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Solid dispersion (SD) is the effective approach to improve the dissolution rate and bioavailability of class IT drugs with low water
solubility and high tissue permeability in the Biopharmaceutics Classification System. This study investigated the effects of
polyethylene glycol (PEG) molecular weight in carrier material PEG palmitate on the properties of andrographolide (AG)-SD. We
prepared SDs containing the poorly water-soluble drug AG by the freeze-drying method. The SDs were manufactured from two
different polymers, PEG4000 palmitate and PEG8000 palmitate. The physicochemical properties of the AG-SDs were charac-
terized by Fourier transform infrared spectroscopy, thermogravimetric analysis, differential scanning calorimetry, powder X-ray
diffraction, scanning electron microscopy, dissolution testing, and so on. We found that AG-PEG4000 palmitate-SD and AG-
PEG8000 palmitate-SD were similar in the surface morphology, specific surface area, and pore volume. Compared with the AG-
PEG4000 palmitate-SD, the intermolecular interaction between PEG8000 palmitate and AG was stronger, and the thermal
stability of AG-PEG8000 palmitate-SD was better. In the meanwhile, the AG relative crystallinity was lower and the AG dis-
solution rate was faster in AG-PEG8000 palmitate-SD. The results demonstrate that the increasing PEG molecular weight in the
PEG palmitate can improve the compatibility between the poorly water-soluble drug and carrier material, which is beneficial to
improve the SD thermal stability and increases the dissolution rate of poorly water-soluble drug in the SD.

1. Introduction

Oral administration is the most common route of admin-
istration due to its convenience, low cost, and flexible design.
However, a major disadvantage of oral administration is the
low bioavailability, usually due to poor water solubility and
low permeability of active pharmaceutical ingredients (API)
[1].

Although Class II drugs in the Biopharmaceutics Clas-
sification System (BCS) have high tissue permeability, their
oral bioavailability is commonly low. This means that bio-
availability is solubility dependent [1]. Therefore, one of the
major challenges of the pharmaceutical industry is to apply
strategies which can improve the solubility of these drugs to

develop such problematic APIs into orally bioavailable and
therapeutic effective drugs [2, 3] Solid dispersion (SD) is one
of the most effective approaches to improve the solubility,
dissolution rate, and the bioavailability of poorly water-
soluble drugs [4-7]. SD has a wide range of advantages, such
as reducing particle size to the molecular level, preventing
the agglomeration of the drug particles by the interactions
between the drug and carrier material, and releasing drug at
supersaturated state, which can improve drug absorption.
Polyethylene glycol (PEG) has a very low melting point
and is easily soluble in water and organic solvents. Therefore,
PEG is suitable for the preparation of SD by the melting
method and the solvent method [8, 9], and it is one of the
most commonly used carrier materials in SD. However, PEG
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is a hydrophilic polymer and most of Class II drugs are
hydrophobic compounds, so the solubility of most drugs in
PEG is very limited. The hydrophobic drug in SD is often in a
supersaturated state and has a tendency to recrystallize in the
preparation process (cooling or solvent removal) and during
storage of SD [10-13]. Therefore, in the previous research
[14], the carbon chain was grafted on PEG to increase the
lipophilicity of the hydrophilic carrier material, and the
effect of the carrier material lipophilicity on the physico-
chemical properties and dissolution behavior of SD was
studied. The results showed that in the andrographolide
(AG)-SD prepared by PEG-saturated fatty acid ester with
different long carbon chains as a carrier material, the
crystallinity and the melting temperature reduced and the
dissolution rate of AG increased with the increase of the
length of carbon chain of PEG-saturated fatty acid ester. This
indicated that the increase of carrier material lipophilicity is
beneficial to the thermal stability of SD, the decrease of
crystallinity, and the increase of dissolution rate of poorly
water-soluble drug in the SD.

Andrographolide (AG), a diterpenoid lactone, is isolated
from the Chinese herb Andrographis paniculata. It has been
proved to have many pharmacological actions, such as
analgesic, antipyretic, anti-inflammatory, antiviral, and
anticancer [15-18]. The potential use of AG has attracted
great attention in recent years. AG has low aqueous solu-
bility (74 ug/ml). The therapeutic use of AG is restricted by
its poor solubility in water, which results in low bioavail-
ability after oral administration. Therefore, AG was still
chosen as a model drug to further study the effect of PEG
molecular weight on the SD properties when PEG fatty acid
was used as the carrier material for preparing SD.

2. Materials and Methods

2.1. Materials. Andrographolide (AG) was purchased from
Hao-Xuan Biotechnology Co., Ltd. (Xi’an, China). The
PEG4000 palmitate and PEG8000 palmitate were synthe-
sized in the laboratory.

2.2. Preparation of Physical Mixture (PM). The physical
mixtures of AG and the carrier material with a batch size of
3 g were prepared by mixing the components with a pestle in
a mortar and using geometric dilution. The mixtures were
sieved using a mesh of 250 ym. The drug: carrier weight ratio
was 1:3 (w/w) [14]. The samples were labeled as AG-
PEG4000 palmitate-PM and AG-PEG8000 palmitate-PM,
respectively. The samples were stored in a desiccator over
silica gel prior to use to decrease the potential effect of
hygroscopicity.

2.3. Preparation of AG-SD by Freeze-Drying Method. The PM
was dissolved in 30% ethanol using a magnetic stirrer. The
solution was frozen at liquid nitrogen for 1h and subse-
quently freeze-dried for 24h at —40°C using a FreeZone
freeze-dryer (Labconco Corp., USA). The powder was col-
lected and then stored in a desiccator over silica gel prior to
use to decrease the potential effect of hygroscopicity. The
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prepared SDs were labeled as AG-PEG4000 palmitate-SD
and AG-PEG8000 palmitate-SD, respectively.

2.4. Fourier Transform Infrared Spectroscopy (FT-IR). A
Spectrum Two FT-IR spectrometer (PerkinElmer Corp.,
USA) was used for collecting the spectra. A small amount of
each sample was placed in a mortar with potassium bromide
and triturated with a pestle, which was compressed into a
disc by using a FW-4A powder compressing instrument
(Uncommon Sci. Tech. Development Co., Ltd., Tianjin,
China). The spectral region from 400 to 4000cm™' was
collected as an accumulation of 64 scans.

2.5. Thermogravimetric (TG) Analysis. TG analysis of SDs
and physical mixtures was determined by a TG/DTA6300
thermal analysis instrument (SII Nano Technology Inc.,
Japan). The samples (~5mg) were placed in open aluminum
pans and heated from 30°C to 500°C at 10°C/min.

2.6. Powder X-Ray Diffraction (XRD). XRD analysis of
samples was conducted by using an X-ray diffractometer (D8
Advance, Bruker) with a copper anode (Cu Ka radiation).
The operating voltage and current were set to 40kV and
40 mA, respectively. The diffraction pattern was measured at
room temperature with 26 scanning from 5° to 55".

2.7. Differential Scanning Calorimetry (DSC). The samples
(~5mg) were placed in standard aluminum pans and sealed.
The crimped pans were heated from 20°C to 270°C at a
scanning rate of 10°C/min using nitrogen gas (20 mL/min)
to purge the DSC. A Diamond DSC instrument (Perki-
nElmer Corp., USA) was calibrated using pure indium
before measurement.

2.8. Scanning Electron Microscopy (SEM). A Quanta 250
scanning electron microscope (FEI Corp., USA) was used to
generate electron micrograph images. The SDs and physical
mixtures were mounted on an aluminum stub using double-
sided adhesive tape. The samples were then sputter-coated
with gold for 60 s. Micrographs with different magnifications
were taken to determine the surface morphology of SDs and
physical mixtures.

2.9. Specific Surface Area and Pore Volume. The surface area
and pore volume of different grades of SDs and physical
mixtures were determined by nitrogen adsorption technique
using a TriStar3000 surface area and pore volume analyzer
(Micromeritics Instrument Corp., USA) [19, 20]. Moisture
was removed from the samples prior to the surface area
measurement by nitrogen flow at room temperature over-
night using a Flow Pre-degasser (Micromeritics Instrument
Corp., USA).

2.10. High-Performance Liquid Chromatography (HPLC)
Analysis. An Agilent 1260 HPLC system (Agilent Corp.,
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USA) with a C;5 column (150 mm x 4.6 mm, 5 ym) was used
for the AG analysis. A mobile phase of methanol and water
(60:40, V: V) was used at a flow rate of 1 mL/min. A UV
detector was utilized, and the absorption peak for AG was
investigated at a maximum wavelength of 225 nm.

2.11. Dissolution Testing. The drug release was performed
using the Chinese Pharmacopoeia paddle method with a
ZRS-8G dissolution tester (Tianda Tianfa Technology Co.,
Ltd., China). The 900 mL redistilled water in the dissolution
vessels was heated and maintained at 37 + 0.5°C. The samples
(0.10 g) were placed into the dissolution vessels at a rotation
rate of 100 rpm. The 1.5mL aliquots were withdrawn at
predetermined time intervals (5, 10, 15, 30, 45, 60, 90, and
120 min) and filtered with a 0.22 ym membrane filter. An
equal volume of fresh medium was added to keep an in-
variable dissolution volume in the meantime. The obtained
filtrates were analyzed according to the aforementioned
HPLC condition.

2.12. Statistical Analysis. The cluster analysis was calculated
using SPSS19.0 software.

3. Results and Discussion

3.1. FT-IR. Figure 1 shows the FT-IR spectra of pure AG,
physical mixtures, and SDs. The —OH absorption peak in
pure AG is at 3317 cm™’, the absorption peak position was
not shifted or shifted slightly in all the physical mixtures, and
the absorption peak position in the AG-PEG4000 palmitate-
SD and the AG-PEG8000 palmitate-SD was blue shifted to
3326 cm™" and 3339 cm ™, respectively. This indicated that
there was an intermolecular interaction between AG and
PEG palmitate after the preparation of SD, which may form
a hydrogen bond. The intermolecular hydrogen bonds be-
tween the drug and the carrier material facilitated the sta-
bility of the SD during storage [21, 22]. Moreover, compared
with AG-PEG4000 palmitate-SD, the blue shift of the ~-OH
absorption peak in AG-PEG8000 palmitate-SD was greater.
This may be due to the increase of the PEG molecular weight
in PEG palmitate, which can increase the lipophilicity of the
carrier material, and thus improve the compatibility of PEG
palmitate with the poorly water-soluble drug AG.

3.2.TG. The TG analysis of pure AG, physical mixtures, and
SDs is shown in Figure 2. The 5% weight-loss temperature
(Ty) of all samples is listed in Table 1. As can be seen from
Table 1, the T; of the prepared SDs and physical mixtures was
significantly higher than that of pure AG. The T; of the SD
was 1°C-3°C higher than the corresponding physical mix-
ture. This indicated that the interaction between AG and the
carrier material in the SD was greater than the physical
mixture. This was due to the fact that AG and carrier ma-
terials are in contact with each other in the molecular form
in the preparation process of SD, which is more advanta-
geous to enhance the intermolecular interaction than the
preparation process of physical mixtures.
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Figure 1: FT-IR spectra of (a) pure AG, (b) AG-PEG4000 pal-
mitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.

The T; of the physical mixture and SD prepared with
PEG8000 palmitate as a carrier material was significantly
increased as compared to the physical mixture and SD
prepared with PEG4000 palmitate as a carrier material. This
may be due to the higher compatibility of PEG8000 pal-
mitate with poorly water-soluble drug AG, thereby in-
creasing the thermal stability of the SD and physical mixture
prepared with PEG8000 palmitate as the carrier material.

3.3.XRD. To confirm the crystalline structure of AG and the
effect of carriers on it, XRD patterns of pure AG, SDs, and
physical mixtures were studied, which are shown in Figure 3.
The intense diffraction peaks were observed at 9.78, 11.97,
14.78, 15.67, 17.67, 18.44, and 22.62 20 degrees, which
revealed high crystallinity of AG. Both the SDs and physical
mixtures showed the overlap of XRD patterns related to AG.
Compared with physical mixtures, the intensity of AG
diffraction peaks decreased significantly in the prepared SDs.
This indicated that AG was not in the completely crystal state
and was in a partial-amorphous and partial-crystal state in
the as-prepared SDs.

3.4. DSC. The DSC thermograms of pure AG, physical
mixtures, and SDs are shown in Figure 4. Figure 4(a) shows
pure AG to have a sharp melting point of 243°C confirming
its crystallinity. All the two physical mixtures and two SDs
had a strong endothermic peak (T},,;) at about 60°C and a
weak endothermic peak (T},,) near 210°C-230°C. The T,
and T,,, were the endothermic peaks of PEG palmitate and
AG, respectively.

It was observed that the endothermic peak of AG and no
glass transition on DSC thermograms of the SDs indicated
that AG was not in 100% amorphous state in the SDs. The
To of SD was about 8°C lower than the corresponding
physical mixture (see in Figure 4 and Table 1), which in-
dicated that the existential state of AG in SD was different
from that in the corresponding physical mixture. The above
results showed that AG existed in partial-crystal and partial-
amorphous state in the prepared AG-PEG palmitate-SDs.
The result was consistent with that of XRD.
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FIGURE 2: TG curves of (a) pure AG, (b) AG-PEG4000 palmitate-
PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-

PM, and (e) AG-PEG8000 palmitate-SD.

TasLE 1: T; and T, of pure AG, physical mixtures (PM) and SD.

Sample T (C) Tm (C) Twmp (C)
AG 272 243
AG-PEG4000 palmitate-PM 318 60 228
AG-PEG4000 palmitate-SD 319 57 220
AG-PEG8000 palmitate-PM 323 64 226
AG-PEG8000 palmitate-SD 326 61 218
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FiGure 3: XRD patterns of (a) pure AG, (b) AG-PEG4000 pal-
mitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.
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FiGure 4: DSC thermograms of (a) pure AG, (b) AG-PEG4000
palmitate-PM, (c¢) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.
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Table 1 shows that the T,,, of AG-PEG8000 palmitate-SD
is lower than that of the AG-PEG4000 palmitate-SD, which
indicates that increasing the molecular weight of PEG in the
carrier material can improve the compatibility of the carrier
material with the poorly water-soluble drug AG. Therefore,
the relative crystallinity of AG in SD prepared by PEG8000
palmitate was decreased.

3.5.SEM. In order to determine the surface morphology of
SDs, SEM analysis of the samples was performed. As shown
in Figure 5, pure AG was a smooth block-shaped crystal,
the physical mixtures were an irregular block-shaped
particle with a rough surface, and SD showed sheet-like
particles.

3.6. Specific Surface Area and Pore Volume. Table 2 shows the
specific surface area and pore volume of the physical mix-
tures and SDs. The specific surface area and pore volume of
SDs increased significantly compared to the physical mix-
tures. This was because the SD powders prepared by the
freeze-drying method were loose and showed sheet-like
particles; therefore, they had a larger specific surface area
and pore volume.

3.7. Dissolution Testing. The dissolution of a poorly water-
soluble drug is crucial where it is the rate-limiting step in
the oral absorption process from a solid dosage form
and is an important parameter related to bioavailability
[23-25]. Results of dissolution testing for pure AG,
physical mixtures, and SDs are presented in Figure 6. The
physical mixtures displayed dissolution profiles superior
to that of pure AG, whereas the SDs displayed dissolution
profiles superior to that of pure AG and the physical
mixtures.

In order to further study the effect of carrier material
on the dissolution behavior of AG in the SDs, the dif-
ference factor (f;) [26] was used to compare the disso-
lution curves of AG in AG-PEG8000 palmitate-SD and
AG-PEG4000 palmitate-SD. An f; value between 0 and 15
indicates that the dissolution behavior of the experi-
mental formulation is similar to that of the reference
formulation. The f; is calculated according to the fol-
lowing equation:

— Z?=1|Rt B Ttl
TR

where R, was the dissolution rate of reference formulation
(AG-PEG4000 palmitate-SD) at different time points and T,
was the dissolution rate of experimental formulation (AG-
PEG8000 palmitate-SD) at different time points. The f; value
of AG-PEG8000 palmitate-SD versus AG-PEG4000 palmi-
tate-SD was calculated to be 41. The results showed that
increasing the molecular weight of PEG could improve the
compatibility of the carrier material with the poorly water-
soluble drug AG, thus promoting the dissolution of AG from
SD.

fi (1)
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F1GUre 5: SEM photographs of (a) pure AG, (b) AG-PEG4000 palmitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-
PM, and (e) AG-PEG8000 palmitate-SD.

TaBLE 2: Specific surface area and pore volume of physical mixtures (PM) and SDs.

Sample Specific surface area (mz/g) Pore volume (x107, m3/g)
AG-PEG4000 palmitate—PM 0.4084 1.784
AG-PEG4000 palmitate-SD 1.7350 7.155
AG-PEG8000 palmitate—PM 0.3340 2.694
AG-PEG8000 palmitate-SD 2.5646 5.376
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F1GURE 6: Dissolution profiles of (a) pure AG, (b) AG-PEG4000 palmitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-
PM, and (e) AG-PEG8000 palmitate-SD. The error bars represent the standard deviation of measurements in six separate samples (1 =6).



4. Conclusions

In this work, the effects of the PEG molecular weight in
carrier material PEG palmitate on the properties of AG-SD
were investigated. AG-PEG4000 palmitate-SD and AG-
PEG8000 palmitate-SD are similar in surface morphology,
specific surface area, and pore volume. Compared with the
SD with PEG4000 palmitate as a carrier material, the in-
termolecular interaction between PEG8000 palmitate and
AG was stronger and the thermal stability of AG-PEG8000
palmitate-SD was better. In the meanwhile, the AG relative
crystallinity was lower and the AG dissolution rate was faster
in AG-PEG8000 palmitate-SD. The results demonstrate that
increasing the PEG molecular weight in PEG palmitate could
improve the compatibility between the poorly water-soluble
drug and carrier material, which is beneficial to improve the
SD thermal stability and increases the dissolution rate of
poorly water-soluble drug in the SD.
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