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Abstract
Purpose  This study was designed to develop ibuprofen (IBU) sustained-release amorphous solid dispersion (ASD) using 
polymer composites matrix with drug release plateaus for stable release and to further reveal intrinsic links between polymer’ 
matrix ratios and drug release behaviors.
Methods  Hydrophilic polymers and hydrophobic polymers were combined to form different composite matrices in develop-
ing IBU ASD formulations by hot melt extrusion technique. The intrinsic links between the mixed polymer matrix ratio and 
drug dissolution behaviors was deeply clarified from the dissolution curves of hydrophilic polymers and swelling curves of 
composite matrices, and intermolecular forces among the components in ASDs.
Results  IBU + ammonio methacrylate copolymer type B (RSPO) + poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP VA64) physical 
mixtures presented unstable release behaviors with large error bars due to inhomogeneities at the micrometer level. However, IBU-
RSPO-PVP VA64 ASDs showed a "dissolution plateau phenomenon", i.e., release behaviors of IBU in ASDs were unaffected by 
polymer ratios when PVP VA64 content was 35% ~ 50%, which could reduce risks of variations in release behaviors due to fluctua-
tions in prescriptions/processes. The release of IBU in ASDs was simultaneously regulated by the PVP VA64-mediated "dissolution" 
and RSPO-PVP VA64 assembly-mediated "swelling". Radial distribution function suggested that similar intermolecular forces 
between RSPO and PVP VA64 were key mechanisms for the "dissolution plateau phenomenon" in ASDs at 35% ~ 50% of PVP VA64.
Conclusions  This study provided ideas for developing ASD sustained-release formulations with stable release plateau modu-
lated by polymer combinations, taking full advantages of simple process/prescription, ease of scale-up and favorable release 
behavior of ASD formulations.

Keywords  amorphous solid dispersion · drug release plateau · hot melt extrusion technology · polymer composite matrix · 
sustained-release regulation

Introduction

At present, sustained-release formulations that can be indus-
trially produced are mainly divided into matrix system [1, 
2], membrane-controlled type [3], and osmotic pump type 
[4] sustained-release formulations according to the formula-
tion process. However, the skeletal types have poor control 
over the release of water-soluble/insoluble drugs, show-
ing abrupt release behavior [5, 6] and incomplete terminal 
release [7–9], respectively. For membrane control types, the 
screening of film material types (satisfying the sustained 
release requirement of API) and coating parameters is com-
plex [10]. The osmotic pump formulation of insoluble drugs 
requires complex process design [11], such as the number of 
chambers and the number/pore size of orifices, to regulate 
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drug release rate [12]. It has been reported that the drug 
release is modulated by different ratios of hydrophilic and 
hydrophobic component combinations, usually showing a 
trend that the higher the ratio of hydrophilic component, 
the faster the release of the drug, but also faces the risk of 
unstable release due to local inhomogeneity [13, 14].

Amorphous solid dispersion (ASD), a homogeneous 
dispersion system where drugs in amorphous state highly 
dispersed in polymer carriers [15], is attracting growing 
interest in the development of sustained-release formula-
tions due to its simple preparation process and prescrip-
tion, ease of scale up, and solubility/dissolution advan-
tages [16]. Currently, ASD sustained-release formulations 
usually use hydrophobic polymers as carriers, such as 
ethyl cellulose [17–19], ammonio methacrylate copoly-
mer series [20, 21], and polylactic acid-hydroxy acetic 
acid copolymer [22, 23], but often face risks of extremely 
slow drug release rates or incomplete drug release at the 
endpoint because the forces (including hydrogen bond-
ing [propranolol-eudragit L ASD [24]], electrostatic 
force [nitrendipine-HPMCP ASD [25]], and van der 
Waals forces [lopinavir-eudragit RL ASD [9]] between 
the insoluble polymers and the drug molecules are too 
large and inhibit the hydrogen bonding between the drug 
and water molecules [9, 26]. To address this issue, some 
hydrophilic polymers such as polyvinylpyrrolidone [8, 27] 
and polyethylene glycol [28] are often incorporated into 
hydrophobic polymer carriers to achieve modulation of 
drug release in ternary hydrophobic polymer-hydrophilic 
polymer-drug ASDs. Many reports [17, 20, 29, 30] have 
used this approach to modulate the release of ASDs, where 
the rate of drug release increases with the proportion of 
water-soluble polymers, implying that small variations 
in polymer ratios can significantly affect the dissolution 
behavior of drugs and thus lead to unstable qualities of 
ASD formulations. For example, Li and Lu et al. [29, 31]. 
demonstrated that a change of about 5% in the hydrophilic 
polymer content (20% → 25%) could affect drug release 
by 10–20% fluctuation. Literature study reveals a total of 
four reports [20, 21, 29, 30] on modulation of drug release 
from ASD formulations by mixing matrices. However, the 

reports mainly focused on formulation development, but 
there is a lack of research at the molecular level on the 
mechanisms of polymer-polymer blend matrices affecting 
drug release. Moreover, the intrinsic link between the ratio 
of polymer-polymer blend matrix and drug dissolution 
behavior has not been revealed. It is evident that there is 
a need to develop a highly durable ASD sustained-release 
formulation with a drug release plateau, to obtain a stable 
release behavior without being obviously affected by small 
changes in matrix ratios during production.

In this study, hydrophilic polymer poly(1-vinylpyrro-
lidone-co-vinyl acetate) (Fig. 1A, PVP VA64), hydrophilic 
polymer poly(ethylene glycol)-poly(vinyl acetate)-poly(vinyl 
caprolactam) graft copolymer (Soluplus), hydropho-
bic polymer ammonio methacrylate copolymer type B 
(Fig. 1B, RSPO), and hydrophobic polymer ethyl cellulose 
(EC) were combined to form different composite matrices 
(RSPO-Soluplus, EC-PVP VA64 and RSPO-PVP VA64) in 
the development of ibuprofen (Fig. 1C, IBU, BCS II drug) 
ASD formulations by hot melt extrusion (HME) technique, 
respectively. ASDs using the first two polymer composite 
matrices showed conventional release trends, i.e., the higher 
the proportion of water-soluble polymers, the faster the drug 
release, in agreement with literature reports [29]. Differ-
ently, the ASD based on RSPO-PVP VA64 composite matrix 
showed a "polymer ratio interval for stable drug release 
(drug release plateau phenomenon: variations in the amount 
of polymer within a certain range didn't change the IBU 
release behavior)", i.e., the drug release behavior in ASDs 
was approximately the same at a proportion 32.5%-50% of 
PVP VA64. However, RSPO + PVP VA64 + IBU physical 
mixtures did not show such drug release plateau phenom-
enon, but approximately linear release accompanied by large 
error bars. The intrinsic relationship between RSPO-PVP 
VA64 ratio and the dissolution behavior of IBU in ASDs 
was deeply clarified from the co-regulation of the dissolu-
tion of PVP VA64 with the swelling of RSPO-PVP VA64 
and the differences in intermolecular forces between ASD 
systems. This study provided new ideas for developing ASD 
sustained-release formulations with stable release plateau 
modulated by polymer combinations.

Fig. 1   Molecular structures of (A) poly(1-vinylpyrrolidone-co-vinyl acetate) (PVP VA64), (B) ammonio methacrylate copolymer type B 
(RSPO) and (C) ibuprofen (IBU).
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Materials and Methods

Materials

IBU (purity > 99%) was acquired from Shandong Xinhua 
Pharmaceutical Co., Ltd (Jinan, China). PVP VA64 and 
Soluplus were purchased from BASF Pharm Co., Ltd. (Lud-
wigshafen, Germany). RSPO was received from Evonik 
Industries AG Co., Ltd. (Darmstadt, Germany). EC was 
received from Merck KGaA (Darmstadt, Germany). All 
other chemical reagents were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China).

HME Processing

IBU-RSPO-PVP VA64 ASDs, IBU-RSPO-Soluplus ASDs 
and IBU-EC-PVP VA64 ASDs with various mass ratios were 
prepared using a co-rotating twin-screw extruder (PPS TSE 
Elf, Pharmaceutical Processing Solution Co., Ltd, China) 
with a functional length of 20:1 L/D and a die opening of 
3 mm diameter. The used screw configuration consists of 
the conveying element and mixing element with an offset 
angle of 60°. Before extrusion, all mixtures (IBU:RSPO:PVP 
VA64 = 3:0.5:6.5, 3:1:6, 3:1.5:5.5, 3:1.75:5.25, 3:2:5, 
3:2.5:4.5, 3:3:4, 3:3.5:3.5, 3:3.75:3.25, 3:4:3, 3:5:2, and 
3:6:1, w/w/w, equivalent to 65%, 60%, 55%, 52.5%, 50%, 
45%, 40%, 35%, 32.5%, 30%, 20% and 10% PVP VA64; 
IBU:RSPO:Soluplus = 3:1:6, 3:2:5, 3:3:4 and 3:4:3, equiv-
alent to 60%, 50%, 40% and 30% Soluplus; IBU:EC:PVP 
VA64 = 3:1:6, 3:2:5, 3:3:4 and 3:4:3, equivalent to 60%, 50%, 
40% and 30% PVP VA64) were blended for 10 min using a 
three-dimensional mixer (SBH-1, Xinbao Co. Ltd., China). 
Subsequently, the obtained uniform mixtures were added into 
the hopper at the feeding rate of 1.0 g/min and screw speed 
of 20 rpm. The barrel temperature in zone I (i.e., the feeding 
zone) was set at 30°C, and the temperatures in zones II-IV 
with the same setting were 120°C. After cooling at room 
temperature, the extrudates were ground with mortar and 
passed through a sieve of 60 mesh for further analysis. In 
addition, RSPO-PVP VA64 extrudates (1:6, 2:5, 3:4 and 4:3, 
w/w) were prepared and post-treated under the same condi-
tions as described above for subsequent studies. In addition, 
IBU + RSPO + PVP VA64 physical mixtures (1:6, 2:5, 3:4 
and 4:3, w/w, equivalent to 60%, 50%, 40% and 30% PVP 
VA64) were prepared by blending for 10 min using a three-
dimensional mixer (SBH-1, Xinbao Co. Ltd., China).

Differential Scanning Calorimetry (DSC)

Thermal analysis of samples was carried out using DSC 250 
(TA Instruments, USA). The high purity indium standard 

was used to calibrate the temperature and heat flow. Nitro-
gen gas at a flow rate of 50 mL/min was used as the purge 
gas. About 3 mg of samples [IBU-RSPO-PVP VA64 extru-
dates, IBU-RSPO-Soluplus extrudates and IBU-EC-PVP 
VA64 extrudates] crimped in hermetic aluminum DSC pans 
were heated at a heating rate of 10°C/min in the range of 
20–200°C. The data obtained were analyzed using TRIOS 
(version 5.1.1).

Fourier Transform‑Raman Mapping (FT‑Raman 
Mapping)

The Raman imaging allows spectra acquisition on a micro 
scale according to Raman shift of component to be moni-
tored and provides selective information of component dis-
tribution and uniformity. The characteristic Raman peak 
of p-disubstituted benzene ring in IBU at 829.36  cm−1 
was chosen to analyze the distribution homogeneity 
of IBU molecules in IBU-RSPO-PVP VA64 ASD and 
IBU + RSPO + PVP VA64 physical mixture. FT-Raman 
mapping tests were carried out with Horiba Raman spec-
troscopy microscopes (LabRAM HR Evolution, Horiba, 
Japan), spatial resolution was 0.65 cm−1. The area maps 
were taken at 45 μm × 45 μm with 5 μm microns step (total 
100 points). The Raman spectra of samples were collected 
by using 532 nm excitation light source with single expo-
sure time of 1 s at room temperature. Spectral maps were 
analyzed using Lab Spec 6 software.

Dissolution Test

Dissolution tests were performed in triplicate by a disso-
lution apparatus (RC806D, Tianda Tianfa, China) using a 
paddle method. About 0.167 g of IBU-RSPO-PVP VA64 
ASD, IBU-RSPO-Soluplus ASD and IBU-EC-PVP VA64 
ASD powders (equivalent to 50 mg IBU), and 0.167 g 
of IBU + RSPO + PVP VA64 physical mixture powders 
(equivalent to 50 mg IBU) were added to 900 mL pure 
water (Millipore Corporation, USA) at 37°C, respectively. 
The rotating speed was set at 100  rpm. Five millilitre 
aliquots were withdrawn at predetermined time points 
(0.08, 0.17, 0.25, 0.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, 
16 and 24 h), and then the same volume of fresh media 
was replenished. After filtered through 0.45 μm nylon filter 
(Millipore, Bedford, MA), the drug content of aliquots was 
measured using a UV-vis spectrophotometer (TU-1901, 
PERSEE, China) after appropriate dilution. The obtained 
time-dissolution data of samples were further fitted with 
Korsmeyer-Peppas equation (Eq. 1) [32]:

(1)
C
t

C∞

= Kt
n
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where Ct and C∞ are the absolute cumulative amount of drug 
released at time t and infinite time, respectively; K is a con-
stant incorporating structural and geometric characteristics 
of the preparation, and n is the release exponent, indicative 
of the drug release mechanism.

In addition, another set of dissolution experiments for 
IBU-RSPO-PVP VA64 ASDs were carried out under above 
conditions, where solid residues in the dissolution cups were 
collected at 0.17 h, 2 h, and 5 h and vacuum-dried for 24 h 
at room temperature to remove moisture for further SEM 
characterization.

Scanning Electron Microscopy (SEM)

The morphologies of IBU-RSPO-PVP VA64 ASDs after 
dissolution were observed by SEM (Phenom Pure+, Thermo 
Fisher Scientific Inc., USA). The samples were fixed on 
metal sample plates using carbon double sided tape, and 
then sprayed gold (thickness: 15–20 nm) by a SC502 sput-
ter coater (Fission Instruments, UK) for 10 min at 2.0 kV 
electrical potential and 25 mA current, to enhance elec-
trons reflection of samples surface. SEM measurements 
were performed at 10.0 kV with 4000-folds and 9000-folds 
magnification.

Swelling Curve of RSPO‑PVP VA64 Composite Matrix 
and Dissolution Curve of PVP VA64

About 250 mg RSPO-PVP VA64 extrudate powders (1:6, 
2:5, 3:4 and 4:3, w/w) were further pressed into tablets 
(Φ≈13 mm, δ≈5 mm) by hydraulic press at pressure of 74 
Mpa. The tablets were placed in 30 mL of pure water at 
37 ± 0.5°C, using a water bath thermostatic shaker (SHZ-B, 
Guowang Instrument Manufacturing Co., LTD, China) at a 
stirring speed of 100 rpm. At each sampling point (0.5 h, 
1 h, 2 h, 3 h, 4 h, 6 h, 8 h, and 12 h), the tablets were col-
lected, and vacuum filtrated to remove surface moisture. The 
tablet was weight as Mw, and then vacuum dried to a con-
stant weight (Md) (the process is detailed in Fig. S1) [29].

The swelling rate was characterized by equilibrium water 
content (EW%) and calculated as Eq. 2:

The degree of PVP VA64 erosion rate (ER%) was deter-
mined based on the mass difference between initial point and 
the experimental time point t (Eq. 3):

where Mi represents the initial weight of tablets and k repre-
sents the theoretical mass fraction of VA64.

(2)EW% =
M

W
−M

d

M
d

× 100%

(3)ER% =
M

i
−M

d

M
i
× k

× 100%

Radial Distribution Function (RDF) Calculations

Molecular dynamics (MD) simulation was used to further 
analyze intermolecular interaction sites and possibilities 
among components of ASDs. RDF via MD simulation 
is an effective analytical method to probe the structure 
information of materials by calculating the local spatial 
distribution and giving the probability density g(r) of the 
occurrence of other atoms at a certain distance from the 
reference atom [33–35]. All MD simulations were per-
formed under NPT and NVT ensembles with a time step 
of 1 fs and a period of 400 ps [36] using the Amorphous 
cell and Forcite module of Material Studio 9.0 software in 
COMPASS II. The van der Waals were calculated using 
Atom Based and Ewald methods.

The simulation procedure details were shown as follows: (1) 
The amorphous cells were constructed which containing IBU, 
RSPO, and PVP VA64 molecules respectively; (2) The con-
structed amorphous cells continued to be geometrically opti-
mized and then went through dynamics simulations under NPT 
and NVT ensembles with a set of temperature at 120°C by the 
Andersen method, for analyzing the interactions between com-
ponents of ASDs during extrusion; (3) The quench simulation 
was carried out under NVT ensemble at 25°C, for the objec-
tive of calculating interactions between components of ASDs 
during cooling at room temperature; (4) For investigating the 
effect of medium on the interactions among components of 
ASDs during dissolution, water molecules were introduced 
into the simulation process. In detail, a layer model includ-
ing the amorphous cells of ASDs as the first layer and the 
amorphous cell of 2000 water molecules as the second layer 
were constructed, and the NVT ensemble was used to run the 
layer model dynamically with a set temperature of 37°C (i.e., 
the medium temperature). After finishing above MD simula-
tions, RDF analysis was performed by calculating g(r) values 
between the electron donor and electron acceptor groups of 
component molecules by using the Analysis function in the 
Forcite module. The schematic diagram of RDF analysis using 
MD simulation was shown in Fig. S2.

Results

DSC

The DSC curves of IBU-RSPO-PVP VA64 extrudates 
with various mass ratios were shown in Fig. 2. Only one 
single Tg was observed at 87.32–90.07°C in each system, 
suggesting the successful preparation of IBU-RSPO-PVP 
VA64 (65%, 60%, 55%, 52.5%, 50%, 45%, 40%, 35%, 
32.5%, 30%, 20% and 10% PVP VA64) ASDs. It could 
be found that the Tg values of the ASDs were not signifi-
cantly changed by the ratio of RSPO-PVP VA64. Tg as an 
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inherent property of amorphous materials, which is the 
lowest temperature at which the molecular chain segments 
can move. Its value is directly related to the flexibility of 
the molecular chain, the greater the molecular chain flex-
ibility, the lower the value of Tg; the greater the molecular 
chain rigidity, the higher the value of Tg [37]. The PVP 
VA64 molecule is a co-polymerization of vinyl pyrrolidone 
monomer and vinyl acetate monomer, and RSPO is a co-
polymerization of methacrylate monomer and quaternary 
amine monomers (Fig. 1), showing that their molecular 
chains do not contain rigid structures, and therefore, the 
ratio of RSPO-PVP VA64 did not have obvious effects on 
the Tg values of the ASDs. In addition, the specific single 
Tg data of IBU-RSPO-Soluplus ASDs and IBU-EC-PVP 
VA64 ASDs were shown in Table S1.

FT‑Raman Mapping

IBU-RSPO-PVP VA64 ASD showed a distinctive character-
istic peak at 829.36 cm−1 (Fig. S3), which was attributed to 
the p-disubstituted benzene ring in IBU [38, 39]. Therefore, 
the FT-Raman mapping of the p-disubstituted benzene in 
IBU was measured at 829.36 cm−1 to investigate the distri-
bution of IBU molecules in IBU-RSPO-PVP VA64 ASD 
and IBU + RSPO + PVP VA64 physical mixture. As shown 
in Fig. 3, the red area meant strong scattering intensity from 
high concentration of the p-disubstituted benzene in IBU 
and the purple area revealed the low concentration of the 
p-disubstituted benzene ring in IBU, suggesting that IBU 
molecules were uniformly distributed in the ASD system but 
obviously aggregated in the physical mixture.

Fig. 2   DSC curves of IBU-RSPO-PVP VA64 ASDs with various mass ratios (A: 10% ~ 40% PVP VA64, B: 45% ~ 65% PVP VA64).

Fig. 3   The FT-Raman mapping of the p-disubstituted benzene ring in IBU from (A) IBU-RSPO-PVP VA64 ASD and (B) IBU + RSPO + PVP 
VA64 physical mixture.
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Dissolution Test

The dissolution profiles of IBU-RSPO-Soluplus ASDs were 
shown in Fig. 4A and dissolution profiles of IBU-EC-PVP 
VA64 ASDs were shown in Fig. S4. The dissolution of IBU 
from IBU-RSPO-Soluplus ASDs (30%, 40%, 50% and 60% 
Soluplus) and IBU-EC-PVP VA64 ASDs (30%, 40%, 50% and 
60% PVP VA64) varied from 47% ~ 62%, 70% ~ 100% within 
12 h, respectively. This indicated an obvious linear correlation 
between the polymer combination ratio and IBU dissolution, 
and a 5% variation in polymer ratio could induce changes in 
drug release behavior, consistent with literature reports [29, 31].

The dissolution profiles of IBU-RSPO-PVP VA64 ASDs 
were shown in Fig. 4B. The dissolution of IBU from IBU-
RSPO-PVP VA64 ASDs (20% ~ 32.5%, 50% ~ 65% PVP 
VA64) was also routinely linear with the water-soluble pol-
ymer-PVP VA64 ratio. However, the dissolution behavior of 
IBU from IBU-RSPO-PVP VA64 ASDs (32.5% ~ 50% PVP 
VA64) was similar, with dissolution of IBU in these ASDs 
reaching ~ 43% in 1 h, ~ 70% in 12 h and ~ 88% at the end 
point of dissolution (24 h).

The curves for PVP VA64 mass ratio were fitted at low 
(20%-32.5%), middle (32.5%-50%) and high (50%-65%) 
segments to IBU dissolution at different time points (1, 2, 
4, 6, 8, 12, and 24 h), respectively (Fig. 4D-J). Interest-
ingly, the relationship between IBU dissolution and PVP 
VA64 ratio over 0–24 h at different time points all rep-
resented as a three-stage function. In detail, at high PVP 
VA64 ratio range (50%-65%) or low PVP VA64 ratio range 
(20%-32.5%), IBU dissolution at each time point was lin-
early related to the PVP VA64 ratio and enhanced by the 
growing hydrophilic polymers ratio. However, in the ASDs 
with medium PVP VA64 ratio range (32.5%-50%), IBU dis-
solution remained consistent at all time points even as the 
proportion of hydrophilic polymer increased. It could be 
seen that the above three-stage function break the traditional 
understanding that the higher the percentage of hydrophilic 
polymers, the faster the drug release, and the existence of 
this release plateau would improve the durability of ASD 
sustained-release formulations to obtain a stable release 
behavior. In addition, the relationship between IBU dis-
solution and PVP VA64 ratio over 0–24 h at different time 

Fig. 4   (A) Dissolution curves of IBU from IBU-RSPO-Soluplus ASDs in water at 37°C. (B) Dissolution curves of IBU from IBU-RSPO-PVP 
VA64 ASDs in water at 37°C. (C) Dissolution curves of IBU from IBU + RSPO + PVP VA64 physical mixtures in water at 37℃. The curves of 
PVP VA64 mass ratio versus IBU dissolution at (D) 1 h, (E) 2 h, (F) 4 h, (G) 6 h, (H) 8 h, (I) 12 h, and (J) 24 h.

1238 Pharmaceutical Research (2024) 41:1233–1245



points all represented as a three-stage function in the dis-
solution medium at pH 1.2 and 6.8 (Fig. S5), which further 
proving that the type of polymer played a leading role.

The dissolution profiles of IBU + RSPO + PVP VA64 phys-
ical mixtures were shown in Fig. 4C. They could release com-
pletely within 8 h without good slow-release performance, and 
their dissolution behavior exhibited large SD values (Table 
S2), revealing that simple mixing did not enable polymer 
composites to modulate drug release and tended to cause large 
release variations due to local inhomogeneities.

SEM

The SEM profiles and phenomena diagrams of IBU-
RSPO-PVP VA64 ASDs during dissolution was shown in 
Fig. 5 and Fig. S6, respectively, it was obvious that ASD 
containing more insoluble polymers exhibited more obvi-
ous swelling behavior macroscopically. TEM observations 
showed that the ASD systems, except for IBU-RSPO-PVP 
VA64 (60% PVP VA64) ASD, were porous and the pores 

became denser as the dissolution proceeded. In addition, 
more dense porous structures also were observed inside 
the system (9000 ×). However, the porosity effect was 
still different among the ASDs with different RSPO-PVP 
VA64 mass ratios. Specifically, the surface pore numbers 
of IBU-RSPO-PVP VA64 (30% PVP VA64) ASD dur-
ing dissolution at 10 min and the internal pore numbers 
during dissolution at 5 h (~ 10058 pores) were higher 
than the other ASDs, accompanied with lower pore area 
to some extent. The porosity effect of IBU-RSPO-PVP 
VA64 (40% and 50% PVP VA64) ASDs was similar with 
large sparse pores appearing on their surfaces at 10 min 
of dissolution. As the dissolution proceeded, the surface 
pore numbers and area of the two ASDs became larger 
(40% PVP VA64: ~ 1557 vs. 50% PVP VA64: ~ 1469), and 
the pores gradually expanded to the interior. However, 
IBU-RSPO-PVP VA64 (60% PVP VA64) ASD seemed 
completely different from other ASDs in that its skele-
ton gradually collapsed during dissolution without pores 
forming. After 10 min of dissolution, the surface VA64 of 

Fig. 5   Microstructures of 
IBU-RSPO-PVP VA64 [(a) 
30%, (b) 40%, (c) 50% and (d) 
60% PVP VA64] ASDs after 
10 min (4000 ×), 2 h (4000 ×) 
and 5 h (4000 × and 9000 ×) of 
dissolution.
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IBU-RSPO-PVP VA64 (60% PVP VA64) ASD has been 
almost completely dissolved, showing a loose and sunken 
appearance with hardly observable intact pores.

Swelling Curve of RSPO‑PVP VA64 Composite Matrix 
and Dissolution Curve of PVP VA64

The PVP VA64 dissolution curves of RSPO-PVP VA64 
extrudates were shown in Fig.  6A. The PVP VA64 in 
RSPO-PVP VA64 (1:6) extrudate could almost com-
pletely dissolved at 4 h; and the dissolution behavior of 
PVP VA64 in RSPO-PVP VA64 (2:5 and 3:4) extrudates 
were similar, i.e., up to ~ 88% within 4 h, followed by slow 
dissolution until a plateau was reached after 12 h (~ 95%); 
The dissolution behavior of VA64 in RSPO-PVP VA64 
(4:3) extrudate dissolved ~ 77% in 4 h and then gradually 
dissolved up to 90% at 12 h. It could be obtained that the 
PVP VA64 dissolution rate of RSPO-PVP VA64 extru-
dates was ordered as 1:6 > 2:5 ≈ 3:4 > 4:3.

The equilibrium water content curves of RSPO-PVP 
VA64 extrudates were shown in Fig. 6B. The dissolu-
tion of soluble polymers is a finite swelling → infinite 
swelling → dissolution process [40], meaning that the 
undissolved PVP VA64 in RSPO-PVP VA64 extrudates 
would absorb water and underwent finite swelling. It 
could be seen that the equilibrium water of RSPO-PVP 
VA64 extrudates was originated from RSPO and undis-
solved PVP VA64. The RSPO-PVP VA64 (1:6, 2:5 and 
3:4) extrudates reached swelling equilibrium at 3, 6, and 
8 h, respectively (~ 240%, ~ 130% and ~ 110%), while 
the equilibrium water content of RSPO-PVP VA64 (4:3) 
extrudate increased extremely slowly until the end point 
(~ 59%). It could be concluded that the equilibrium water 
content of RSPO-PVP VA64 extrudates was ranked as 

1:6 > 2:5 ≈ 3:4 > 4:3, which was consistent with the 
ordering of the dissolution rate of PVP VA64 from 
RSPO-PVP VA64 extrudates.

RDF Calculations

The RDF calculations for IBU-RSPO-PVP VA64 ASDs 
were shown in Fig. 7 and Table S4-S5. RDF is an analyti-
cal method to analyze material structures by calculating 
the local spatial distribution, giving the probability density 
g(r) of the occurrence of other atoms at a certain distance 
from the reference atom, which provides a certain basis 
for studying intermolecular forces. If the distance between 
atoms is lower than 3.10 Å, the strong intermolecular 
interactions such as hydrogen bond are usually considered 
to form, and if the distance between atoms is 3.0–6.0, it is 
considered that there may be van der Waals force [41]. The 
number of interaction sites between RSPO and PVP VA64 
in the ASDs was ranked as 20% = 30% > 35% = 40% = 50% 
> 55% > 60% (PVP VA64 ratio). Detailly, the same inter-
action sites were found in IBU-RSPO-PVP VA64 (20% 
and 30%) ASDs including RSPO-N19'-PVP VA64-N5'' 
[g(4.5) = 32 vs g(4.5) = 25], RSPO-N19'-PVP VA64-O14'' 
[g(4.4) = 30 vs g(4.4) = 24], RSPO-N19'-PVP VA64-O12'' 
[g(4.9) = 22 vs g(4.8) = 18] and RSPO-N19'-PVP VA64-
O13'' [g(4.8) = 8 vs g(4.8) = 10]. IBU-RSPO-PVP VA64 
(35%, 40% and 50%) ASDs presented same interaction 
sites and similar possibilities (RSPO-N19'-PVP VA64-N5" 
[g(r) = 29–35], RSPO-N19'-PVP VA64-O12" [g(r) = 24–28] 
and RSPO-N19'-PVP VA64-O12" [g(r) = 14–16]). IBU-
RSPO-PVP VA64 (55% and 60%) ASD systems con-
tained fewer interaction sites compared to other ASDs 
(IBU-RSPO-PVP VA64 (55%) ASD: RSPO-N19'-PVP 
VA64-O14" [g(4.4) = 24]; IBU-RSPO-PVP VA64 (60%) 

Fig. 6   (A) The PVP VA64 dissolution curves and (B) the equilibrium water content curves of RSPO-PVP VA64 extrudates.
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ASD: RSPO-N19'-PVP VA64-N5" [g(4.5) = 35]). The 
interaction sites between IBU and RSPO/PVP VA64 in 
the ASDs are the same, in which the interaction prob-
abilities between IBU and RSPO (IBU-O15 ~ RSPO-N19', 
IBU-O14 ~ RSPO-N19') were ranked as 20% > 30% > 35% ≈ 
40% ≈ 50% > 55% > 60%, while the interaction probabili-
ties between IBU and PVP VA64 (IBU-O15-PVP VA64-
O14", IBU-O15-PVP VA64-O12") were on the contrary, i.e. 
20% < 30% < 35% ≈ 40% ≈ 50% < 55% < 60%. In presence 
of solvent system (water), compared to those of ASDs 
in absence of water, the interaction site among compo-
nents of ASDs remained same, but the interaction pos-
sibilities were increased (RSPO-PVP VA64: g(r) = 30–61 
vs g(r) = 8–35; IBU-RSPO: g(r) = 29–74 vs g(r) = 9–50; 
IBU-PVP VA64: g(r) = 34–73 vs g(r) = 5–45). It could be 
seen that van der Waals forces (r > 3.1) were generated 
among components in IBU-RSPO-PVP VA64 ASDs in 
absence of water and their possibilities were obviously 
enhanced in presence of water.

Discussion

The Release Plateau of IBU in IBU‑RSPO‑PVP VA64 
ASDs at 35%‑50% of PVP VA64

As shown in Fig.  4B, IBU-RSPO-PVP VA64 ASDs 
exhibited good sustained- release behavior within 24 h, 
agreeing with the Korsmeyer-Peppas drug release model 
(Fig. S7 and Table S6), and their dissolution behavior was 
linked with the ratio of polymer composites (Fig. 4D-J). 
The release exponent (n) was used to analyze dissolution 
behavior of drug preparations. It was generally considered 
that when n < 0.43, the drug release was dominated by 
Fickian diffusion mechanism; and when 0.43 < n < 0.85, 
the drug release was more likely anomalous transport; and 
when n > 0.85, the drug was transported in case II [32]. 
The release exponent of IBU-RSPO-PVP VA64 ASDs 
was all between 0.10 and 0.26 (PVP VA64 mass ratio, 
65%: 0.10, 60%: 0.16, 55%: 0.20, 52.5%: 0.21, 50%: 0.25, 

Fig. 7   (A) The number of force sites between RSPO and PVP VA64 in ASDs, the g(r) values of force sites (B) between IBU and RSPO and (C) 
IBU and PVP VA64 in ASDs.
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45%: 0.22, 40%: 0.23, 35%: 0.13, 32.5%: 0.23, 30%: 0.19, 
20%: 0.25, 10%: 0.26), revealing that the sustained-release 
behavior of IBU from ASDs were caused by the Fickian 
diffusion mechanism [42]. As clearly seen from the SEM 
images (Fig. 5), the ASDs during dissolution had differ-
ences in "pore" density. To further quantify the "pore den-
sity", since ImageJ software could not effectively distin-
guish the color of pores from the background in the TEM 
images, we manually counted the pores in TEM images 
of ASD products dissolved for 5 h, except for the ASD 
with 60% PVP VA64 that collapsed due to rapid dissolu-
tion. The results indicate that the order of pore area was 
50% ≈ 40% > 30%, showing that the RSPO-PVP VA64 
ratio played a dominant role in the pore effect. Further, the 
internal "pores" could be observed from images of ASDs 
(at 5 h of dissolution) magnified 9000 times. Hydrophilic 
PVP VA64 on the surface of ASD powders dissolved first, 
which facilitated the contact between RSPO and medium, 
causing the swelling of RSPO and undissolved PVP VA64 
and the appearance of pores on the powder surface. As 
the dissolution proceeded, the medium entered the inte-
rior of powders through the pores, and the dissolution of 
internal PVP VA64 occurred, which further promoted the 
swelling phenomenon of the internal RSPO together with 
PVP VA64, resulting in the observation of pores in pow-
der cores. In summary, the dissolution of PVP VA64 and 
swelling of RSPO-PVP VA64 matrix occurred simultane-
ously with dissolution, affecting drug release.

To further analyze how PVP VA64 and RSPO affect drug 
release, the swelling behavior of RSPO-PVP VA64 compos-
ite matrix and the dissolution behavior of PVP VA64 were 
quantitatively measured (Fig. 6). The dissolution rate of PVP 
VA64 and the swelling rate of RSPO-PVP VA64 in RSPO-
PVP VA64 (1:6) extrudate system was much higher than that 
of the other systems, reaching a plateau at 2 h and remaining 
until the end point (12 h), once again proving the mutual influ-
ence between the dissolution behavior of PVP VA64 and the 
swelling behavior of RSPO-PVP VA64. The rapid dissolu-
tion of PVP VA64 made the contact between the system and 
medium more rapid and sufficient, promoting the swelling of 
the ASD system and facilitating the rapid release of IBU from 
the ASD. In RSPO-PVP VA64 (2:5 and 3:4) extrudate sys-
tems, the dissolution rate of PVP VA64 and swelling rate of 
RSPO-PVP VA64 were nearly identical, respectively, reach-
ing a plateau at about 4 h and remaining until the end point, 
with a similar effect on the drug release and thus a similar 
IBU release profile. For the RSPO-PVP VA64 (4:3) extrudate 
system, both the dissolution rate of PVP VA64 and swelling 
rate of RSPO-PVP VA64 were much smaller than that of other 
systems, which obviously reduced the contact area between 
drugs and medium, resulting in low drug dissolution.

In summary, it can be concluded that the trend of the 
dissolution rate of PVP VA64 and the swelling rate curve 

of RSPO-PVP VA64 of each system remained consistent, 
which jointly affected the release of IBU; moreover, the 
order of the dissolution rate of PVP VA64 and the swelling 
rate of RSPO-PVP VA64 among the systems was consistent 
with the ordering of IBU release rate, indicating that they 
co-regulated the drug release.

The Necessity of System Molecular Mixing 
Homogeneity for Stable Release Behavior

As clearly seen from Fig. 4C, the dissolution of IBU from 
IBU + RSPO + PVP VA64 physical mixtures did not pre-
sent considerable sustained-release behavior and showed an 
approximately linear relationship with the proportion of the 
polymer composite. However, it exhibited large SD values 
at each time point, implying that simple mixing was difficult 
to control drug dissolution by modulating the ratio of poly-
mer composites. According to the results of Raman mapping 
(Fig. 3), the p-disubstituted phenyl group of IBU molecules 
in the ASD system was uniformly distributed without differ-
ences in intensity, meaning the uniform distribution of IBU 
molecules in the ASD at the molecular level. In contrast, in the 
IBU + RSPO + PVP VA64 physical mixtures, there were obvi-
ous differences in the intensity of the p-disubstituted phenyl of 
IBU molecules, implying the non-uniform distribution of IBU 
molecules in the physical mixtures. It could be assumed that in 
the ASD system, the IBU molecules and polymer molecules 
could achieve homogeneity of mixing at the molecular level, 
facilitating the mixed matrix to jointly coordinate the release 
of IBU from ASD formulations. However, the IBU particles 
occurred as micron-scale aggregated state in physical mixture, 
and thus could not make sufficient contact with the surround-
ing polymers, which made it difficult for the polymer mixture 
to fully regulate the release of IBU molecules. Therefore, the 
uniform distribution of ASDs at molecular level was conducive 
to the drug diffusion regulating by polymer composites.

On the other hand, the RDF calculations for ASDs and 
physical mixtures were performed to further investigate the 
interactions between components (Fig. 7, Table S3 and S4). 
The interaction sites between IBU and RSPO/PVP VA64 were 
the same in ASDs [IBU-O15 ~ RSPO-N19', IBU-O14 ~ RSPO-
N19', IBU-O15-PVP VA64-O14" and IBU-O15-PVP VA64-
O12"]. The number of interaction sites between RSPO and 
PVP VA64 varied with the polymer ratio in the order of 20% 
= 30% > 35% = 40% = 50% > 55% > 60% (PVP VA64 ratio). It 
is evident that there are sufficient interactions among three 
components in ASDs, which provided full possibilities for the 
polymer composite to influence the release of IBU molecules. 
Further, the correlation between the number of interaction 
sites between RSPO and PVP VA64 and the ratio of RSPO-
PVP VA64 implied the potential for co-coordination of IBU 
release by mixed polymers. However, the interactions among 
components in physical mixtures were not correlated with the 
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ratio of RSPO-PVP VA64 (Table S3). In IBU + RSPO + PVP 
VA64 (60% and 50%) physical mixtures, van der Waals forces 
were observed between IBU and PVP VA64 (IBU- O15-PVP 
VA64-O14", IBU- O15-PVP VA64-O12"), while no interaction 
was observed between IBU and RSPO. In IBU + RSPO + PVP 
VA64 (40% and 30%) physical mixtures, van der Waals forces 
were found between IBU and RSPO (IBU-O15-PVP VA64-
O14", IBU-O15-PVP VA64-O12"), but no interaction was gen-
erated between IBU and PVP VA64. Meanwhile, the number 
of interaction sites between RSPO and PVP VA64 showed 
obvious irregularities with their ratios, where the order was 
ranked as 40% (RSPO-N19'-PVP VA64-N5", RSPO-N19'-PVP 
VA64-O14", RSPO-N19'-PVP VA64-O12" and RSPO-N19'-PVP 
VA64-O13", g(r) = 6 ~ 12) > 30% (RSPO-N19'-PVP VA64-N5", 
RSPO-N19'-PVP VA64-O14" and RSPO-N19'-PVP VA64-
O12", g(r) = 9 ~ 11) > 50% (RSPO-N19'-PVP VA64-N5" and 
RSPO-N19'-PVP VA64-O14", g(r) = 12 ~ 13) > 60% (RSPO-
N19'-PVP VA64-N5'', g(r) = 7). It could be obtained that there 
were no sufficient interactions between the components in 
IBU + RSPO + PVP VA64 physical mixtures as ASDs, which 
was mainly due to the inhomogeneous mixing of the compo-
nents at the molecular level.

In summary, it was clear that the homogeneous mixing 
of the components in ASDs at the molecular level facilitated 
adequate intermolecular interactions among RSPO, PVP 
VA64 and IBU (Fig. 8), providing the possibility that the 
combined RSPO-PVP VA64 matrix could stably modulate the 
release of IBU from ASDs. However, the inhomogeneity of 
IBU + RSPO + PVP VA64 physical mixtures at the micrometer 
level affected the sufficient intermolecular interactions between 
the components, which led to large dissolution errors bar.

The Influence Mechanism of Polymer Combination 
Ratio on the Regulation of Drug Release

The intrinsic mechanism of RSPO-PVP VA64 composite co-
coordinated IBU release was analyzed from the perspective 

of intermolecular interactions by RDF calculations (Table 
S4 and S5). The interaction sites between IBU and RSPO/
PVP VA64 during dissolution (IBU-O15 ~ RSPO-N19', IBU-
O14 ~ RSPO-N19', IBU-O15-PVP VA64-O14'' and IBU-O15-
PVP VA64-O12'') were the same as those before dissolution, 
and the interaction possibilities increased [g(r) = 5–50 vs 
g(r) = 29–74]. It could be seen that the presence of aque-
ous medium promoted intermolecular contact between the 
components, allowing the swelling of RSPO-PVP VA64 and 
the dissolution of PVP VA64 to further affect the release of 
IBU. Meanwhile, the van der Waals force strength between 
RSPO and PVP VA64 in the ASDs was enhanced during dis-
solution compared to that before dissolution [g(r) = 8–35 vs 
g(r) = 30–61], and the interaction sites remained unchanged 
(Table S4 and S5). The increase in van der Waals force 
strength between RSPO (RSPO-N19') and PVP VA64 (PVP 
VA64-N5'', PVP VA64-O12'', PVP VA64-O13'' and PVP VA64-
O14'') would impede the contact between PVP VA64 mol-
ecules and water molecules, decreasing the dissolution rate 
of PVP VA64, as well as decreasing the swelling rate of the 
system by hindering the diffusion of water molecules into 
the interior of the ASDs. The IBU-RSPO-PVP VA64 (50%, 
40% and 35% PVP VA64) ASDs with similar dissolution 
behavior of IBU had the same interaction sites (RSPO-N19'-
PVP VA64-N5'', RSPO-N19'-PVP VA64-O14'' and RSPO-
N19'-PVP VA64-O12'') and similar interaction possibilities 
[g(r) = 31–61 vs g(r) = 34–57 vs g(r) = 35–58], revealing 
that the similar intermolecular interactions between RSPO 
and PVP VA64 components in ASDs promote stable release 
behavior, and are the key mechanism of the "stable release 
plateau phenomenon", which has been further validated by 
indomethacin-RSPO-PVP VA64 ASD system (Fig. S8) and 
rotundine- RSPO-PVP VA64 ASD system (Fig. S9). Further-
more, it is noteworthy that the interaction of RSPO with PVP 
VA64 in IBU-RSPO-PVP VA64 (60%, 55%, 30% and 20% 
PVP VA64) ASDs was obviously linked with their ratios, i.e., 
the higher the mass ratio of RSPO, the higher the number/

Fig. 8   Distribution diagram of component molecules (A) in ASDs and (B) physical mixtures.
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probability of inter-polymer interaction, implying that as the 
mass ratio of RSPO increased, the intermolecular interactions 
between RSPO and PVP VA64 were enhanced thus inhibit-
ing the dissolution of PVP VA64 and reducing the release of 
IBU. In summary, it could be concluded that the macroscopic 
dissolution-swelling behavior of the polymer composite and 
the microscopic intermolecular forces between components 
in ASDs during dissolution were closely linked with the pol-
ymer composite ratio, which together coordinated the release 
behavior of IBU from the ASDs.

Conclusion

It has been reported in the literature as well as found in this 
study that small variations in component ratios may cause 
ASD sustained-release formulations based on polymer com-
bination matrices to exhibit obvious fluctuations in release 
behavior, implying that variations in prescription may trigger 
unstable drug release in industrial production. In this study, 
IBU + RSPO + PVP VA64 physical mixtures presented unstable 
release behaviors with large error bars due to inhomogenei-
ties at the micrometer level. However, IBU-RSPO-PVP VA64 
ASDs showed a "dissolution plateau phenomenon", i.e., the 
release behavior of IBU in ASDs was unaffected by the poly-
mer ratio when the PVP VA64 content was 35% ~ 50%, which 
could reduce the risk of variations in the release behavior due 
to fluctuations in the prescription/process. It was found that 
the release of IBU in ASDs was simultaneously regulated by 
the PVP VA64-mediated "dissolution" and RSPO-PVP VA64 
assembly-mediated "swelling". RDF calculations further sug-
gested that similar intermolecular forces between RSPO and 
PVP VA64 were the key mechanism for the "dissolution plateau 
phenomenon" in ASDs at 35% ~ 50% of PVP VA64, which has 
been validated with other drugs, providing new ideas for devel-
oping ASD sustained-release formulations with stable release 
plateau modulated by polymer combination.
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