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Abstract
Objective: The objective of this study is to provide a mechanistic insight into solubility enhancement and dissolution of
acyclovir (ACY) by polyethylene glycol20000 (PEG20000). Materials and Methods: Solid dispersions with differing ratios of
drug (ACY) and carrier (PEG20000) were prepared and evaluated by phase solubility, in vitro release studies, kinetic analysis,
in situ perfusion, and in vitro permeation studies. Solid state characterization was also done by Powder X‑Ray Diffraction
(PXRD), Differential Scanning Calorimetry (DSC), Fourier Transform Infrared spectroscopy (FT-IR) analysis and surface
morphology was assessed by Polarizing Microscopic Image (PMI) analysis, Scanning Electron Microscopy (SEM), Atomic
Force Microscopy (AFM), and Nuclear Magnetic Resonance (NMR) analysis. Results: Thermodynamic parameters proved
the solubilization effect of carrier. The aqueous solubility and dissolution of ACY were increased in all samples. Formation
of solid solution, crystallinity reduction, and absence of interaction between drug and carrier was proved by XRD, DSC,
and FTIR analysis. The particle size reduction and change in surface morphology were confirmed by SEM and AFM and
analysis. The permeation coefficient and amount of drug diffused was higher in samples as compared to ACY. The stability
was high in dispersions, and it was proved by NMR analysis. Conclusion: The mechanical insights into the enhancement of
solubility and dissolution could be used as a platform to improve the aqueous solubility for other poor water soluble drugs.
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INTRODUCTION
The poor aqueous solubility of chemical entities is one of the
major challenges in pharmaceutical development.[1] Several
strategies such as salt formation, complexation, micelle formation,
drug derivatization, solid state manipulation, inclusion of
surfactants, micronization or nanonization, spray drying of
solid lipid nanoparticles, and usage of solid dispersions (SDs)
have been adopted for enhancing drugs’ dissolution. SDs is
considered to be one of the most successful strategies to improve
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aqueous solubility and dissolution profile. Numerous studies
have focused on SDs and their advantages.[2] Through this study,
we attempted to provide mechanical insights into the process of
drug release from a model SD involving an antiviral drug and a
hydrophilic carrier, and the aspects that contribute to the stability
of resulting SDs.
Acyclovir (ACY) [9‑(2‑hydroxyethoxylmethyl) guanine], a
synthetic purine nucleoside and its absorption in gastrointestinal
tract (GIT) is slow, variable, and incomplete. The bioavailability
of ACY after oral administration ranges from 10% to 30%.[3] These
parameters made ACY as the ideal choice for this study.
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Many crystalline and amorphous carriers have been used to
formulate SDs, and their success has been well‑reported. Various
grades of polyethylene glycol (PEG) have been tried for solubility
enhancement, and the effect of the molecular weight of PEG on
drug release has also been reported in similar studies.[4] The effect
of PEG20000 on the solubility and drug release of ACY from the
resulting SDs were evaluated using a wide spectrum of advanced
characterization techniques.

MATERIALS AND METHODS
Materials
ACY was obtained as a gift sample from CCM Duo Pharma
Sdn BhD, Klang, Malaysia. PEG (PEG20000) was purchased
from Sigma‑Aldrich (Sigma‑Aldrich Chemie, Steinheim
Germany) and used to form the matrix. All other materials used
were of analytical grade.
Phase solubility studies
ACY and PEG20000 at specific proportions (1:5, 1:20, and 5:1)
were added to 25 mL distilled water in separate screw‑capped
bottles, agitated in an orbital shaker (Remi Ltd., Mumbai,
Maharashtra, India), and incubated separately at 25°C and 37ºC
for 24 h. Samples containing pure ACY and water were used as
control. After 24 h, the solutions were filtered, suitably diluted
and analyzed spectrophotometrically at 253 nm (UV‑1700,
UV‑Vis Spectrophotometer, Shimadzu, Japan). Thermodynamic
parameters such as enthalpy (∆H), entropy (∆S), and Gibbs free
energy (∆G) were calculated.[5]
Preparation of solid dispersions
SDs with differing drug-polymer ratios (1:5, 1:20, and 5:1) were
prepared by solvent method using 0.1 N HCl as a solvent. The
dispersions contain 20%, 5% and 80% W/W of ACY, respectively
and the samples are coded as: APEG20 15, APEG20 120 and
APEG20 51. ACY and PEG20000 were weighed as per drug:
carrier ratios and dissolved in 0.1 N HCl to form a clear solution.
The solution was slowly heated on a water bath with stirring until
it formed a viscous solid mass. The contents were then mixed
well till it solidified. The mass was scrapped, powdered well in a
mortar and stored in a desiccator until further studies.[4‑7] Drug
content, dissolution studies, kinetic analysis, and solid‑state
characterization of the SDs were carried out. Surface morphology
was done by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analysis.
Drug content
A 25 mg of SDs were dissolved in 25 mL of analytical media and
filtered using a Whatman filter paper. The filtrate was diluted and
measured in a UV‑Vis spectrophotometer (UV‑1700, Shimadzu,
Japan) at 253 nm.[4‑7]
Dissolution studies
An amount of SDs equivalent to 25 mg of ACY were added to
900 mL of 0.1 N HCl, in a dissolution apparatus (Electro Labs,

Mumbai, India) and studies were conducted at 50 rpm and a
temperature of 37 ± 0.5°C. At periodic time intervals, 5 mL of
sample was withdrawn and replenished with fresh dissolution
medium to maintain sink conditions. The withdrawn samples
were suitably diluted, and the amount of ACY present was
measured in a UV‑Vis spectrophotometer at 253 nm.[6,7] Various
dissolution parameters, such as percentage of drug released
at different time intervals (%DP), percentage dissolution
efficiency (%DE), relative dissolution rate, area under the curve,
mean dissolution time, mean residence time (MRT), variance
dissolution time, dissolution half‑life (t50%), and time taken to
release 85% of drug (t85%), were calculated by using DD solver
program in MS Excel 2007 (Microsoft Inc, USA).[8]
Kinetic analysis
The drug release data were mapped with various release kinetic
models (first‑order, Higuchi, Hixson‑Crowell cube root,
Korsemeyer-Peppas and zero‑order model), to ascertain the
possible kinetics of drug release from SDs.[6‑8]
Solid state characterization
Powder X‑ray diffraction (PXRD), differential scanning
c a l o r i m e t r y ( D S C ) , Fo u r i e r t r a n s f o r m i n f r a ‑ r e d
spectroscopy (FT‑IR), polarizing microscopic image (PMI)
analysis, and nuclear magnetic resonance (NMR) analysis
were carried out for solid state characterization of samples.
Surface morphology of the SDs was assessed by SEM and
AFM analysis.[9‑12]
Powder X-ray diffraction patterns were recorded on a powder X-ray
diffractometer (Philips PW1729, Eindhoven, Netherlands) using
Ni‑filtered Cu Kα radiation at a voltage of 35 kV and 20 mA.[9‑12]
DSC curves were obtained in differential scanning calorimeter
(DSC‑821, Mettler-Toledo International Inc. Columbus, USA).
Samples weighing 5–10 mg were placed in sealed aluminum
DSC pans with a pinhole to prevent pressure buildup and heated
in a flowing atmosphere of nitrogen (20 ml/min.). Each sample
was heated from 10°C to 300°C at the rate of 10°C/min.[9‑12]
FT-IR spectra of pure ACY and the formulated SDs were obtained
on a FT-IR spectrometer (Perkin-Elmer 1600, PerkinElmer Inc.,
USA) equipped with a DTSG detector by conventional KBr
pellet method.[9‑12] The scan range was 4000–500/cm with a
resolution of 4/cm.
PMI analysis was carried out on a polarizing optical microscope
(BX51P Olympus, Olympus Corporation, Japan) equipped
with 100 W halogen lamp housing, an ND25 neutral density
filter, and a ProgRes C3 CCD camera was employed. The
temperature range at the adjustable hot stage was -80°C to
6000°C. ProgRes capture Pro 2.5 software (JENOPTIK Laser,
Optik, Systeme GmbH, Goeschwitzer Strasse, Germany) was
used to analyze the images, and Linksys 32 was used to control
the hot‑stage temperature modulator.[9‑12]
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SEM analysis was carried out in a scanning electron microscope
(JEOL JMS-840A- JEOL USA, Inc., MA, USA). The accelerating
voltage was 10 kV at a working distance of ~10mm. Samples were
gold coated before imaging.[9‑12]
AFM images of the samples were recorded on a MultiMode AFM
Dimension Icon 3000 equipment (Bruker corporation, Tokyo)
equipped with humidity control (Triton Technology, UK) and
images were taken at room temperature in a tapping mode with a
NanoScope IIIa controller (Digital Instruments, NJ, USA). The
images were obtained at a scan rate of 1.50 Hz and scan point
of 512 nm. All data were batch processed using Scanning Probe
Image Processor, SPIP 5.1.1, (Image Metrology A/S, Horsholm,
Denmark).[9‑12]
NMR analysis was carried out using a NMR spectrometer
(Bruker 300, Bruker Corporation, Tokyo) operated at 300 MHz.
Data processing was carried out using sine bell software.[9‑12]
In vitro intestinal permeation studies
In situ intestinal absorption study
Healthy, adult, male Sprague‑Dawley rats, weighing 180 ± 20 g
were used for the study. The study was conducted according to the
guidelines of the Animal Research Review Panel. The study was
conducted with prior approval from AIMST University’s Human
and Animal Ethics Committee (AUHAEC19/FOP/SP/2014).
The animals were anesthetized with intraperitoneal injection of
pentobarbital (60 mg/kg), and they were placed on a heated pad
to maintain a normal body temperature. The small intestine of
the rats was surgically exposed, and 10 cm of jejunum was ligated
for perfusion and cannulated and connected with the perfusion
assembly. Blank perfusion buffer was infused for 10 min using
a syringe pump followed by perfusion of SDs at a flow rate of
0.2 mL/min for 60 min. At periodic time intervals (every 10 min),
the perfusate was collected, and ACY content was measured
using UV‑Vis spectrophotometer at 253 nm and the effective
permeability coefficient (Peff) was calculated.[13,14]
In vitro intestinal permeation studies
Male Sprague‑Dawley rats (180 ± 20 g) were sacrificed by cervical
dislocation, and duodenal part of the small intestine was isolated.
The segment was thoroughly washed with cold Ringer’s solution.
SDs equivalent to 10 mg of ACY were dispersed in phosphate
buffer (pH 7.4) and injected into the duodenum using a syringe, and
both the ends of the intestine were tightly ligated. The segment was
placed in a compartment containing 30 mL of phosphate‑buffered
saline (pH 7.4) and maintained at a temperature of 37°C with
continuous aeration. At periodic time intervals, the sample was
taken and suitably diluted; its absorbance was measured at 253 nm
using a UV‑Vis spectrophotometer. The percentage of drug diffused
across the intestinal segment was calculated.[13,14]
Stability studies
The prepared SDs were stored in closed glass vials under a
controlled environment (75% relative humidity [RH] and a
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temperature of 45 °C) in a stability chamber (Thermo Lab, India)
for 6 months. Samples were removed after 3 and 6 months and
evaluated for drug content and release profiles.[6‑8]
Statistical analysis
The values were presented as a mean of three values. The
statistical significance of the formulations was compared with
that of control using analysis of variance followed by Bonferroni
post hoc test. Statistical analysis was performed using Instat prism
version 3.06 (Graph pad Inc., USA). A P < 0.05 was considered
as statistical significance.

RESULTS
The phase solubility data showed a linear increase in drug
solubility with an increase in carrier content and temperature.
The Gibbs free energy (ΔG) values were negative at all
concentrations of carrier [Table 1]. The drug content in all SDs
was in the range of 97–99%.
In vitro release profiles of the SDs are shown in Figure 1a. The
percentage of cumulative release of pure ACY was found to be 40%
in 1 h, whereas the SDs showed a significant (P < 0.001) increase
in release rate during the same period (about 90% for SDs with
drug: carrier ratio of 1:20). The drug release from SDs increased
with increase in carrier content. The dissolution parameters such
as percentage drug released (%DP) were found to be increased
whereas parameters such as MRT, half‑life (t50%), and t85% were
found to be decreased with increase in carrier content [Table 2].
The r2 values of the Korsmeyer–Peppas model [Table 3] in all
SDs were within the range of 0.943–0.993 suggesting it as the best
fitting model to describe the drug release from SDs.
Solid state characterization of SDs was studied using various
characterization techniques and the results are provided as data
and in images as PXRD [Figure 2a], DSC [Figure 2b], FTIR [Figure 2c], PMI [Figure 3a-c], SEM [Figure 4a-f], AFM
[Figure 5a-c] and NMR analysis [Table 4]. The findings of the
solid state characterizations suggest that crystallinity of ACY
had reduced, formation of solid solution, alteration of structural
morphology of ACY in the formulated SDs in comparison with
pure ACY.
The enhanced Peff values, enhancement ratio and percentage of
drug diffused from in situ perfusion and intestinal permeation
studies of optimized SDs revealed their increased absorption
potential in comparison to pure ACY [Table 5]. These findings
clearly prove the potential of optimized SDs in improving oral
delivery.
The release profiles of the samples after the stability studies are
shown in Figure 1b and 1c, respectively. It was also observed
that there was not much significant change in the SDs during
the study, suggesting that the samples were stable at the tested
conditions.
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Table 1: Thermodynamic parameters of acyclovir physical mixtures with polyethylene glycol 20000
Temperature (°C)
25
37

Slope

Intercept

Ka (m−1)

∆G (kJ/mol)

∆H (kJ/mol)

∆S (J/mol K)

40.788
156.341

24.236
22.602

−0.042
−0.045

−2.375
−2.465

−2.375
−2.465

−2.367
−2.457

Ka: Stability constant, ∆G: Gibbs free energy, ∆H: Enthalpy and ∆S: Entropy

Table 2: Dissolution parameters of acyclovir ‑ polyethylene glycol 20000 dispersions
Code
ACY
APEG20 15
APEG20 120
APEG20 51

DP05

DP30

DP60

% DE

RDR

AUC

MDT

MRT

VDT

t50% (min)

t85% (min)

6.62 (2.17)
7.68 (3.17)
8.63 (0.84)
7.22 (1.14)

15.44 (1.48)
75.70 (0.64)
74.70 (1.02)
27,344 (1.26)

38.48 (3.95)
92.28 (2.64)
97.54 (3.12)
47.29 (2.46)

0.178
0.602
0.614
0.214

0.373
0.566
0.560
0.501

1068.97
3851.83
3896.11
1535.72

32.24
18.26
19.00
27.52

27.94
17.30
15.39
29.96

388.0
189.0
165.5
380.0

>60
15
22
>60

>60
43
32
>60

A value in parenthesis indicates standard deviation, DP05, DP30 and DP60: Percentage drug released at 5 min, 30 min and 60 min, % DE: Percentage dissolution efficiency,
RDR: Relative dissolution rate at specific time intervals, AUC: Area under the curve, MDT: Mean dissolution time, MRT: Mean residence time, VDT: Variance dissolution time,
t50%: Dissolution half‑life, t85%: Time taken to release 85% of drug, ACY: Acyclovir

Table 3: Release kinetic parameters of acyclovir ‑ polyethylene glycol 20000 solid dispersions
Code
ACY
APEG20 15
APEG20 120
APEG20 51

Zero order

First order

Higuchi

Hixson Crowell

K‑P

r2

K0

r2

Slope

K1

r2

Slope

r2

Slope

r2

n

0.796
0.808
0.898
0.939

0.998
1.880
1.912
0.804

0.110
0.978
0.936
0.964

0.009
0.002
0.018
0.004

0.020
0.004
0.041
0.010

0.857
0.933
0.882
0.935

8.24
12.47
12.41
5.234

0.751
0.977
0.961
0.958

0.012
0.012
0.011
0.003

0.993
0.943
0.952
0.977

0.257
0.579
0.782
0.737

K0: Zero order release constant, K1: First order release rate constant, n release exponent, K‑P: Korsmeyer–Peppas model

a

c

b

Figure 1: In vitro release profiles of acyclovir and solid dispersions (SDs) (a) APEG20 120 showed significant (***P < 0.001) increase in
release rate compared with that of pure acyclovir, APEG20 15 and APEG20 51. ***P < 0.001 compared with that of pure acyclovir, APEG20 15
and APEG20 51 (one‑way analysis of variance followed by Bonferroni post hoc test); (b) in vitro release profile of acyclovir and solid
dispersions (mean ± standard deviation; n = 3) after 3 months; and (c) in vitro release profile of acyclovir and solid dispersions (mean ± standard
deviation; n = 3) after 6 months. ACY: Acyclovir

A

B

C

Figure 2: (A) Powder X‑ray diffraction patterns (a) acyclovir (b) polyethylene glycol 20000 (c) APEG20 15 (d) APEG20 120 and (e) APEG20 51;
(B) DSC thermograms (a) acyclovir (b) PEG20000 (c) APEG20 15 (d) APEG20 120 and (e) APEG20 51; (C) FT‑IR spectra (a) acyclovir
(b) polyethylene glycol 20000 (c) APEG20 15 (d) APEG20 120 and (e) APEG20 51
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a

b

c

Figure 3: Scanning electron microscope images of (a) acyclovir
(x2000), (b) polyethylene glycol 20000 (x33) and (c) APEG 120 (x1000)

a

b

c

d

e

f

DISCUSSION
The phase solubility study findings indicate the formation of
weak water‑soluble complexes between drug and the carrier. The
negative thermodynamic parameters (ΔG, ΔH and ΔS) clearly
demonstrate the spontaneity of a drug’s solubilization process
and solubilization effect of the carrier.[5‑7]
The oral bioavailability of ACY is around 10–30% due to its
poor water solubility and its incomplete absorption in GIT.[3] An
increase in aqueous solubility and absorption was observed in
SDs of ACY. The enhanced drug release from the SDs may be
related to the hydrophilic nature of carrier. It was also postulated
that PEG20000 would have gelatinized in dissolution medium
and might have held the drug particles in intimate contact
with water (owing to its high water retention potential). This
gelatinized SDs might have been constantly crushed by attrition
during stirring, and the drug might have diffused into the
dissolution medium through the polymeric diffusion layer.[4,6,7]
The “n” values of the SDs in Korsmeyer–Peppas model was found
to be between 0.257 and 0.388 and it indicated a non‑Fickian
release behavior of ACY from SDs.[8,15]
Sharp and intense characteristic peaks [Figure 2a] in X‑ray
diffraction spectra of ACY revealed its crystalline nature.[7] Two
distinct peaks in PEG20000 spectra proved its amorphous nature.
Numerous sharp characteristic peaks of ACY were found to be
absent in spectra of all SDs. Further, the two prominent peaks in
sample spectra were found with a broad base and reduced peak
intensity, sharpness as compared to the corresponding peaks in
ACY spectra. These findings clearly suggest that the crystallinity
of ACY was reduced/lost in SDs, and alteration of structural
morphology might have taken place in the ACY molecule
during the dispersions process.[16,17] These postulations were
also further supported by the findings of PMI images [Figure 3]
which confirmed the decrease in melting point of ACY from
255°C to 170°C.[18]
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Figure 4: Polarizing microscopic images of (a) acyclovir, (b)
polyethylene glycol 20000 melting at 56°C, (c and d) APEG20 1:20
melting at 150°C and 160°C, (e) acyclovir decomposition at 257°C and
(f) acyclovir cooled to 25°C

Table 4: Nuclear magnetic resonance data of
acyclovir and optimized solid dispersions
Sample code

N1‑H

H8

NH2

H10

OH

H11/H12

ACY
APEG20 120

10.687
8.656

7.820
7.202

6.509
6.849

5.465
‑

4.703
3.501

3.517
2.513

ACY: Acyclovir

Table 5: In situ permeation data of acyclovir
and optimized solid dispersions
Code
ACY
APEG20 120

Peff (cm/s)×10−4

ER

0.2860
1.0888

‑
3.807

Peff: Effective permeability coefficient in 1 h, ER: Enhancement ratio, ACY: Acyclovir

A sharp endothermic peak at 256°C in ACY thermogram
[Figure 2b] revealed its high crystallinity.[3] A broad endothermic
peak at 54.32°C in carrier thermogram suggested its amorphous
nature.[17] The endothermic peaks corresponding to ACY were
found to be absent in thermograms of SDs. This thermal behavior
may be related to the dissolution of ACY in the molten carrier
the formation of solid solution of drug within the carrier.[4‑7,16,19]
The characteristic peaks of ACY were absent in IR
spectra [Figure 2c] of SDs, in comparison with pure ACY. This
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a

c

b

Figure 5: Atomic force microscopy images of (a) acyclovir; (b) polyethylene glycol 20000 and (c) APEG20 120

may be due to the dissolution of ACY in molten carrier and
formation of a solid solution.[4‑7,15,16,19]
The agglomerated image [Figure 4] of optimized SDs in SEM
analysis and their reduced particle size indicated that the
structural morphology of ACY had been altered during the
formulation of SDs.[4‑7] Further, the parameters such as roughness
data, three‑dimensional surface profile and the absence of peaks
in AFM images [Figure 5] clearly confirms the changes that had
occurred in SDs at the molecular level in comparison to pure ACY.
The mapping of ACY SDs at the molecular level by AFM analysis
supported the above‑suggested findings by SEM analysis.[11,12]
The enhanced Peff values, enhancement ratio from perfusion
study and amount of drug diffused from permeability study of the
optimized SDs proved their absorption potential in comparison
with pure ACY. These findings could be correlated to the effect
of carrier on increasing the aqueous solubility of ACY.[13,14]
It has been reported that more than one mechanism contributes
to the solubility enhancement of drugs in SDs. Solid state
characterization findings also suggested that the drug might have
molecularly dispersed in the carrier structure, resulting in the
formation of a solid solution and contributed for enhancement of
drug’s dissolution rate. This inference can be further strengthened
by the DSC findings, which exhibited a single Tg for the SDs.
The changes in surface morphology of the drug would have also
led to the amorphization of the drug in carrier and this would
have led to the higher dissolution, as it was evident from the SEM
and AFM images of the optimized SDs. Hence, the decreased
mobility of the components of SDs would have enhanced the
physical stability of the prepared SDs. This interpretation was
based on the results of NMR analysis and DSC findings. Based
on the findings, the formulated SDs may be classified under
Class A‑C and Class M‑C systems.[1,2] It was also suggested that
semi‑crystalline carriers such as PEG favors the formation of
mixed systems, and the study findings were in correlation with
the published reports.[1,2,9,10,20]

CONCLUSION
The comparison of the dissolution rate of ACY with its
corresponding SDs indicated a high release profile of the
SDs. Solid state characterization studies provided complete

mechanistic insights into the possible mechanism of enhanced
drug release from SDs. The single‑pass intestinal perfusion and
intestinal permeation studies in rats confirmed that optimized
SDs displayed a good absorption potential. It can be concluded
that the results demonstrated SDs of ACY’s aqueous solubility,
dissolution and its subsequent absorption could be significantly
improved by dispersing in a carrier like PEG20000.
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