drug release profile of CTN-SRPs was calculated based on deconvo-
lution using weight function and response function, and subsequently used for guiding the
formulation optimization. CTN-SRPs were prepared with the combinations of PVP, polox-
amer 127 and EC as matrix using fluidized bed technology. An orthogonal design was em-
ployed to obtain the optimal formulation with its release profile similar with the desired
one. Pharmacokinetic studies validated that the actual plasma concentration-time curve of
these optimized CTN-SRPs was similar with the predicted one. In addition, the percent er-
rors (%PE) of CTN plasma concentrations in 8-12h were less than 10%. In conclusion, this
deconvolution-based method could be applied to adjust the in vivo performance of drugs for
angina chronotherapy.
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Fig. 1 - Chemical structure of CTN.

1. Introduction

The cardiovascular system is highly organised in time and
pathophysiological events within the cardiovascular system
are also not random, as shown for instance by symptoms of
variant angina [1]. Researches have demonstrated that the oc-
currence of the clinical manifestations of variant angina is
unevenly distributed during the 24h with greater than ex-
pected events between 02:00 and 06:00 of the early morn-
ing [2,3]. Thus, requirement for preventive and therapeutic
interventions varies during the 24h and therapeutic strate-
gies should also be tailored according to the angina circadian
rhythm [4,5]. In other words, a precise synchronization of drug
plasma concentrations with predicted occurrence of angina
pectoris should be ensured by drug delivery technology.

Convolution and deconvolution are standard mathemati-
cal tools widely used for the analysis of in vivo/in vitro corre-
lation of dosage forms [6-9]. In the present study, an attempt
was made to design and optimize chronotherapeutic drug de-
livery system based on deconvolution method. It was used
from a new perspective to synchronize the drug plasma con-
centration with the circadian rhythm of angina pectoris dur-
ing 24 h. The plasma concentration-time curve of immediate-
released formulation after oral administration was used as the
weight function. The predicted plasma concentration-time
curve which was simulated according to the incidence of vari-
ant angina during 24h was used as the response function.
Then, the desired drug release profile was obtained by cal-
culation based on deconvolution, and subsequently used for
guiding the formulation optimization.

Danshen (Salvia miltiorrhiza), a traditional herb medicine
with low toxicity and few side effects, have been commonly
used for treating cardiovascular diseases [10-12]. Its active
compounds tanshinones and phenolic acids have bioactivi-
ties against myocardial infarction [13-15] and inflammation
[16]. Cryptotanshinone (Fig. 1, CTN), one of the represen-
tative bioactive lipid-soluble components of Danshen, has
been reported to possess a variety of cardiovascular activities
[15-19]. CTN has poor water-solubility, short half-life and low
oral bioavailability (2%) which limits the desired drug ef-

Table 1 - Levels of the independent variables in coded and

physical form.

Factor Level

1 2 3
X1(g) 0.10 0.35 0.60
Xa(g) 0.05 0.10 0.15
X5(g) 0.10 0.55 1.00

fect [20,21]. However, little conventional and previously devel-
oped pharmaceutical preparations of CTN such as inclusion
complexes [22], solid lipid nanoparticles [23] have taken the
chronobiological phenomenon of variant angina into consid-
eration. Obviously, these preparations of CTN could not suit
for chronotherapy for this cardiovascular disease. Therefore,
the development of novel CTN sustained-release formulation
is necessary to achieve highest blood concentrations for max-
imal protection when angina pectoris is of greatest risk and
occurrence. In this study, a deconvolution-based method was
used to develop the CTN-SRPs. Three polymers, PVP, poloxamr
127 (F127) and EC were used in combination to adjust CTN re-
lease from CTN-SRPs. An orthogonal design with three factors:
the amount of PVP (X1), F127 (X2) and EC (X3) was employed
to obtain the optimal formulation with release profile similar
with the desired one. Scanning electron microscopy (SEM) was
performed to characterize the prepared CTN pellets. Finally,
pharmacokinetics in rats was investigated to verify whether
the CTN-SRPs optimized based on deconvolution had a desir-
able plasma drug concentration-time profile.

2. Materials and methods
2.1. Materials

CTN (98.2%) was purchased from Nanjing Zelang Biotech-
nology Co. (Nanjing, china). CTN standard was purchased
from the National Institute for the Control of Pharmaceu-
tical and Biological Products (Beijing, China). PVP-K30 and
Ethyl cellulose was kindly donated by China Division, ISP
Chemicals Co. (Shanghai, China) and Colorcon. Poloxamer
127 (PluronicF127) was obtained from BASF Aktiengesellschaft
(Ludwigshafen, Germany). Sugar spheres (0.55-0.60 mm) were
from JRS Pharma (Germany). Gelatin capsules (size 5) were
obtained from Suzhou Capsugel Ltd (Zhejiang, China). All
reagents were of analytical grade except methanol and ace-
tonitrile of chromatographic grade.

2.2. Preparation of CTN pellets

CTN immediate-released and sustained-released pellets with
different formulation composition were prepared, respec-
tively. Firstly, CTN, PVP and F127 at ratio of 1:4:1.5 (w/w) were
dissolved in a mixed solvent of 95% anhydrous ethanol/ethyl
acetate (2:3, v/v) to form a clear solution to prepare CTN
immediate-released pellets. PVP, EC, F127 and CTN at different
ratios shown in Table 1 were dissolved in a mixed solvent of
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Fig. 2 - The plasma concentration-time curve of CTN in rats
after oral administration of CTN immediate-released pellets
(n = 6).

95% anhydrous ethanol/ethyl acetate (2:5, v/v) to form a clear
solution to prepare CTN-SRPs.

Deposition of CTN solution on sugar pellets was performed
in a fluid-bed granulator and coater (JHQ-100, Shenyang,
China). The mixture solution was bottom-sprayed through a
nozzle onto sugar pellets. The operation conditions were as
follows: inlet air temperature, 30-40°C; air flow rate, 80-100
m3/min; spray rate, 0.2-0.5ml/min; atomizing air pressure,
0.2-0.5 MPa; spray nozzle diameter, 0.5 mm. Finally, the pellets
were dried for a further 60 min at 3040 °C in the coating cham-
ber.

2.3. Design of CTN-SRPs based on deconvolution

2.3.1.
SRPs
In this study, deconvolution method was used to predict the
desired drug release profile of CTN-SRPs. The convolution-
deconvolution equation was as follows:

Calculation of the desired drug release profile of CTN-

Where R (t) is the body response to any product with de-
layed input, W () represents the borderline response after a
bolus input, e.g. plasma concentration after an i.v. or an oral
solution, the input function I(¢) represents drug release of a
dosage form[9]. The point-area methods which interpret the
values of I(f) and W(9) as trapezoidal areas was used and the
deconvolution was calculated by Microsoft Excel [9,24].

The plasma concentration-time curve of CTN in rats af-
ter oral administration of CTN immediate-released pellets
(shown in Fig. 2) was used as a weight function. The ex-
pected plasma concentration-time curve of CTN-SRPs which
was simulated and fitted according to the statistical relative
percentage of variant angina attacks during 24 h [2,3] (starting
from 18:00, shown in Fig. 3) was used as a response function.
Then, the desired drug release profile of CTN-SRPs as an in-

_ [ 1The statistical relative - 60
percentage of variant angina attacks |
4 —=+—ldeal (Response function) | 50
—=— Actual
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Fig. 3 - The statistical relative percentage of variant angina
attacks during 24 h (starting from 18:00); the expected
plasma concentration-time curve of CTN which was
simulated and fitted according to the statistical relative
percentage of variant angina attacks; the actual plasma
concentration-time curve of CTN in rats after oral
administration of the optimal CTN-SRPs.

Table 2 - The orthogonal design table and resultant f, val-

No Coded Physical fa
X1 X X3 X1 X2 X3

1 1 1 1 0.10 0.05 0.10 33.73
2 1 2 2 0.10 0.10 0.55 47.85
3 1 3 3 0.10 0.15 1.00 40.01
4 2 1 2 0.35 0.05 0.55 58.06
5 2 2 3 0.35 0.10 1.00 32.61
6 2 3 1 0.35 0.15 0.10 47.52
7 3 1 3 0.6 0.05 1.00 17.91
8 3 2 1 0.6 0.10 0.10 42.90
9 3 3 2 0.6 0.15 0.55 42.15

put function was calculated via the point-area deconvolution
procedure and subsequently used for guiding the formulation
optimization of CTN-SRPs.

2.3.2.  Orthogonal design

The ratios of polymers were adjusted to control CTN release.
An orthogonal design with three factors: the amount of PVP
(X1), F127 (X2) and EC (X3) was employed to obtain the optimal
formulation with its release profiles similar with the desired
one. Preliminary studies provided the settings for the levels
of each factor (shown in Table 2). The factor level combina-
tions of each experimental run were given in Table 1. Then
CTN-SRPs were prepared under parallel conditions according
to different factor levels at each experimental run. In addition,
their release behavior was investigated and compared with
the ideal one by the similarity factor (f,). Then, f, was used
as a response (Y). Data were analyzed by Orthogonality Exper-
iment Assistant II software. The effects were evaluated statis-
tically at 0.1 level (@ =0.1). Each experiment was performed in
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triplicate. In addition, the optimal formulation predicted ac-
cording to the results of orthogonal design was prepared and
its release behavior was investigated.

2.4. In vitro release studies

2.4.1. Determination of CTN

CTN in release medium was quantified by ultraviolet spec-
troscopy. The detection wavelength was 263 nm. The linearity
of the method was studied in the concentration range of 2.4—
8.41ug/ml (R?=0.9997). The RSD of the intraday and interday
precision for CTN were less than 2%. The recovery rates for
CTN were in the range of 98%-102%, and the RSD were below
2%.

2.4.2. Invitro release tests

The release studies were performed in ZRS-8G dissolution
apparatus (rotating basket method) (Tianjin, China). Samples
containing 5mg of CTN were sealed in hard gelatin capsules
(CapsulCN, Zhejiang, China), then put into the rotating basket
and immersed in the release medium (900 ml of distilled wa-
ter contained 0.2% sodium dodecyl sulfate) thermostatically
maintained at 37+0.5°C at a rotation speed of 100rpm. At
predetermined time intervals, 10 ml of the sample was with-
drawn and an equal volume of fresh release medium was sup-
plemented to keep constant volume. The samples were fil-
tered through 0.45pm filter and analyzed by UV for CTN as
described above. All the release tests were implemented in
triplicate (n=3) and the cumulative dissolved percents and
standard deviations were calculated.

2.4.3. Investigation of drug release stabilities

The drugrelease stability studies of CTN-SRPs were performed
in ZRS-8 G dissolution apparatus (Tianjin, China) in triplicate
(n=3) to investigate the influence of different release method,
rotation rate and pH condition on CTN release. Two release
methods were rotating basket method and paddle method.
The rotation rates were investigated at 50, 75, 100 rpm, sep-
arately. Distilled water containing 0.2% SDS, 0.1M HCI and
PH 6.8 phosphate buffer solutions (PBS) were used as release
medium, respectively. All the sampling method and analysis
were same as the descriptions in Section 2.4.2.

2.4.4. Analysis of release data

Differences in the release profiles were assessed using the
model-independent approach based on the similarity factor
(f2)(f2 = 50, difference < 10%) [25]. Equation of f, is shown as fol-
lows:

n

-0.5
1
f, =50log [1 +o > (Re— Tt)z} x 100

t—1

Where n is the number of time points, R; and T; are the
release values of the reference and test at time t, respectively.

2.5.  Scanning electron microscopy (SEM)
Scanning electron microscope (S-3000N, Hitachi, Japan) was

used to examine the shape, surface and cross-section mor-
phology of the CTN-SRPs. Prior to the examination, samples

were fixed on a brass specimen club by double-side adhesive
tape and coated with the gold in argon atmosphere using a
Hitachi Iron Sputter (E-1030) to assure conductivity.

2.6. Pharmacokinetic studies

2.6.1. Animals

Sprague-Dawley rats (190-210g) were obtained from Exper-
imental Animal Center of China Pharmaceutical University
(Nanjing, China) and housed with free access to food and wa-
ter. The rats were fasted for 12 h before the pharmacokinetics
study. All experiments were approved by the Institutional An-
imal Care and Use Committee of China Pharmaceutical Uni-
versity.

2.6.2. Animal experiments

Twelve male Sprague-Dawley rats divided randomly into two
groups were fasted for 12 h with free access to water. Two for-
mulations (CTN immediate-released pellets and the optimal
CTN-SRPs) at a dose equivalent to 30 mg/kg of CTN were filled
into size 5 hard gelatin capsules and orally administered to
these rats (n =6), respectively. Blood samples (0.5 ml) were col-
lected from the ophthalmic venous plexus before dosing and
at0.5,1,2,3,4,5,6,8,12, 16, 24, 32 and 48 h post-dose. Plasma
was separated by centrifugation at 3500 rpm for 10 min and
stored at — 20 °C until analysis.

2.6.3. Sample preparation

Sample preparation was carried out under subdued light. An
aliquot of 200 pl plasma was pipetted in a 10ml conical cen-
trifuge tube and vortex-mixed with 400 pl of acetonitrile for
3min. The mixture was centrifuged at 3500 rpm for 10 min.
Then, the organic layer was taken and evaporated to dryness
under a gentle stream of nitrogen flow at 40 °C water bath. The
residue was reconstituted with 100 pl of methanol and cen-
trifuged at 12 000 rpm for 10 min. Aliquots (20 pl) of the super-
natant were injected into the HPLC system for analysis.

2.6.4. HPLC conditions

The HPLC system (Shimadzu LC-20A, Kyoto, Japan) equipped
with a diode array detection (DAD) was set at 263 nm. The sep-
aration was performed at 30°C on a Kromasil 100-5 C18 col-
umn (5pm, 150 mm x 4.6 mm, Kromasil, Sweden) protected by
a C18 Securityguard column (5 pm, 10 mm x 4.6 mm, Kromasil,
Sweden). The mobile phase was methanol/water (85/15, v/v)
and delivered at a flow rate of 1.0 ml/min.

2.6.5. Data analysis

Pharmacokinetic parameters of CTN, including Cmax, Tmax,
AUCy¢ and AUCy.., were calculated by non-compartmental
analysis using the software program PKSolver. Data re-
ported were arithmetic mean values+standard deviation
(Mean =+ SD). The statistical significance of the differences was
analyzed using two-tailed Student’s t-tests with an evaluation
criterion of P < 0.05 or 0.01.
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Fig. 4 - The desired drug release profile of CTN-SRPs
calculated based on deconvolution and the actual release
profile of the optimal CTN-SRPs.

3. Results and discussion
3.1.  Desired drug release profile of CTN-SRPs

The desired drug release profile of CTN pellets was calcu-
lated based on the method of deconvolution. The plasma
concentration-time curve of CTN in rats after oral ad-
ministration of CTN immediate-released pellets (shown in
Fig. 2) was used as a weight function. The expected plasma
concentration-time curve of CTN-SRPs (shown in Fig. 3) was
used as a response function. Then, the desired drug release
profile of CTN-SRPs as an input function was calculated. As
shown in Fig. 4, a stepwise and relatively smooth curve was
obtained. Then, the predicted drug release profile was used
for guiding the formulation optimization of CTN-SRPs.

3.2.  Formulation optimization of CTN-SRPs

The ratios of polymers were adjusted to control CTN release.
To obtain the desired formulation with release profile simi-
lar with the ideal one, formulations with different ratios were
screened by orthogonal design. Then, the release of pellets
with different ratios was investigated and their release pro-
files were compared with the ideal one by f,. The f, value of
each experimental run was given in Table 1. Experimental run
NO.4 exhibited the largest f, value in all these nine factor level
combinations. As predicted by the orthogonal design, maxi-
mum of f, values will appear when the levels of the inves-
tigated variables are 0.35g (X1), 0.15g (X2) and 0.5g (X3), re-
spectively. The release profile of this predicted optimal formu-
lation was similar with the expected one calculated based on
the method of deconvolution as shown in Fig. 4. Besides, the
f2 value of this predicted optimal formulation was 62.5 which
was larger than experimental run NO.4 (P <0.05). Thus, this
predicted optimal formulation was selected for the following
studies.

3.3.  Investigation of drug release stabilities

The influence of different release method, rotation rate and
PH condition on CTN release was investigated and compared
by f, analysis. As shown in Fig. 5A, the release profiles tested
by different method were extremely alike with f, of 77.32. In
addition, with rotation rate of 100rpm as a reference, f, val-
ues for 50rpm and 75rpm were 66.33 and 77.18, respectively
(shown in Fig. 5B). As depicted in Fig. 5C, the drug release be-
havior in 0.1 M HCI and pH 6.8 PBS were similar to that in dis-
tilled water containing SDS (0.2%) with f, of 73.87 and 77.05,
separately. These results indicated that release method, rota-
tion rate and pH condition had no remarkable influence on
the release of CTN-SRPs under sink condition. Thus, it can be
implied that under the sink condition of gastrointestinal tract
the pellets could show stable release after oral administration
which means good correlation of in vitro and in vivo release.
Then, the good correlation of in vitro and in vivo release was
further in favor of the deconvolution-based formulation de-
velopment.

3.4.  SEM characterization of CTN-SRPs

Observed under SEM, the prepared pellets were rounded and
showed a coarse surface (Fig. 6A, B). Concave pores were uni-
formly distributed on the surface under larger magnifications
(Fig. 6A, B) which probably be produced during the process
of spray solution volatilization from the surface of CTN-SRPs.
In addition, the cross-section view indicated a layer of com-
pact coating of solid dispersion around the sugar pellets core
(Fig. 6C, D).

3.5.  In vivo performance

CTN in plasma could be completely separated under analyti-
cal conditions, and no significant matrix effect was observed
for the analytes in the plasma samples. The linearity study
was performed in the concentration range of 0.01-0.5 pg/ml
(R?=0.997) and the limit of quantification was 10ng/ml. In-
traday and interday precision RSD values were below 10%.
The relative recoveries of high, middle and low concentrations
were 105.31% +16.56%, 101.43% + 10.74% and 97.59% + 6.35%,
respectively and all of the absolute recoveries were above 85%.

Pharmacokinetics in rats was investigated to verify
whether the CTN-SRPs optimized based on deconvolution
had a desirable plasma drug concentration-time profile. As
shown in Fig. 3, the plasma concentration-time curve of CTN-
SRPs was similar with the simulated mean predicted one.
The percent prediction error (%PE) value of CTN plasma con-
centration at each time point was calculated according to
equation %PE = (observed value - predicted value)/observed
value x 100% [26]. The %PE values from 4 to 16 h were smaller
than 15% and the %PE values from 8 to 12 h were smaller than
10%. These %PE values demonstrated that the actual observed
plasma concentration values were very close to the predicted
concentration data calculated and simulated according to the
incidence of variant angina during 24 h. These results further
indicated that the optimized CTN sustained-release formula-
tion succeeded in achieving highest blood concentrations for
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Fig. 5 - The influence of (A) different release method, (B) rotation rate and (C) pH condition on the release of CTN-SRPs.

Fig. 6 - Scanning electron micrographs of surface (A: 40 x ; B:100 x ) and the cross-section (C: 100 x ; D: 1000 x ) of the
optimal CTN-SRPs.

Table 3 - The main pharmacokinetic parameters of CTN after oral administration of the optimized CTN-SRPs in rats (n = 6)

in a dose of 20 mg/kg and the pharmacokinetic parameters of the predicted response function.

Parameters Tmax (1) Crmax (ng/ml) AUCq ; (ng h/ ml) AUC_(ng h /ml) MRT(h)
CTN-SRPs 10.59+0.40 48.89+3.36 737.68+62.28 881.23+80.86 18.89+0.59
Predicted 10.00 50.08 770.83 1093.12 20.06

maximal protection during the time period when angina pec-
toris is of greatest risk and occurrence. In addition, the phar-
macokinetic parameters (Cmax, Tmax, MRT, AUCq_ and AUCq_,) . . .
of the optimized CTN-SRPs were calculated and compared A deconvolution-based method was applied to precisely syn-
with the predicted values in Table 3. These almost equivalent chronize the CTN plasmé concent.ratlons with predicted oc-
values further validate that the in vivo performance of these c?urrence of angina pectoris for angina chronotherapy. The de-
CTN-SRPs after oral administration was in accordance with sired drug release profile of CTN-SRPs was calculated based
the expected one on deconvolution and subsequently used for guiding the for-

4, Conclusion



316 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 13 (2018) 310-316

mulation optimization. Pharmacokinetics study in rats con-
firmed that the plasma concentration-time curve of the op-
timized CTN-SRPs was very similar with the expected one
which was simulated according to the incidence of angina
pectoris. This formulation development method based on de-
convolution could be applied to achieve the expected in vivo
performance of drugs. In addition, this method established
the correlation between the in vitro and in vivo performance
and could be useful in reducing the blindness and complexity
in the process of formulation development.
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