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Abstract
The dissolution and bioavailability challenges posed by poorly water-soluble drugs continue to drive innovation in phar-
maceutical formulation design. Nintedanib (NDNB) is a typical BCS class II drug that has been utilized to treat idiopathic 
pulmonary fibrosis (IPF). Due to the low solubility, its oral bioavailability is relatively low, limiting its therapeutical effective-
ness. It is crucial to enhance the dissolution and the oral bioavailability of NDNB. In this study, we focused on the preparation 
of amorphous solid dispersions (ASD) using hot melt extrusion (HME). The formulation employed Kollidon® VA64 (VA64) 
as the polymer matrix, blended with the NDNB at a ratio of 9:1. HME was conducted at temperatures ranging from 80 °C 
to 220 °C. The successful preparation of ASD was confirmed through various tests including polarized light microscopy 
(PLM), X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC), Fourier-transform infrared spectroscopy 
(FT-IR), and thermogravimetric analysis (TGA). The in-vitro cumulative release of NDNB-ASD in 2 h in a pH 6.8 medium 
was 8.3-fold higher than that of NDNB (p < 0.0001). In a pH 7.4 medium, it was 10 times higher (p < 0.0001). In the in-vivo 
pharmacokinetic experiments, the area under curve (AUC) of NDNB-ASD was 5.3-fold higher than that of NDNB and 2.2 
times higher than that of commercially available soft capsules (Ofev®) (p < 0.0001). There was no recrystallization after 
6 months under accelarated storage test. Our study indicated that NDNB-ASD can enhance the absorption of NDNB, thus 
providing a promising method to improve NDNB bioavailability in oral dosages.
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Introduction

Oral drug delivery is widely favored due to its convenience 
for drug administration, cost-effectiveness, non-invasiveness 
and high patient compliance [1]. Oral formulations hold 

approximately 90% of the global market share for all phar-
maceutical formulations designed for human use. Among 
the top-selling pharmaceutical products, orally administered 
medications constitute around 84% [2, 3]. Although these 
dosage forms are popular, significant challenges remain. 
Drug oral absorption is influenced by many factors, such as 
drug solubility, mucosal permeability, and stability within 
the gastrointestinal environment. According to the biophar-
maceutics classification system (BCS), a majority of oral 
drugs, especially many new entities, are categorized as BCS 
Class II or IV [4], meaning they exhibit either low solubility 
and high permeability, or low solubility and low permeabil-
ity. Poorly water-soluble drugs often exhibit low bioavail-
ability, limiting their therapeutic effectiveness [5]. For these 
drugs, achieving sufficient dissolution and permeability is 
the scientific issue that urgently needs to be addressed [6].

Nintedanib (NDNB) is a small molecule tyrosine kinase 
inhibitor, which was orally administered and approved by 
the US Food and Drug Administration (FDA) in October 
2014 to treat idiopathic pulmonary fibrosis (IPF) [7]. It is 
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formulated in soft capsules, branded as Ofev® and Vargatef®, 
and is administered twice daily [8]. However, its oral bio-
availability is limited, approximately only 4.7%, due to its 
extremely poor solubility [9–11]. Furthermore, studies have 
also identified issues related to the administration of higher 
doses of NDNB, including a higher incidence of side effects, 
such as diarrhea, gastrointestinal reactions, and liver impair-
ment, and elevated costs as well [12–14].

To address this issue, various formulation strategies, 
including inclusion compounds [15], self-microemulsion 
[9], and solid dispersions [16], have been explored to 
enhance the solubility, dissolution rate, and ultimately bio-
availability of NDNB. However, each method has its limita-
tions. Inclusion compounds may result in delayed or uneven 
drug release in the body [17]. Self-microemulsion requires 
precise control during preparation, posing challenges to drug 
conversion and efficiency [18]. Solvent-based methods for 
solid dispersion may lead to solvent residue, potentially 
impacting drug stability and safety [19]. Therefore, there is 
a need to address the limitations of existing technologies by 
developing a more effective and convenient improved for-
mulation to enhance the solubility of NDNB, thus improving 
its oral bioavailability.

One prominent approach to overcoming these challenges 
is the use of amorphous solid dispersions (ASDs) [20]. The 
active pharmaceutical ingredient (API) could be dissolved 
or dispersed within a suitable carrier or matrix in a solid 
state to form ASDs [21]. To obtain instant-release proper-
ties in ASDs, hydrophilic polymers are frequently used for 
their better wettability and solubilization capabilities [22]. 
These carriers can promote momentary supersaturation and 
provide a driving force to enhanced drug absorption [23]. 
ASD technology offers advantages of reduced particle size, 
improved wettability, and enhanced dissolution, thereby 
potentially improving drug absorption [24, 25]. Among the 
various techniques for preparing ASDs, hot-melt extrusion 
(HME) [26] stands out as a promising method, as it allows 
for solvent-free processing and is conducive to continuous 
industrial production.

The primary objective of this study is to develop NDNB 
amorphous solid dispersions (NDNB-ASDs) using VA64 as 
a solubilizing carrier material via HME technology, aiming 
for the simplest formulation possible. VA64 is a copoly-
mer of vinylpyrrolidone and vinyl acetate and offers several 
advantages when used in HME drug formulations, includ-
ing improved dissolution rate, enhanced mechanical proper-
ties, higher drug loading, and taste-masking effects [27, 28]. 
VA64 was selected for the formulation development due to 
the facts that it is an approved polymer listed in FDA IID 
list and has been used in development of many commercial 
ASD products. Additionally, it has a low glass temperature 
(101 °C), high temperature resistance and optimum rheolog-
ical properties for HME. It also exhibits high solubilization 

capacity to many water-insoluble actives through forming 
ASD [29]. As shown in Figure S1, we conducted a pre-
liminary screening of three different drug/polymer ratios 
(10%, 20%, and 30%) using a solvent evaporation method 
and based on the observation of drug recrystallization in the 
films, the 10% drug loading was found to be optimal for the 
ASD preparation through HME. Through process optimiza-
tion, we found that the dissolution rate of NDNB formulated 
with VA64 in a 1:9 ratio was increased by 7.3-fold compared 
to the NDNB (p < 0.0001), leading to a 5.3-fold enhance-
ment in-vivo absorption (p < 0.0001). Our study may provide 
valuable insights for the design and development of solid 
dispersion formulations using HME technology, paving the 
way for improved oral delivery of poorly soluble drugs to 
enhance therapeutic efficacy.

Material and Methods

Materials

Nintedanib (NDNB) was purchased from Shanghai Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). The vinylpyr-
rolidone vinyl acetate copolymer (Kollidon® VA64, VA64) 
was kindly provided by BASF (Shanghai, China). Soft cap-
sules (Ofev®) were purchased from Shiyao Group Enbipu 
Pharmaceutical Co., Ltd. (Shijiazhuang, China). Methanol 
(MeOH, HPLC-grade) was purchased from Macklin Indus-
trial Co. (Shanghai, China). Triethylamine (AR, 99.0%) was 
purchased from Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China). Piperine (HPLC, ≥ 98%) was purchased 
from Macklin Industrial Co. (Shanghai, China).

Animals: 12 SPF-grade adult male SD rats, 10 to 
12 weeks old, weighing 180 to 200 g, were maintained in 
a room (20–25 °C and 50–60% humidity) under a 12 light/
dark cycle, with free access to standard rodent chow and 
clean water for 7 days before the commencement of the 
experiment. They were purchased from Zhejiang Weitong 
Lihua Laboratory Animal Co. (Zhejiang, China) and the 
experimental operation and procedures complied with the 
requirements of the Experimental Animal Ethics Committee 
of Wenzhou Medical University laboratory animal center. 
Permit No. is SYXK Zhe 2023–0034.

Pre‑Prescription Studies

Equilibrium Solubility of NDNB

The equilibrium solubility of NDNB was determined using 
0.1 mol/L HCl solution, pH 4.5 phosphate solution, pH 6.8 
phosphate solution, water, and pH 7.4 phosphate solution as 
the media [10, 30]. Specifically, 10 mL of different pH media 
were added to 20 mL glass bottles. Excess drug material was 
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then added to each medium to saturation. The bottles were 
placed on a magnetic stirrer for 72 h at 37 ± 0.5 °C, followed 
by a 24-h settling period. After centrifugation at 8000 rpm, 
the supernatant was filtered through a 0.45 μm filter mem-
brane. The initial filtrate was discarded, and the subsequent 
filtrate was collected. Three samples were prepared in par-
allel. Blank solutions were prepared using each respective 
medium. The absorbance of the diluted NDNB solutions was 
measured using a UV spectrophotometer (Cary300, Agilent, 
US) at 391 nm to calculate the solubility of NDNB in each 
medium (n = 3).

Oil–Water Partition Coefficient (log P) of NDNB

The partition coefficient ( logP ) was determined using a 
shaking-flask method [31, 32]. Oil phase selection includes 
n-octanol, whose solubility parameters are close to those 
of the overall biological membrane. The aqueous phase 
consists of water, 0.1 mol/L hydrochloric acid solution, and 
phosphate buffer solutions at pH 4.5, 6.8, and 7.4. The cal-
culation of the oil–water partition coefficient involves deter-
mining the ratio of concentrations in equilibrium between 
n-butanol and the water phase.

Firstly, we prepared a saturated n-octanol solution in 
advanced. Then 15 mg of NDNB was added to 10 mL of 
the saturated n-octanol layer and vortexed for 5 min. After 
filtration with a 0.45 μm filter membrane, the absorbance 
of filtrate was measured using the UV and the calculated 
concentration was recorded as C.

Next, 2 mL of saturated NDNB/n-octanol solution and 
2 mL of n-octanol-saturated water were mixed, vortexed for 
5 min and shaken in a 37 °C water bath for 24 h, then the 
mixture was centrifuged at 3500 rpm for 15 min. The aque-
ous phase was transferred into a volumetric flask and filtered 
with a 0.45 μm filter membrane. The absorbance of each 
NDNB dilution was measured using UV at a wavelength 
of 391 nm. The calculated concentration was recorded as 
Cw . Further calculations for the concentration of NDNB in 
various media were performed. The log P was calculated as 
follows [16]:

Where CO represents the concentration of NDNB in the oil 
phase (n-octanol), and CW represents the concentration of 
NDNB in the water phase.

Preparation of the Physical Mixture (PM)

NDNB and VA64 were sieved through 80-mesh and 120-
mesh screens, respectively. A binary mixture of NDNB 

(1)��� P = ���
(

CO∕CW

)

(2)CO = C − CW

and VA64 (drug load of 10% w/w) was prepared by mix-
ing both in a V-shaped three-dimensional blender (VH2, 
Tianhe Machinery Instrument Co., Ltd, China) at 20 rpm 
for 15 min.

Preparation of NDNB‑ASD by HME

NDNB-ASD was prepared using a co-rotating twin-screw 
melt extruder (ZE-16, WE-STAR Technology Suzhou Co., 
Ltd, China) with a diameter of 15.6 mm and a center dis-
tance of 12.5 mm at a temperature range of 80 °C-220 °C. 
A total of 6 zones are used, and the heating temperatures 
are: 80 °C, 100 °C, 140 °C, 180 °C, 200 °C, and 220 °C. 
The barrel is integrally formed, stainless steel fit and sealed, 
equipped with a building block screw, mirror polished, and 
the maximum torque is 16 N/m. The schematic diagram of 
the screw configuration is shown in Figure S2. This was 
facilitated by a configuration comprising a thermal standard 
screw with four mixing zones, and a 400 mm conveyor belt. 
The screw was rotated at 50 rpm, with a feeding rate rang-
ing from 3.5 to 4.0 g/min. We selected the process param-
eters based on the physiochemical property investigation 
of the matrix material and API. VA64 has a Tg of 104 °C 
and starts to degrade at 230 °C. Usually, the extrusion tem-
perature should be 30 to 50 °C above its Tg. However, the 
melting point of NDNB is 256 °C. We wanted to use a 
process temperature as high as possible to make sure the 
thorough dispersion and dissolution of polymers and API 
at a molecular level. Therefore, we selected 220 °C as the 
barrel temperature for the ASD preparation. As shown in 
Figure S3, at 220 °C, the NDNB-ASD filament appears to 
be transparent, uniform and light yellowish, indicating that 
the drug was fully melted and dispersed in the polymer 
homogeneously. The extrudate obtained was cooled down 
at room temperature (approximately 23 °C). Afterward, 
it was ground using a laboratory grinder, passed through 
120-mesh sieves, and stored in an airtight container under 
ambient conditions for further use.

Characterization of NDNB‑ASD

Polarized Light Microscope (PLM)

The polarized light microscopy was performed using an 
Olympus BX51 polarizing microscope (Ningbo Sunny 
Instrument Co., Ltd, China) with an objective of 20X and 
an ocular magnification of 10X. A small amount of sam-
ple was placed on a glass slide and handled according to 
standard procedures. Place the polarizer and analyzer in 
an orthogonal analyzing position and then examine for 
birefringence of the target substance [33, 34].
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X‑Ray Powder Diffractometry (XRPD)

XRPD was employed to investigate the physical form 
[35] of the NDNB-ASD made by HME along with other 
materials. NDNB, VA64, the PM (NDNB and VA64), 
and NDNB-ASD were scanned with an X-ray diffrac-
tometer (D8 Advance, Bruker Corporation, USA) with 
Cu-Kα radiation at 300 mA and 40 kV. The samples were 
placed in a micro-sample holder made of monocrystalline 
silicon and incorporated on a spinner stage [36], which 
was scanned in the 2θ range from 3° to 60° at a rate of 
4°/min.

Fourier Transform Infrared Spectroscopy (FT–IR)

FT-IR (Nicolet iS50, Thermo Scientific, USA) was used 
to characterize the intermolecular interactions of NDNB 
and the carrier in solid state [37]. The analysis was done to 
examine interactions between the polymer with API in the 
physical mixture and the extrudates [38]. The bench equip-
ment was equipped with an attenuated total reflection (ATR), 
arranged with a single-bounce, diamond-coated Zn-Se inter-
nal reflection element. FT-IR spectra of NDNB, VA64, the 
PM (NDNB and VA64) and NDNB-ASD were collected 
over the wave number range of 400 cm−1 -4000 cm−1 with a 
resolution of 4 cm−1.

Differential Scanning Calorimetry (DSC)

A thermodynamic test was performed using a DSC instru-
ment (DSC2500, TA Instruments, USA). Samples of 
NDNB, VA64, the PM (NDNB and VA64), and the NDNB-
ASD were weighed (3–5 mg) and scanned in a nitrogen 
atmosphere at a heating rate of 10 °C/min from 30 °C to 
300 °C. Nitrogen was provided at 30 mL/min using DSC. 
According to the endothermic or exothermic information 
reflected by the DSC curve, the change process and the exist-
ing state of NDNB in the analyzed sample can be judged 
[39].

Thermogravimetric Analysis (TGA)

The thermal stabilities of the NDNB-ASD and other con-
stituents were determined by thermogravimetric analysis 
(TGA) [40] under nitrogen atmosphere using a Mettler 
Toledo TGA/DSC 1 instrument (TG209F 1 Libra, Netzsch, 
Germany). Samples of NDNB, VA64, the PM (NDNB and 
VA64), and the NDNB-ASD were weighed (1-10 mg) and 
performed in pin-holed aluminum crucibles at a heating 
rate of 10 °C/min from 30 °C to 300 °C.

Dissolution Studies of the NDNB‑ASD

Analysis Methods in Vitro of NDNB Quantification

High-performance liquid chromatography (HPLC, Agi-
lent1260, German) was used to quantify the drug loading 
of NDNB in NDNB-ASD. The chromatographic separation 
was performed using a C18 (250 mm, 4.6 mm ID, 5 μm) 
analytical column with a mobile phase consisting of a mix-
ture of methanol and water (containing 0.05% triethylamine, 
pH adjusted to 4.5 with phosphate acid) at a ratio of 88:12 
[9]. The flow rate was set at 1.0 mL/min, and the column 
temperature was maintained at 30 °C with the injection vol-
ume of 10 μL. The samples were detected at a wavelength 
of 391 nm. A good linear fit was observed in the range of 
1–200 μg/mL, with the final calibration curve of NDNB: A 
= 36.268 C − 6.4921 (R2 = 0.9999, where A represents the 
area and C represents the concentration of NDNB), and the 
RSD (%) values of both intra-day and inter-day precision 
were less than 2%.

In‑Vitro Dissolution of the NDNB‑ASD

Dissolution studies [15, 41] of NDNB powder and NDNB-
ASD were performed using a Dissolution Apparatus 
(RC808, Tianfa Analytical Instruments Ltd, China). The 
dissolution media consisted of hydrochloric acid solution 
with a pH of 1.0, phosphate-buffered saline (PBS) solutions 
with pH values of 4.5, 6.8, and 7.4, as well as distilled water. 
Under controlled conditions of 37 ± 1 °C and a paddle speed 
of 100 r/min, sink conditions were upheld. The samples 
(equivalent to 120 mg NDNB) were added to the dissolution 
medium at a volume of 900 mL. 5 mL of dissolution medium 
was collected at fixed time points (5, 10, 20, 30, 45, 60, 90, 
and 120 min), and 5 mL of fresh dissolution medium was 
added immediately. All samples were immediately filtered 
with a 0.22 μm syringe filter before quantification by HPLC. 
The samples were analyzed in triplicate.

Stability Studies

The stability of ASD is influenced by multiple factors and 
can be demonstrated through diverse methods [42]. Ther-
modynamics and kinetics are direct influencing factors, 
whereas environmental factors serve as indirect influences 
[43]. Among environmental factors, temperature and humid-
ity are critical considerations. By comparing newly prepared 
ASD that have not undergone aging with ASD stored for 
a specific duration at controlled temperature and humidity 
conditions, observations of crystal morphology and disso-
lution behavior aid in assessing physical stability [44, 45]. 
The physical stability of the NDNB-ASD was assessed by 
placing the samples in stability chambers (Shanghai Yiheng 
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Scientific Instrument Co., Ltd, China) under conditions of 
temperature at 40 ± 2 °C and relative humidity at 75 ± 5%. 
A long-term stability study was conducted in the sealed and 
light-proof device for 6 months to observe for any recrystal-
lization of NDNB-ASD [46]. XRPD analysis was conducted 
at each time point to monitor the potential crystallization of 
the solid dispersions. Additionally, selected samples under-
went dissolution testing [47].

In‑Vivo Pharmacokinetic Studies in Rats

Analysis Methods in Vivo of NDNB Quantification

According to the method described by studies [9] with some 
modifications, the concentration of NDNB in the plasma was 
investigated using a high performance liquid chromatogra-
phy (HPLC, Agilent1260, Germany). The chromatographic 
separation was performed using a C18 (250 mm, 4.6 mm ID, 
5 μm) analytical column with a mobile phase consisting of 
a mixture of methanol and water (containing 0.05% trieth-
ylamine, pH adjusted to 5 with phosphate acid) at a ratio of 
70:30. The detection wavelength was set at 385 nm, the flow 
rate was maintained at 1.0 mL/min, and the column tempera-
ture maintained at 30 °C with an injection volume of 10 μL.

Pharmacokinetic Study

12 male Sprague–Dawley (SD) rats (180–220 g) were fasted 
for 12 h before the experiment but were allowed unrestricted 
access to water and then were randomly divided into four 
groups (n = 3). The animals were administered with the 
suspension (10 mL/kg) of NDNB, the PM (NDNB and 
VA64), NDNB-ASD, and soft capsules (Ofev®) by oral gav-
age. The dose of NDNB in various suspensions was 50 mg/
kg. Powders such as NDNB-ASD were directly dispersed 
into physiological saline. For soft capsules, we utilized a 
syringe to extract the contents (suspension) of the capsule, 
followed by rinsing with physiological saline to ensure com-
plete retrieval. Blood samples (0.2 mL blood per time point) 
were collected into heparinized tubes from the jugular vein 
pre-dose (0 h) and post-dose (0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 
12, and 24 h) [16].

Plasma Sample Pretreatment

All blood samples underwent protein precipitation for pro-
cessing [9, 48]. Specifically, the blood samples were cen-
trifugated at 10000 r/min for 15 min, and the supernatant 
plasma was stored at − 80 °C before analysis. Each 200 μL 
plasma sample was mixed with 800 μL of methanol, and 
vortexed at 2000 rpm for 5 min, followed by centrifuga-
tion at 14000 rpm for 15 min. The supernatant was then 
concentrated to completely dry using a nitrogen evaporator 

(LC-DCY-24G, Shanghai Lichenbangxi Technology Instru-
ment Co., Ltd, China). Subsequently, 100 μL of methanol 
was added for reconstitution, followed by centrifugation 
at 14000 rpm for 15 min. The supernatant was collected, 
filtered through a 0.22 μm membrane, degassed by ultra-
sonication, and finally transferred into sealed sample vials 
for HPLC analysis to calculate the NDNB concentration in 
the plasma.

Pharmacokinetic Data Analysis and Statistical Analysis

The calibration curve with a good linear fit spanning 
from 0.02 to 12 μg/mL was constructed using a weighted 
( 1∕X2 ) least-squares linear regression of peak area ratios 
against concentrations. The final calibration curve of 
NDNB:As∕Ai = 0.7271C + 0.0568 (R2 = 0.9992, where the 
As represents the area of NDNB, the Ai represents the area 
of piperine (internal standard) and C represents the concen-
tration of NDNB), and the RSD (%) values of both intra-day 
and inter-day precision were less than 2%. Plasma concentra-
tion–time profiles were assessed using a non-compartmental 
model. The important pharmacokinetic parameters, includ-
ing maximum plasma concentration (Cmax), time to reach 
Cmax (Tmax), and area under the plasma concentration–time 
curve (AUC​0–24 h), were determined using Phoenix WinNon-
lin software (Version 8.1).

Data were collected in triplicate and presented as mean 
± SD. Statistical significance was determined using a two-
tailed Student’s t-test, with P < 0.05 considered significant. 
Analysis of variance (ANOVA) was employed to compare 
results from the four groups (NDNB, physical mixture of 
NDNB and VA64, soft capsules (Ofev®), and NDNB-ASD) 
using the GraphPad Prism 10 statistical package, with sig-
nificance set at P < 0.05.

Results and Discussion

Equilibrium Solubility and Oil–Water Partition 
Coefficient (log P) of NDNB

The key parameters influencing drug absorption are the 
equilibrium solubility in the gastrointestinal tract and the 
oil–water partition coefficient [49], as illustrated in Fig. 1. 
The maximum solubility of NDNB in four different media 
was as follows: 67.0 ± 0.7 mg/mL (pH 1.0), 88.0 ± 0.8 μg/
mL (pH 4.5), 18.1 ± 1.6 μg/mL (water, pH 5.5), 12.4 ± 
1.0 μg/mL (pH 6.8), and 4.1 ± 1.3 μg/mL (pH 7.4). These 
data indicated that NDNB exhibited higher solubility under 
acidic conditions, while its solubility significantly decreased 
under near-neutral and alkaline conditions. NDNB also 
contains a methyl-piperazinium group, with a reported 
pKa of 8.1 ± 0.1 [50] or 7.9 [51, 52]. NDNB displayed a 
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pH-dependent solubility profile with increased solubility 
at acidic pH < 3. At gastric pH (pH 1–2), the protonated 
forms ( + 1) were present, contributing to the relatively good 
aqueous solubility of NDNB. In a neutral or slightly acidic 
environment (pH 4–5.5), the degree of drug ionization was 
low, resulting in low solubility. In the alkaline environ-
ment of the intestine, it remained in a protonated form and 
exhibited extremely low solubility. In addition, its higher 
crystallization stability and high lattice energy may also be 
responsible for its lower solubility. The apparent octanol/
water partition coefficient ( logP ) of NDNB in intestinal 

environments with pH 6.8 and 7.4 mediums was 2.55 ± 0.06 
and 2.94 ± 0.07, respectively, which were close to 3. In con-
trast, in a pH 1.0 environment, the measurement was -0.4 ± 
0.1. This suggested that NDNB was more lipophilic in the 
neutral and alkaline environment than in the acidic environ-
ment. The measurements are consistent with other studies 
that improved the dissolution of NDNB through different 
methods [9, 16].

Characterization of NDNB‑ASD

Polarized Light Microscope (PLM)

We used a cross-polarization microscope to examine the 
crystalline structure [53]. As shown in Fig. 2A, when the 
polarizer and analyzer are oriented orthogonally, in a state 
known as the "crossed polar position," NDNB exhibited 
birefringence, showing four distinct changes in brightness 
during a 360° rotation, with darkness occurring every 90°. 
In contrast, NDNB-ASD maintained a consistently dark field 
of view regardless of how the specimen stage was rotated, 
whereas the simple physical mixture shows a mix of crystal-
line and amorphous regions (see Figure S4). This indicated 
that NDNB existed in an amorphous state.

X‑ray Powder Diffractometry (XRPD)

The pure NDNB diffraction pattern in Fig. 2B exhibited 
characteristic intense and sharp peaks at 10.36°, 11.17°, 
11.74°, 12.68°, 14.89°, 16.06°, 17.00°, 19.27°, 19.64°, and 
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22.75° at 2θ. In the physical mixture, the crystalline peaks 
of NDNB were weakened but not completely eradicated, 
indicating that NDNB remained in a crystalline state after 
mixing. In contrast, the X-ray diffraction pattern of the 
NDNB-ASD and VA64 showed no discernible peak shape; 
instead, the overall profile appeared broad and weak, indicat-
ing the absence of crystalline peaks. This absence of crystal-
line peaks indicates that NDNB was highly dispersed and 
stabilized in an amorphous form. Hence, this result provided 
ample evidence of the successful preparation of the NDNB-
ASD. The successful preparation of NDNB-ASD with VA64 
via HME is facilitated by the solubilization properties of 
VA64 [29] and the intimate mixing achieved during the 
extrusion process [54, 55].

Fourier Transform Infrared Spectroscopy (FT‑IR)

The FT-IR spectra of NDNB, VA64, the PM (NDNB and 
VA64), and NDNB-ASD were depicted in Fig. 3. FT-IR 
spectroscopy was utilized to investigate potential molecular 
interactions between the drug and polymers [56, 57]. The 
characteristic peaks of NDNB were observed at 3550 cm−1, 

3450 cm−1 (N − H stretch), 2940 cm−1, 2810 cm−1 (C − H 
stretch, CH3), 1710 cm−1 (C = O stretch, ester), 1650 cm−1 
(C = O stretch, secondary amide, 1610 cm−1 (C = O stretch, 
tertiary amide), 1520 cm−1, 1440 cm−1, 1290 cm−1 (C − N 
stretch), 1380 cm−1 (C − H in-plane bend, CH3), 1220 cm−1, 
1090 cm−1. VA64 has two hydrogen bond acceptor groups 
including its cyclic amid stretching band C = O from the 
lactam group (at 1660 cm−1) and C = O group from the vinyl 
acetate ester (at 1735 cm−1) [58, 59]. The PM of NDNB 
with VA64 exhibited both the characteristic peak of the 
drug and polymer. However, the spectra of ASDs showed 
significant changes. For the ASD formulated by VA64 
and NDNB, the infrared spectrum indicated a slight shift 
of the C = O stretching peak of VA64 from 1735 cm−1 to 
1731 cm−1. Additionally, the C = O stretching peak of VA64 
at 1660 cm−1 weakened and shifted to 1635 cm−1 [16]. The 
N − H stretching peak of NDNB vanished at 3450 cm−1, 
while the C − N peak at 1520 cm−1 (amide II band) shifted to 
1486 cm−1. The above results suggested that hydrogen bond 
interactions may occur between the C − N bond of NDNB 
and the carbonyl group of VA64.

Differential Scanning Calorimetry (DSC)

As shown in Fig. 4A, the DSC curves revealed a single sharp 
endothermic peak at 256 °C, corresponding to melting point of 
NDNB. VA64 exhibited no such endothermic features, with a 
glass transition temperature of 107.69 °C (Fig. 4B). Absence of 
melting peak reveals amorphous state of polymer VA64 [60]. In 
the physical mixture of NDNB and VA64, the glass transition 
state can be observed, with midpoints recorded at 107.19 °C 
(Fig. 4B). The endothermic peak associated with NDNB dis-
appeared. This can be attributed to the in situ drug dissolution 
in the polymer at a temperature higher than the polymer glass 
transition temperature (Tg) upon heating. In contrast, the char-
acteristic endothermic peak of NDNB in the solid dispersion 
completely disappeared and the onset midpoint of the glass 
transition state was 104.57 °C (Fig. 4B), signifying an interac-
tion between NDNB and VA64 during the process of preparing 
NDNB-ASD using HME. This interaction modified the crystal-
line structure of NDNB, transitioning it from a crystalline form 
to a stable amorphous state. However, during the first heating 
process of the three substances VA64, PM and NDNB-ASD, 
we observed that a broad endothermic peak appeared around 
100 °C (Fig. 4B). This phenomenon likely indicated dehydra-
tion, coinciding precisely with the weight loss observed in TGA 
analysis below 100 °C (Fig. 4D). These results were consistent 
with solvent evaporation-induced weight loss.

Thermogravimetric Analysis (TGA)

TGA was employed to assess the weight loss attributed to the 
degradation of individual components in the ASD and the 
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Fig. 3   ATR-FT-IR spectra of NDNB, VA64, the PM (NDNB and 
VA64) and NDNB-ASD
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removal of residual solvents in the processed samples [61]. 
The results showed that each substance had good thermal 
stability in the range of 30 °C to 290 °C (Fig. 4D). The initial 
degradation temperatures of NDNB, VA64, PM and NDNB-
ASD were 297.3  °C, 312.4  °C, 314.9  °C and 291.9  °C 
respectively. All materials were completely degraded at 
around 500 °C (Fig. 4C). The TGA curves of VA64, PM, 
and NDNB-ASD all exhibited two distinct segments of sig-
nificant weight loss, with a ratio close to 4:6. The initial 
segment may result from the partial degradation of vinylpyr-
rolidone within the VA64 molecule, while the subsequent 
segment may be attributed to the degradation of vinyl ace-
tate, leading to the observed weight loss.

In‑Vitro Dissolution of the NDNB‑ASD

Figure 5 exhibited the profile of in-vitro dissolution of 
NDNB, PM (NDNB and VA64), and NDNB-ASD in three 
different buffers. In the dissolution medium at pH 1.0, the 

cumulative release of the three substances are essentially 
identical, reaching 96% within 30 min (Fig. 5A). The dis-
solution curves showed that the cumulative release in pH 
6.8 and 7.4 phosphate buffers of NDNB-ASD was higher 
than that of PM, and the PM cumulative release rate was 
higher than that of  NDNB. The cumulative release of 
NDNB-ASD was 8.3 times higher than that of NDNB in 
a pH 6.8 medium over a 2-h period (Fig. 5B) (p < 0.0001). 
In contrast, in a pH 7.4 medium, the 2-h cumulative release 
of NDNB-ASD was 10 times greater than that of NDNB 
(Fig. 5C) (p < 0.0001). The enhanced in-vitro dissolution of 
NDNB achieved by NDNB-ASD can be attributed to sev-
eral factors. Firstly, VA64, a vinylpyrrolidone-vinyl acetate 
copolymer, enhances the solubility of poorly water-soluble 
drugs, improving wetting properties and dissolution rates 
[62]. Furthermore, when VA64 is immersed in the dissolv-
ing medium, the polymer surface is wetted, water penetrates 
into the systems and polymer surface swells to lead to the 
polymer chain relaxation [63]. Diffusion of drugs through 
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hydrated polymer networks resulting in rapid dissolution 
[64]. Additionally, the HME process reduces particle size 
and forms amorphous structures, further enhancing drug sol-
ubility and dissolution [65]. The amorphous form of NDNB 
in the solid dispersion contributes to its higher dissolution 
rate compared to its crystalline form. Homogeneous distri-
bution within the polymer matrix by HME prevents agglom-
eration and promotes uniform drug release, contributing to 
improved release during dissolution.

Stability Studies

The physical stability of NDNB-ASD was evaluated by a 
stress test under 75 ± 5% humidity and 40 ± 2 °C tempera-
ture. As presented in Fig. 6, the XRPD diffraction diagrams 
of the NDNB-ASD after the stability test were similar to 
the initial systems (Fig. 6A). No diffraction peak of NDNB 
was detected, confirming that the drug in NDNB-ASD still 
existed in an amorphous state. Comparing the dissolution at 

6 months with that at 0 months (Fig. 6B), The cumulative 
release of NDNB-ASD with different storage times inter-
vals in the 120 min in pH of 6.8 dissolution medium can 
reach more than 80%. The ASD stored for 1, 3, and 6 months 
exhibited dissolution profiles similar to the freshly prepared 
(0-month) ASD. Over time, there was a slight decrease in 
dissolution in 180 min, with a 5.5% reduction observed in 
the 6-month sample compared to the 0-month sample, within 
the margin of error (p > 0.05). These results showed that 
NDNB-ASD remained physically stable.

In‑Vivo Pharmacokinetic Studies in Rats

Pharmacokinetic parameters calculated were shown in 
Table I and the concentration–time curves are reported 
in Fig. 7. Concerning all the pharmacokinetic studies, 
NDNB-ASD performed best, followed by Ofev®. The 
bioavailability of both NDNB-ASD and Ofev® were bet-
ter than NDNB and PM (NDNB and VA64). NDNB-ASD 
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demonstrated a substantial improvement in bioavailabil-
ity, as evidenced by a notable increase in AUC​0-24 h and 
AUC​0-∞ (Fig. 7). The AUC​0-24 h of NDNB-ASD, 64.3 ± 
4.1 μg·h/mL, was 5.3 times higher than that of NDNB 
(p < 0.0001), which was 12.2 ± 1.5 μg·h/mL. And the 
AUC​0-∞ of NDNB-ASD, 71.4 ± 4.7 μg·h/mL, was 5.1 
times higher than that of NDNB (p < 0.0001), which was 
13.9 ± 2.8 μg·h/mL. Additionally, the Cmax of NDNB-
ASD significantly surpassed that of NDNB, exhibiting a 
5.46-fold increase in peak plasma concentration (Cmax) 
(9.3 ± 0.6 μg/mL for NDNB-ASD vs 1.7 ± 0.2 μg/mL for 
NDNB) (p < 0.0001). This Cmax was also higher than that 
of Ofev® (3.1 ± 0.1 μg/mL) and the PM (2.05 ± 0.02 μg/
mL) (p < 0.0001). NDNB-ASD achieved its peak plasma 
concentration (Tmax) at 2.0 h, whereas NDNB peaked at 
3.0 h. These results demonstrate a substantial enhance-
ment in the bioavailability of NDNB in its solid dispersion 
formulation.

Conclusion

By utilizing the hot melt extrusion (HME) technique, we 
successfully formulated NDNB amorphous solid dispersion 
(NDNB-ASD) characterized by an amorphous structure and 
remarkable stability. In-vitro drug release studies revealed a 
significantly enhanced dissolution profile for NDNB-ASD 
compared to NDNB alone, the physical mixture (PM), and 
the market product (Ofev®). Importantly, the pharmacoki-
netic evaluation of NDNB-ASD highlighted the efficacy of 
HME-prepared ASD as a potent strategy for enhancing the 
oral bioavailability of NDNB. This improvement is attrib-
uted to the enhanced solubility and dissolution properties, 
positioning NDNB-ASD as a promising formulation for 
optimizing therapeutic outcomes.
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