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ABSTRACT

Co-amorphous solid dispersion (C-ASD) systems have attracted great attention to improve
the solubility of poorly soluble drugs, but the selection of an appropriate stabilizer to stabi-
lize amorphous forms is still a huge challenge. Herein, C-ASD system of two clinical com-
bined used drugs (lacidipine (LCDP) and spironolactone (SPL)) as stabilizers to each other,
was prepared by solvent evaporation method. The effects of variation in molar ratio of LCDP
and SPL (3:1, 1:1, 1:3, 1:6, and 1:9) on the drug release characteristics were explored. Polarized
light microscopy (PLM), powder X-ray diffraction (PXRD), differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) were employed to evaluate the solid states. Pre-
pared C-ASDs were further studied for their stability under the high humidity (RH 92.5%).
Further analysis of C-ASDs via Fourier-transform infrared spectroscopy (FTIR) and Raman
spectroscopy confirmed that hydrogen bond interactions between the two drugs played a
significant role in maintaining the stability of the C-ASDs systems. Moreover, molecular dy-
namic (MD) simulations provided a clear insight into the stability mechanism at the molec-
ular level. This study demonstrated the novel drug-drug C-ASDs systems is a promising for-
mulation strategy for improved dissolution rate and enhanced physical stability of poorly
soluble drugs.
© 2018 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Many new drug candidates identified by current drug discov-
ery techniques are poorly water soluble [1]. This drawback
obviously impairs the oral bioavailability of these candidates
[2]. Thus, several formulation strategies are adopted to settle
the rough issue, such as cyclodextrin inclusion complexes [3],
nanocrystals [4], nanoemulsions [5] and amorphous solid dis-
persions [6], etc.

Amorphous solid dispersions (ASDs) have been a prefer-
able method to enhance the solubility and the dissolution rate
[7]. However, an amorphous system is easily transformed into
the crystalline form due to its higher free energy and poor
thermodynamical stability, which would weaken the domi-
nant solubility advantages conferred by amorphization [8]. To
maintain the stability of this system, a suitable stabilizer is
needed. Polymers are usually used as stabilizers for ASDs,
but the following problems are found: (a) high hygroscopic-
ity of polymers would increase the plasticization effect of the
amorphous systems and decrease the physical stability; (b)
low drug loading could increase the final dosage unit volume,
limiting the clinic application; (c) large amounts of polymers
might have excipient-associated side effects [9,10].

Co-amorphous solid dispersions (C-ASDs) systems con-
taining small molecular weight stabilizers have been emerg-
ing as a more promising strategy to solve this issue in re-
cent years [11]. Many small-molecule stabilizers such as sac-
charin, citric acid, tartaric acid, and amino acids, have been
selected as co-formers to stabilize the amorphous systems
[12-14]. In addition, many pharmacologically relevant drug-
drug C-ASDs systems have also been reported. For exam-
ple, simvastatin and glipizide, indomethacin and naproxen,
atenolol and hydrochlorothiazide C-ASDs systems, showed a
huge advantage in solubility, dissolution rate and physical sta-
bility [15-17].

In this study, two water-insoluble drugs possessing phar-
macological synergy, lacidipine (LCDP, Fig. 1A) and spironolac-
tone (SPL, Fig. 1B), were chosen to establish the C-ASDs sys-
tem. LCDP is a dihydropyridine calcium antagonist as a first-
line drug for the therapy of hypertension [18], and SPL is an

Lacidipine

aldosterone antagonist and has diuretic and antihypertensive
effect [19]. This combined use of both antihypertensive agents
with different mechanisms have proved fewer adverse effects
for individualized treatment in clinic [20]. Herein, the in vitro
release assays and a series of solid characterization meth-
ods were employed to confirm the formation of the C-ASDs
systems and to select the optimal molar ratio of LCDP and
SPL for maintaining good physical stability under high hu-
midity. Moreover, molecular dynamic (MD) simulations were
employed as a complementary tool to provide insight into the
specific stabilization mechanism at a molecular level for the
drug-drug C-ASDs system.

2. Materials and methods
2.1. Materials

Lacidipine was purchased from Kangya of NingXia Phar-
maceuticals Co. Ltd. (Ningxia, China). Spironolactone was
purchased from Zhejiang Langhua Pharmaceutical Co. Ltd
(Zhejiang, China). Tween 80 was obtained from Tianjin Bodi
Chemical Holding Co. Ltd (Tianjin, China). Methanol (HPLC
grade) was purchased from Kangkede Tianjin Co. Ltd (Tian-
jin, China). Deionized distilled water was used throughout the
study.

2.2.  Preparation of co-amorphous solid dispersion
systems

C-ASDs samples were prepared by solvent evaporation. LCDP
and SPL in different molar ratios (3:1, 1:1, 1:3, 1:6, and 1:9) were
dissolved in ethanol and rotavaporized at 30 °C, and the sam-
ples were dried under vacuum for 24 h to remove residual sol-
vent. The resulting amorphous material was ground with a
mortar and pestle and then forcibly passed through 80 mesh
sieves to yield a uniform, free flowing powder. In addition,
pure amorphous LCDP and pure amorphous SPL were pre-
pared in the same procedure. The amorphous physical mix-
ture was prepared by the method of increment by equal quan-
tity.

Spironolactone

Fig. 1 - Chemical structures of (A) lacidipine (LCDP) and (B) spironolactone (SPL).
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2.3.  Physical stability study

The C-ASDs systems in different molar ratios (3:1, 1:1, 1:3, 1:6,
and 1:9) were exposed to saturated potassium nitrate solu-
tions (RH 92.5%) in a dessicator. After 10 d, the samples were
withdrawn, and the stability of the C-ASDs systems was fur-
ther analyzed by PXRD, PLM, FTIR, and in vitro release test.

2.4. Solid state characterization

2.4.1. Polarized light microscopy (PLM)

Images of C-ASDs samples in different molar ratios (3:1, 1:1,
1:3, 1:6, and 1:9) were collected using PLM (Olympus Corpo-
ration., Tokyo, Japan) at different time points: (i) immediately
after obtaining the dried material; (ii) 10 d post exposed to
high humidity (RH 92.5%). Samples were sprinkled onto a
glass slide and then covered with a glass coverslip. Images of
C-ASDs samples were collected using 4 x magnification.

2.4.2. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (Rigaku Corporation, Tokyo, Japan)
was used to evaluate the solid-state characteristics of C-ASDs
systems. Cu Ko radiation (1.54 A; 40kV x 30 mA) was used, and
data were collected in the range of 3-50° 20 with a dwell time
of 0.2 s and a step size of 0.02°

2.4.3. Differential scanning calorimetry (DSC)

A DSC 1 (Mettler-Toledo International Inc., Switzerland) was
used to analyze the thermal behavior of crystalline drugs and
C-ASDs samples. Approximately 4mg sample was sealed in
aluminum pans with perforated lids, under the nitrogen gas
at a flow rate of 40 ml/min, the samples were heated at a rate
of 10°C /min from 25 °C to 230°C to obtain DSC thermograms.

2.4.4. Thermogravimetric analysis (TGA)

The TGA analysis was performed by using TGA 550 (TA
instrument-Waters LLC). Under nitrogen purge with a flow
rate of 25ml/min, samples were heated from room tempera-
ture to the desired temperature at a heating rate of 10 °C /min.

2.4.5. Fourier-transform infrared spectroscopy (FTIR)

To investigate the molecular interactions between LCDP and
SPL, Fourier-transform infrared spectroscopy (Bruker Corpora-
tion, Switzerland) was used to obtain the spectra of crystalline
LCDP, crystalline SPL and C-ASDs systems in different molar
ratios (3:1, 1:1, 1:3, 1:6, and 1:9) from the spectral region 4000
400 cm~! with a resolution of 4 cm~1. Samples were prepared
by grounding with KBr gently and respectively.

2.4.6. Raman spectroscopy

The existence form of LCDP and SPL in different LCDP-SPL C-
ASDs system was assessed by Raman spectroscopy. C-ASDs
samples in different molar ratios (3:1, 1:1, 1:3, 1:6, and 1:9) were
analyzed in situ through a quartz sight window via a Raman
spectrometer (in Via Laser Micro Raman Spectroscopy, Ren-
ishaw PLC) equipped with a thermoelectrically cooled CCD
detector and a fiber optic probe. The measurements were
performed at room temperature with a laser wavelength of
785nm and laser power of 500 mW.

2.5. In vitro release

A USP type II apparatus (ZRS-8G; Tianda Tianfa Technology
Co., Ltd, Tianjin, China) was used to study the release of crys-
talline LCDP, crystalline SPL, amorphous physical mixture and
C-ASDs systems in different molar ratios (3:1, 1:1, 1:3, 1:6, and
1:9) under physiological correlation medium (0.07% Tween 80)
[21,22]. The powder sample 4 mg (LCDP equivalent) was dis-
persed by filling the powder in a capsule and suspending the
capsule in the basket in 500 ml of release medium with a pad-
dle speed of 50 rpm. 5 ml samples were withdrawn at 5, 10, 20,
30, 45, 60, and 120min and replaced with the same amount
of fresh medium to keep the volume constant. The samples
were filtered with 0.22 pm microporous membrane, and 1ml
of the filtrate was diluted with the same volume of methanol,
vortex blending and analyzed by HPLC. All experiments were
performed in triplicate.

2.6.  Molecular dynamics (MD) simulations

The structure of LCDP and SPL was created using Marvin
sketch software. The 3D structures of both drugs were built by
the structural minimization and the structural dynamics op-
timization via the Sybyl 6.9.1 software package (Tripos Asso-
ciates: St.Louis, MO, 2003). The parameters of optimizing were
following our previous work [23]. All other parameters were
maintained at the default values. LCDP-SPL complexes were
predicted by molecular docking using AutoDock 4.0 software.
AutoDocking parameters were as follows: the maximum num-
ber of energy evaluations was 25 000 000 per run,; the iterations
of Solis and Wets local search were 3000; the number of gen-
erations was 100, and the number of individuals in population
was 300 [24].

The LCDP-SPL complexes (1:1, 1:3, 1:6, and 1:9) were further
optimized with the Material Studio 8.0 software. All molecu-
lar dynamics (MD) simulations were performed by using the
Amorphous Cell and Forcite module of the Material Studio
simulation package with COMPASS. In the MD simulations, the
amorphous cell module was used to construct a box, which
was inundated with 200 water molecules and different ratios
of complexes. 100ns MD simulations were performed under
the constant temperature of 200K.

2.7. HPLC conditions

The chromatographic separation was performed on a reverse
phase Thermo Hypersil C;g column (250 mm x 4.6 mm, 5 pm,
Thermo Fisher Scientific Inc.) maintained at 30 °C. The mobile
phase was composed of methanol and water (80:20, v/v). The
flow rate was 0.8 ml/min and the detect wavelengths of LCDP
and SPL were set at 284 nm and 238 nm, respectively.

2.8.  Statistical analysis

SPSS statistics version 22 software was used to perform Un-
paired t-test to determine any significant difference between
the crystalline drug, physical mixture and LCDP-SPL C-ASDs
systems in different molar ratios (3:1, 1:1, 1:3, 1:6, and 1:9). Dif-
ferences were considered statistically significant when the P
value was less than 0.05 (P <0.05).
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Fig. 2 - PXRD diffractograms of (A) (a) crystalline LCDP, (b) crystalline SPL, (c) crystalline LCDP subjected to solvent
evaporation, (d) crystalline SPL subjected to solvent evaporation, and their C-ASDs system in different molar ratios freshly
prepared (e) LCDP:SPL 3:1, (f) LCDP:SPL 1:1, (g) LCDP:SPL 1:3, (h) LCDP:SPL 1:6, and (i) LCDP:SPL 1:9. (B) C-ASDs system in
different molar ratios exposed to high humidity (RH 92.5%) for 10 days. (a) LCDP: SPL 3:1, (b) LCDP: SPL 1:1, (c) LCDP: SPL 1:3,

(d) LCDP: SPL 1:6, and (e) LCDP: SPL 1:9.

3. Results and discussion

3.1.  Physical characterization of the LCDP- SPL C-ASDs
systems

3.1.1. Powder X-ray diffraction (PXRD)

PXRD was commonly used to determine the solid state of
drugs. The crystallinity of crystalline LCDP, crystalline SPL,
crystalline LCDP subjected to solvent evaporation, crystalline
SPL subjected to solvent evaporation and all the freshly pre-
pared LCDP-SPL C-ASDs were investigated by PXRD. As seen in
Fig. 2A, the sharp peaks of the diffractograms for crystalline
LCDP and crystalline SPL were detected. The single drug
amorphous component could not be prepared via solvent
evaporation, due to fast recrystallization during the process of
preparation. The LCDP-SPL (3:1, 1:1) C-ASDs also showed the
crystallinity peaks, but the degree of crystallinity was reduced.
An amorphous halo was observed in the diffractogram for
the investigated LCDP-SPL (1:3, 1:6, and 1:9) C-ASDs systems,
suggesting that the crystalline drugs were converted into an
amorphous form in these systems.

The C-ASDs were firstly exposed to high humidity and then
subjected to PXRD as well. In the PXRD diffractograms, no de-
tectable crystalline peak was observed for the LCDP-SPL (1:3,
1:6, and 1:9) C-ASDs systems, indicating that these C-ASDs
systems were stable after exposure to high humidity, as shown
in Fig. 2B.

3.1.2. Thermal analysis

DSC was conducted to further confirm the crystalline nature
of samples. Thermograms of the crystalline LCDP and crys-
talline SPL after the first and second heating are shown in Fig.
S1, which revealed the Tg values of 59 °C and 92.16 °C for LCDP
and SPL, respectively. As seen in Fig. S2, crystalline LCDP and

crystalline SPL displayed sharp endothermic melting peaks at
around 185.56 °C and 207.32 °C, respectively. The thermograms
of physical mixture (1:6) and LCDP-SPL (3:1, 1:1) systems in-
dicated that these compounds formed a binary eutectic sys-
tem. In the total thermograms of LCDP-SPL (1:3, 1:6 and 1:9)
systems, the melting peaks for LCDP and SPL were not ob-
served, and they exhibited a single composition-dependent Tg
value at 74.17 °C, 85.37 °C, and 92.87 °C, respectively. More im-
portantly, it was noteworthy that with higher molar ratio of
SPL, the C-ASDs systems showed Tg values close to Tg value
of SPL, which was consistent with the statement that the Tg
of the binary amorphous system tends to be close to the Tg of
the component present in excess the mixture [25]. In addition,
an exothermic event happened in the range of 120-150 °C, fol-
lowed by endothermic peak at around 160-185 °C, which might
be attributed to the recrystallization of amorphous drug and
the melting of recrystallized drug, respectively.

TGA experiments were carried out to verify the impact of
moisture or residual solvent on the C-ASDs systems. The TGA
results demonstrated that LCDP and SPL are thermally stable
within 189.1°C and 219.64 °C, respectively. A small weight loss
(0.77%) at about 78 °C was observed in the C-ASDs system (1:6),
due to the residual ethanol in the C-ASDs system prepared by
solvent evaporation (Fig. S3), which might lead to the lowered-
Tg of C-ASDs system.

3.1.3.  Polarized light microscopy (PLM)

Polarized light microscopy (PLM) experiment was intuitively
performed to evaluate the effect of humidity on the LCDP-
SPL C-ASDs systems. In Fig. S4, birefringence phenomenon
was obviously observed in crystalline LCDP and crystalline
SPL, whereas no visible birefringence phenomenon was ob-
served in all prepared LCDP-SPL C-ASDs systems except for
the system with molar ratio of 3:1 and 1:1 in Fig. 3A. The re-
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Fig. 3 - PLM images of LCDP-SPL C-ASDs systems (A)
samples freshly prepared and (B) samples exposed to high
humidity (RH 92.5%) for 10 days. (a) LCDP: SPL 3:1, (b) LCDP:
SPL 1:1, (c) LCDP: SPL 1:3, (d) LCDP: SPL 1:6, and (e) LCDP:
SPL 1:9.

sult was in a good agreement with the results obtained by
PXRD. For the samples after exposure to high humidity in
Fig. 3B, LCDP-SPL (1:6, 1:9) C-ASDs systems didn’t exhibited
birefringence signal, indicating that the excellent stability of
both systems under this high humidity conditions. However, a
few crystals were observed in the LCDP-SPL (1:3) C-ASDs sys-
tems. This phenomenon could not be detected by PXRD, due
to the limited sensitivity. It was essential that a combination
of several solid characterization methods was adopted to ac-
curately determine the crystallinity states.

3.1.4. FTIR spectroscopy

FTIR was conducted to investigate the molecular interactions
in the LCDP-SPL C-ASDs systems. The FTIR spectra of crys-
talline drugs and C-ASDs are presented in Fig. 4A. The crys-
talline LCDP showed the characteristic peak at 3348.3 cm™1,
belonging to the stretching vibration of the amino (-NH)
groups [23]. And the crystalline SPL demonstrated strong
bands of carbonyl (C=0) groups at 1691.1 cm~1, 1768.1 cm~!
and 1674.1 cm™!, assigned to the stretches of 0=C-S, 0=C-O
and O=C-C=C, respectively. For the prepared C-ASDs systems,
the peak intensity of amine groups was weakened in LCDP-
SPL (3:1, 1:1) C-ASDs, while the distinctive amine peak of LCDP
disappeared in the LCDP-SPL (1:3, 1:6 and 1:9) C-ASDs. Corre-
spondingly, the carbonyl peak of the thioacetyl group in SPL
was broadened and intensified in LCDP-SPL (1:1, 1:3, 1:6, and
1:9) C-ASDs systems, indicating the formation of intermolec-
ular hydrogen bonds between the -NH group of the LCDP and
the C=0 group of thioacetyl in SPL. No intermolecular hydro-
gen bond in the LCDP-SPL (3:1) systems was formed.

The C-ASDs systems after exposure to high humidity could
be further investigated using FTIR spectroscopy. As shown in
Fig. 4B, the intensity of -NH peak at 3348.1 cm~! in the LCDP-
SPL (1:1) C-ASDs was enhanced. In the LCDP-SPL (1:3) C-ASDs
system, a new peak at 3348.7 cm~! was detected, correspond-
ing to the -NH stretching peak of crystalline LCDP. In addi-
tion, the carbonyl peak of the thioacetyl group of SPL shifted
from 1691.1 cm~! to 1692.1 cm~!. These changes indicated
that these samples were recrystallized, and the intermolec-
ular hydrogen bonds might be broken. In contrast, LCDP-SPL
(1:6, 1:9) C-ASDs systems showed no notable differences in the
spectra following storage at 92.5% RH for 10 d. The intermolec-
ular hydrogen bonds in the LCDP-SPL (1:6, 1:9) C-ASDs were
well maintained.

3.1.5. Raman spectroscopy

Raman spectroscopy is proved to be another efficient tool to
analyze solid-state changes of drugs in the formulations and
characterize the molecular interactions between drugs and
excipients [26]. For the crystalline drug, the molecule struc-
ture is in a long-range order and the Raman-active bonds are
indeed same in each molecule; however, the molecule struc-
ture of the amorphous state is in short-range order or lack
in long-range order and represents relatively multiple regions
[27]. Concerning to the prepared LCDP-SPL (1:1, 1:3, 1:6, 1:9)
systems, C=0 peak of the thioacetyl bond in SPL at 1691 cm~!
was broadened and shifted towards lower wavenumbers, and
-NH stretching of crystalline LCDP at 3348.3 cm~! disappeared
in Fig. S5. These results suggested that the changes in molecu-
lar confirmation and confirmed the formation of intermolec-
ular hydrogen bond interactions. Specifically, the -NH group
of the LCDP and the O=C group of thioacetyl in SPL served as
hydrogen bond donor and accepter, leading to the formation
of a heterodimer. This result was consistent with the analysis
of FTIR.

3.2.  Invitro release
As shown in Fig. 5A, the release of low-amount drugs was de-

tected from crystalline LCDP and its physical mixture. How-
ever, the release of LCDP from C-ASDs systems with all the
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SPL 1:1, (c) LCDP: SPL 1:3, (d) LCDP: SPL 1:6, and (e) LCDP: SPL 1:9.
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Fig. 6 - Chemical structures with proposed hydrogen bond
between (A) LCDP and LCDP, (B) LCDP and SPL.

different molar ratios was enhanced compared with its crude
crystalline powders. The release rate and cumulative release
of LCDP from different drug ratios C-ASDs have the consid-
erable differences within 120 min. For LCDP-SPL C-ASDs with
molar ratios (3:1, 1:1 and 1:3), the release of LCDP was 5.1%,
21% and 56%, respectively. This demonstrated that LCDP re-
lease would be enhanced when the content of SPL increased
in the C-ASDs system. It was noteworthy that 69% of LCDP was
released from LCDP-SPL (1:6) C-ASDs system within 120 min,
similar to that of LCDP-SPL (1:9) C-ASDs system. Statistical
data analysis revealed that there was no significant difference
between these two systems (P > 0.05). Although both systems
showed the maximum cumulative releases, LCDP-SPL (1:6) C-
ASDs system was in closer proximity to the clinically relevant
combination doses of 1:6.83 (4 mg/25 mg). Therefore, 1:6 was
considered as the most optimal molar ratio to achieve the op-
timal release of LCDP-SPL C-ASDs system.

The releases of SPL from crystalline SPL, physical mixture,
and LCDP-SPL system with the molar ratio of 3:1 were approxi-
mately 40% (P > 0.05) in Fig. 5C. The releases of SPL from LCDP-
SPL (1:1, 1:3, 1:6, and 1:9) C-ASDs systems were found to be
similar. The cumulative release of SPL from LCDP-SPL (1:6) C-
ASDs system was nearly 1.5 times higher than that of the crys-
talline SPL.

To evaluate the physical stability of LCDP-SPL C-ASDs sys-
tems, the C-ASDs were subjected to the in vitro release test
after exposure to high humidity (RH 92.5%). As seen in Fig.

5B and D, the significant decrease in the release of LCDP and
SPL were observed in LCDP-SPL (1:1, 1:3) C-ASDs systems. This
might be due to the recrystallization of amorphous drugs in C-
ASDs. However, LCDP and SPL release profiles from both LCDP-
SPL (1:6,1:9) C-ASDs systems were similar to that of the freshly
prepared samples (P > 0.05), indicating that LCDP-SPL (1:6, 1:9)
C-ASDs systems showed exceptional stability under this high
humidity conditions after 10 d. The amount of SPL was con-
sidered as a crucial factor influencing the stability. Hence, it is
certainly believed that a suitable amount of stabilizer is nec-
essary for a C-ASDs system to achieve the maximum release
and good physical stability.

3.3.  Molecular dynamic (MD) simulations

Molecular docking was performed to provide a better under-
standing of the molecular interactions. The hydrogen bonds
between LCDP and LCDP (Fig. 6A), as well as between LCDP
and SPL (Fig. 6B) were obviously observed. Docking results re-
vealed that intermolecular hydrogen bonds were formed be-
tween the amine (-NH) group of LCDP and the carbonyl (C=0)
of thioacetyl group in SPL, agreeing well with the experimen-
tal results of IR and Raman spectroscopy. Bulk amorphous
cell models of LCDP and SPL were constructed (Fig. S6). In the
computer simulations, the bond length and the binding en-
ergy were used to evaluate the strength of interactions. The
bond length of -N-He+«O=C-O between two LCDP molecules
was 2.82279 pm, whereas the bond length of -N-He+-0O=S-O
between LCDP and SPL was 2.83718 pm. Moreover, the binding
energy value of hydrogen bond interaction in the LCDP-LCDP
and LCDP-SPL complex was —2.8 kcal/mol and —4.2 kcal/mol,
respectively. These results proved that LCDP had a higher
tendency to interact with SPL through the formation of hy-
drogen bonds rather than aggregated between the individ-
ual molecules, which ultimately hindered the occurrence of
recrystallization. Consequently, the -N-He+«O=S-0O hydrogen
bonds between LCDP and SPL molecule were the dominant
force for stabilizing the LCDP-SPL C-ASDs systems.
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Fig. 7 - Cohesive energy density of LCDP-SPL C-ASDs systems as a function of simulation time.
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In the MD simulation, cohesive energy density (CED) val-
ues were conducted to estimate the stability of systems,
where higher values indicate better stability. Herein, the
stability of different LCDP-SPL C-ASDs systems after ex-
posure to high humidity was evaluated by CED values.
As shown in Fig. 7, for LCDP-SPL (1:1, 1:3, 1:6 and 1:9)
C-ASDs, the CED maximum value was 5.89809 x 108 J/m3,
6.13701 x 108J/m3, 6.34443 x 108)/m3, and 6.38792 x 108 J/m3,
respectively. It could be seen that CED values increased along
with the increased content of SPL in the C-ASDs system, while
the CED reached the maximum value in LCDP-SPL (1:6, 1:9) C-
ASDs systems. This trend was consistent with that of in vitro
release results. Likewise, this was also confirmed by FTIR re-
sult that hydrogen bonds in the LCDP-SPL (1:1, 1:3) C-ASDs
systems were impaired but were well maintained in LCDP-SPL
(1:6, 1:9) C-ASDs systems.

Taken all together, both the results obtained experimen-
tally and calculated theoretically elucidated that intermolec-
ular hydrogen bond plays a significant role in maintaining the
stability of LCDP-SPL C-ASDs system. Furthermore, MD simu-
lations provided forceful evidence to help understand the sta-
bility mechanism at the molecular level.

4, Conclusion

LCDP-SPL C-ASDs systems were successfully established by
solvent evaporation. The LCDP-SPL (1:6, 1:9) C-ASDs systems
exhibited better in vitro release behaviors and physical stabil-
ity than LCDP-SPL (1:1, 1:3) C-ASDs systems. Especially, the C-
ASDs system with the optimal molar ratio of 1:6 was close to
therapeutically relevant dose. FTIR and Raman spectroscopy
revealed the formation of hydrogen bond between the -NH
of LCDP and the O=C-S of SPL. The MD simulations further
verified the formation of H-bonds and provided the calculated
CED values for the C-ASDs systems in the presence of water
molecules, which afforded a molecular level insight into the
stability mechanism of the C-ASDs systems.
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