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Abstract

Voriconazole (VC), a second-generation triazole antifungal, suffers from low aqueous 

solubility (~0.5 mg/mL), which restricts its oral bioavailability. The present study sought to 

enhance the solubility and dissolution profile of VC through solid dispersion (SD) technology, 

employing PEG 4000 and PEG 6000 as hydrophilic carriers. A systematic Quality by Design 

(QbD) framework was applied to optimize the formulation. A Central Composite Design 

(CCD) was implemented to evaluate the influence of PEG concentrations on solubility (Y₁) 

and cumulative drug release (Y₂). Phase solubility studies confirmed the formation of VC–

PEG complexes exhibiting AL-type profiles. Numerical optimization, supported by graphical 

analysis, identified the optimized formulation consisting of 600 mg of PEG 4000 and 600 mg 

of PEG 6000. The optimized solid dispersion demonstrated a marked improvement in solubility 

(30.68 mg/mL) and drug release (cumulative drug release = 89.88%), achieving a desirability 

score of 0.901, thereby validating the robustness of the QbD-based optimization strategy. 

Model validation confirmed excellent predictive performance (adjusted R² and predicted R² 

within acceptable limits). Solid-state characterization (FTIR, DSC, XRD, SEM) indicated 

complete amorphization and uniform molecular dispersion of VC. Stability studies over six 

months confirmed the stability of the formulation (f2 = 78.27).  PEG-based solid dispersions 

offer a promising and stable approach to improve the solubility and dissolution of poorly water-

soluble antifungal agents such as voriconazole.

Keywords: Voriconazole, Quality by Design (QbD), Solid dispersion, VC-PEG complexes, 

Solubility enhancement, Cumulative drug release
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1. Introduction
Oral drug delivery is the most commonly preferred route for therapeutic administration owing 

to its ease of use, affordability, and excellent patient compliance. However, a major challenge 

in oral formulation development lies in overcoming poor aqueous solubility and erratic 

bioavailability, which severely limit the clinical utility of many promising drug candidates. The 

Biopharmaceutics Classification System (BCS) classifies drugs according to water solubility 

and permeability through the gastrointestinal membrane. Approximately 40% of currently 

marketed formulations and nearly 90% of drug candidates under development are BCS Class 

II. These drugs show dissolution-rate limited absorption and variable therapeutic responses1,2.

To address these challenges, various solubility enhancement techniques have been developed, 

including micronization, nanonization, salt formation, co-solvent systems, surfactant use, lipid-

based formulations, inclusion complexation with cyclodextrins, and use of non-volatile 

solvents3-6. These techniques have demonstrated varying degrees of success, but each has 

specific drawbacks such as limited scalability, chemical stability issues, and carrier 

incompatibilities. Accordingly, the demand for a robust, scalable, and widely applicable 

formulation strategy has drawn considerable attention toward solid dispersion (SD) systems.

Solid dispersion (SD) technology involves dispersing a poorly water-soluble drug within a 

hydrophilic carrier at the molecular level. This strategy increases the effective surface area of 

the drug, decreases its crystallinity, and enhances wettability, thereby improving dissolution 

rate and ultimately oral bioavailability7,8. Compared with other solubility enhancement 

techniques, SDs demonstrate superior scalability, reproducibility, and long-term stability, 

particularly when developed through a systematic formulation approach. Among the available 

preparation techniques, solvent evaporation is considered especially advantageous because it 

minimizes thermal degradation, provides favorable processing conditions, and is amenable to 

large-scale manufacturing9. In contrast to melting or fusion methods, solvent evaporation 

facilitates the formation of a uniform amorphous dispersion with improved physical stability.

Voriconazole, classified as a second-generation triazole antifungal, is prescribed for serious 

systemic fungal infections, such as invasive aspergillosis and candidemia, highlighting the 

solubility and dissolution limitations characteristic of BCS Class II drugs. With a reported 

aqueous solubility of approximately 0.5 mg/mL10, voriconazole exhibits highly variable oral 

absorption, leading to inconsistent therapeutic outcomes. Although commercial formulations 
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exist, these products often suffer from inter- and intra-patient variability due to poor dissolution 

and erratic bioavailability. Consequently, enhancing the solubility and dissolution profile of 

voriconazole through SD technology presents a promising strategy to achieve more consistent 

therapeutic levels. The novelty of this work lies in addressing voriconazole’s poor solubility 

and inconsistent absorption through a targeted dissolution enhancement strategy. By improving 

its biopharmaceutical performance, the study aims to achieve more consistent therapeutic 

outcomes for severe systemic fungal infections.

While SD-based solubility enhancement has been extensively studied for related azole 

antifungals such as itraconazole and posaconazole11,12. The development of voriconazole SDs 

utilizing a Quality by Design (QbD)-guided solvent evaporation method remains relatively 

unexplored. Quality by Design (QbD) emphasizes a thorough understanding of processes and 

control strategies to ensure consistent product quality13.

Central to QbD is the Design of Experiments (DoE) methodology, particularly Central 

Composite Design (CCD), which allows systematic evaluation of multiple variables and their 

interactions in a limited number of experimental runs. This statistical tool enables the 

formulation scientist to define a "design space" where robust and optimized product quality 

can be consistently achieved. Such an approach not only improves product efficacy and safety 

but also enhances regulatory flexibility during post-approval changes14-16.

The present study proposes the development and optimization of voriconazole-loaded SDs 

using a solvent evaporation technique under a QbD framework with CCD design. The novelty 

lies in the integration of a statistically driven formulation design process specifically for 

voriconazole, which has not been widely documented in the literature. Recent research has 

demonstrated the successful application of SDs in increasing the solubility of other poor soluble 

drugs like curcumin, lumefantrine, flurbiprofen, and artemether17–20. These findings 

collectively reinforce the potential of SD-based formulations to transform oral delivery profiles 

of BCS Class II drugs.

This work contributes to the advancement of pharmaceutical formulation science by presenting 

a rational, reproducible, and scalable method for enhancing the solubility and bioavailability 

of a clinically important antifungal agent. The use of QbD-guided formulation design offers 

significant advantages in achieving consistent quality and improved therapeutic performance, 

with broad applicability across a wide range of poorly soluble drug candidates like 

voriconazole.
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2. Materials and methods
2.1 Materials 

Voriconazole was generously provided by MSN Laboratories Pvt. Ltd. (Hyderabad, Telangana, 

India), while all other chemicals were obtained from SD Fine Chemicals (Mumbai, India).

2.2 Phase solubility study 

Phase solubility studies were performed to assess the effect of polymer concentration on the 

aqueous solubility of voriconazole. Excess amounts of voriconazole were introduced into 10 

mL of 0, 1, 2, 3, 4, and 5% w/v aqueous solutions of PEG 4000 and PEG 6000 separately [21]. 

The resulting suspensions were stirred continuously using a magnetic stirrer for 48 hours at 

room temperature to attain equilibrium. The mixtures were filtered through a 0.45 µm 

membrane filter to eliminate any undissolved drug. The clear filtrates were appropriately 

diluted, and the drug concentration was determined spectrophotometrically at 250 nm. The 

solubility data were then plotted to generate phase solubility diagrams for both PEG 4000 and 

PEG 6000 systems.

2.3 Mathematical Model and Experimental Design

To systematically optimize the variables and evaluate their impact on responses, a Central 

Composite Design (CCD) was used by employing Design-Expert® software (version 13). This 

experimental design targeted the optimization of two independent variables, like PEG 4000 (A) 

and PEG 6000 (B), each studied at five levels (−α, −1, 0, +1, +α), with corresponding values 

presented in Table 1. The dependent responses selected for the study included solubility (Y₁) 

and percentage cumulative drug release (%CDR, Y₂). According to the CCD matrix, 13 

experiments were conducted (Table 2). The resulting data were analyzed using a second-order 

polynomial equation, and the relationship between the variables and the responses was 

determined.

The second-order polynomial model equation is; 

Y = β0 + β1 A + β2 B + β11 A2 + β22 B2 + β12 AB ------ 1

In the polynomial equation, “Y” denotes the dependent responses, either solubility (Y₁) or 

cumulative percentage drug release (%CDR, Y₂). The term β₀ represents the intercept; β₁ and 

β₂ are the linear coefficients for the independent variables A (PEG 4000) and B (PEG 6000), 

respectively; β₁₁ and β₂₂ are the quadratic (square) coefficients; and β₁₂ denotes the interaction 

coefficient between A and B.
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Statistical analysis, along with p-values, F-values, and coefficients, is given in Table 3, 

highlighting the significance of individual model terms. The model's predictive accuracy was 

confirmed by comparing the experimental (observed) and predicted values, as shown in Table 

4. A robust and flexible design space was established using the desirability function and 

predefined optimization criteria. An optimized formulation was then developed within this 

design space by selecting the most appropriate levels of PEG 4000 and PEG 6000.

2.4 Formulation of VC solid dispersion 

SDs of voriconazole (VC) were formulated using solvent evaporation method with PEG 4000 

and PEG 6000 as hydrophilic carriers in varying weight ratios, as detailed in Table 1. The drug 

and polymers were co-dissolved in 10 mL of ethanol within a round-bottom flask. Solvent 

removal was carried out under vacuum at a controlled temperature not more than 45 °C. The 

resulting solid mass was pulverized with a mortar and pestle, transferred into glass vials, and 

stored in a desiccator for further analysis21. For comparative purposes, a physical mixture (PM) 

was prepared by thoroughly blending VC and the respective PEGs with a spatula for 5 minutes.

2.5 Solubility studies of VC solid dispersions

The solubility of the formulated SDs was evaluated using the method described by Daravath et 

al., using pH 7.2 phosphate buffer as the medium22. The amount of solubilized voriconazole 

was quantified using a UV–Visible spectrophotometer at a wavelength of 250 nm.

2.6 Cumulative percentage drug release studies of VC solid dispersions

Dissolution profiles of VC, physical mixture, and SDs were obtained using a USP Type II 

dissolution apparatus in pH 7.2 phosphate buffer at 37 ± 0.5°C with a rotation speed of 50 rpm. 

The aliquot samples were withdrawn at predetermined time intervals and analyzed using a UV 

spectrophotometer at 250 nm. Initial dissolution rate (IDR) and Relative dissolution rate (RDR) 

were calculated and compared with the pure drug23. 

2.7 Characterization of VC solid dispersions 

To confirm the formation of SDs and assess potential interactions between voriconazole and 

the polymeric carriers, the following characterization methods were used:

2.7.1 Fourier Transform Infrared Spectroscopy (FTIR): 

To detect any shifts or changes in characteristic functional group vibrations indicative of drug–

polymer interactions, FTIR studies were conducted. FTIR spectra of pure voriconazole, the 

physical mixture (PM), and the optimized solid dispersion were recorded using the potassium 

bromide (KBr) pellet method over a spectral range of 400–4000 cm⁻¹. The pellets were 

obtained by compressing the powdered samples with KBr under a vacuum pressure of 12,000 

psi for 3 minutes24.

Page 6 of 34RSC Pharmaceutics

R
S

C
P

ha
rm

ac
eu

tic
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
6:

05
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5PM00241A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00241a


7

2.7.2 Differential Scanning Calorimetry (DSC): 

Differential Scanning Calorimetry (DSC) was employed to investigate the thermal behavior of 

voriconazole and to evaluate possible alterations in crystallinity and melting characteristics. 

Thermograms were obtained for pure drug, the physical mixture (PM), and the optimized solid 

dispersion (SD) formulations, each prepared using approximately 5 mg of sample. The powders 

were sealed in aluminum pans and subjected to heating from 25 °C to 350 °C at a rate of 10 

°C/min under a continuous nitrogen flow of 50 mL/min, thereby minimizing the risk of 

oxidative degradation25.

2.7.3 Powder X-ray Diffraction (PXRD): 

PXRD studies were conducted to determine the crystalline or amorphous nature of the VC in 

the solid dispersion. X-ray diffractograms of VC, PM, and optimized solid dispersion were 

recorded using Cu Kα radiation (λ = 1.540 Å). The diffractometer was operated at a current of 

30 mA and a voltage of 45 kV, with data collected over a 2θ range of 0° to 90° to evaluate the 

crystalline or amorphous nature of the samples24.

2.7.4 Scanning Electron Microscopy (SEM): 

SEM studies were conducted to examine the surface morphology and the structure of the solid 

dispersions. Surface morphology was observed using Field Emission Scanning Electron 

Microscopy (FESEM) operated at an accelerating voltage of 20 kV26.

2.8 Stability studies of VC Solid Dispersions 

The optimized solid dispersion was evaluated for accelerated stability over a six-month period 

under controlled temperature conditions of 40 ± 2 °C and 75 ± 5% relative humidity. Following 

storage, assay, and dissolution profiles were re-examined, and the similarity factor (f₂) was 

calculated to observe potential alterations in drug release behaviour6.

3. Results and discussion
Voriconazole (VC) is a lipophilic antifungal agent with poor aqueous solubility of 

approximately 0.5 mg/mL and a moderate log P value of 1.6510. These properties classify VC 

as a suitable candidate for solubility enhancement through solid dispersion, particularly with 

hydrophilic carriers such as PEG 4000 and PEG 6000.

3.1 Phase solubility study 

The phase solubility profile of VC in PEGs (0–5% w/v) is shown in Figure 1. As PEG 

concentrations rise, the solubility of VC increased linearly, indicating an AL-type complex 

formation27. This linear relationship between VC concentration and PEG 4000 concentration 
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demonstrated a slope of 0.7152 and a high correlation coefficient (R² = 0.9943), PEG 6000 

concentration demonstrated a slope of 0.7012 and a high correlation coefficient (R² = 0.9952).

These findings confirm the successful formation of solid dispersions, wherein a single PEG 

molecule effectively interacts with a single VC molecule to enhance its apparent aqueous 

solubility. This finding is similar to previous reports, as reported in the study by Suresh et al.28, 

which demonstrated similar AL-type solubility profiles for hydrophobic drugs incorporated into 

PEG-based matrices.

3.2 Mathematical model development 

Experimental design techniques were employed to develop a mathematical model that 

describes the relationship between formulation variables and responses. In this study, a Central 

Composite Design (CCD) was systematically applied to evaluate the influence of PEG 4000 

(factor A) and PEG 6000 (factor B) concentrations on key responses, namely solubility (Y₁) 

and percentage cumulative drug release (%CDR, Y₂). The independent factors were assessed 

at five coded levels (–α, –1, 0, +1, and +α), facilitating the development of a robust quadratic 

model for response surface analysis.

Statistical analyses, including analysis of variance (ANOVA), were performed using Design-

Expert® software (version 13). The significance of regression models was assessed according 

to F-value and p-value criteria, where a model was deemed statistically significant if the F-

value exceeded 1 and the corresponding p-value was less than 0.05. Additionally, a non-

significant lack-of-fit (p > 0.05) was essential to ensure the model's adequacy. 

The model’s predictive capability was further confirmed by verifying that the difference 

between predicted R² and adjusted R² should be less than 0.2, and that the adequate precision 

value was exceeded by 4, demonstrating an acceptable signal-to-noise ratio. The detailed model 

statistics are presented in Table 3.

3.3 Solubility studies of the prepared VC solid dispersion 

The solubility of the formulated VC solid dispersions ranged from 8.71 mg/mL to 

34.35 mg/mL, as presented in Table 2. Statistical analysis confirmed that a linear regression 

model best described the influence of formulation factors on solubility (Y₁). The F-value is 

46.92, and the p-value is less than 0.0001, indicating that the model terms were highly 

significant and the model exhibited strong statistical significance. Furthermore, a non-

significant lack-of-fit (p = 0.1125) confirmed the adequacy and reliability of the model (Table 

3).
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Both PEG 4000 (A) and PEG 6000 (B) were identified as significant contributors to solubility 

enhancement, with p-values of 0.0005 and <0.0001. The regression coefficients for PEG 4000 

and PEG 6000 were +4.40 and +7.16, respectively, indicating a positive and synergistic effect 

on solubility as the concentration of each PEG increased. Notably, PEG 6000 exhibited a more 

pronounced effect on solubility, as indicated by its higher regression coefficient value.

Model reliability was further confirmed with a difference between the adjusted R² (0.8844) and 

predicted R² (0.8074) that was well below the acceptable threshold of 0.2. The adequate 

precision value was 19.62, significantly exceeding the minimum requirement of 4.

The effect of formulation variables was also visualized using 2D contour and 3D surface 

response plots (Figures 2 and Figure 3), clearly illustrating the increasing trend in solubility 

with rising PEG concentrations. The regression model for solubility is represented in coded 

form as:

Y1 = 19.12 + 4.40 A + 7.16 B -------- 2

Where:

Y₁ = Predicted solubility (mg/mL)

A = Concentration of PEG 4000

B = Concentration of PEG 6000

This equation confirms that both PEG 4000 and PEG 6000 positively influence the solubility 

of VC, with PEG 6000 exerting a more pronounced effect. Accordingly, solubility 

enhancement in VC solid dispersions is directly proportional to the level of PEGs incorporated 

(Figures 4i and 4ii).

3.4 % CDR (Cumulative percentage drug release) of VC solid dispersion 

Figure 5 presents the dissolution profiles of prepared solid dispersions, PM, and pure 

voriconazole (VC). The solid dispersions exhibited a markedly improved drug release 

compared to both the physical mixtures and plain VC, highlighting the effectiveness of PEG-

based dispersion systems in enhancing dissolution.

As detailed in Table 2, the cumulative percentage drug release (%CDR) for various 

formulations ranged from 43.43% to 92.49%. Statistical analysis confirmed that a linear 

regression model describes the influence of PEGs on %CDR (Y₂). 

The F-value is 30.66, and the p-value is less than 0.0001, indicating that the model terms were 

highly significant and the model exhibited strong statistical significance. Furthermore, a non-

significant lack-of-fit (p = 0.0732) confirmed the adequacy and reliability of the model (Table 

3).
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Both PEG 4000 (A) and PEG 6000 (B) were identified as significant contributors to %CDR 

enhancement (p-values of 0.0106 and <0.0001). The regression coefficients for PEG 4000 and 

PEG 6000 were +6.09 and +13.95, respectively, indicating a positive and synergistic effect on 

%CDR as the concentration of each PEG increased. Notably, PEG 6000 exerted a stronger 

effect on %CDR, as evidenced by its higher coefficient.

Model reliability was further confirmed with a difference between the adjusted R² (0.8317) and 

predicted R² (0.7235) that was well below the acceptable threshold of 0.2. The adequate 

precision value was 15.16, significantly exceeding the minimum requirement of 4.

The effects of formulation variables on %CDR were also visualized through 2D contour and 

3D response surface plots (Figures 2 and Figures 3), confirming the increasing trend in drug 

release with rising PEG levels. The regression equation in coded terms is as follows:

Y2 = 69.83 + 6.09 A + 13.95 B -------- 3

Where:

Y₂ = Predicted cumulative drug release (%)

A = Concentration of PEG 4000

B = Concentration of PEG 6000

This equation clearly indicates that both PEG 4000 and PEG 6000 positively affect the 

cumulative drug release, with PEG 6000 contributing more significantly. Therefore, increasing 

the concentration of either PEG improves the dissolution profile of VC solid dispersions, as 

shown in Figures 4i and 4ii. 

3.5 Multiple Response Optimization Study

Multiple-response optimization strategy was used to enhance the solubility (Y₁) and 

cumulative drug release (%CDR, Y₂) of voriconazole (VC) solid dispersions by modulating 

the concentrations of PEG 4000 (A) and PEG 6000 (B). This approach combined statistical 

modeling with desirability and numerical optimization algorithms to identify a robust and well-

balanced formulation.

The desirability, which ranges from ‘0’ (undesirable) to ‘1’ (highly desirable), was utilized to 

optimize both Y₁ and Y₂ concurrently. Numerical optimization was conducted within the 

defined experimental domain for PEG 4000 and PEG 6000, aiming to maximize both 

dependent variables. Graphical optimization through overlay plots allowed the visual 

delineation of the design space, identifying factor combinations yielding acceptable response 

outcomes29.
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The optimal formulation identified through this process consisted of 600 mg each of PEG 4000 

and PEG 6000, achieving a desirability score of 0.901, which is close to 1, indicating that the 

model is highly desirable. Similar results were reported by Mundada et al29. The optimized 

solid dispersion demonstrated a solubility of 30.68 mg/mL and a %CDR of 89.88%, as shown 

in Figure 6. These were very much higher compared to the pure drug (0.5 mg/ml and 35.99%). 

The initial dissolution rate (IDR) and relative dissolution rate (RDR) for the optimized 

formulation were found to be 0.77 percent per minute and 2.57, respectively.

The yellow region in the overlay plot represents the design space wherein the formulation 

criteria were met. The optimized batch was further subjected to physicochemical 

characterization.

3.6 Model adequacy verification

The adequacy of the predictive model for solubility (Y₁) and %CDR (Y₂) was confirmed 

through comparisons of predicted versus actual values (Table 4 and Figure 7). The close 

alignment between experimental responses and predicted values validated the linear regression 

model, indicating its reliability in anticipating formulation performance30.

3.7 Characterization of VC solid dispersion 

Solid-state characterization of the optimized formulation provided further evidence of 

successful dispersion. 

3.7.1 FTIR analysis

Figure 8 revealed characteristic absorption peaks for VC: O-H stretching at 3190.08 cm⁻¹, C-

N stretching at 1277.12 cm⁻¹ and C-F stretching at 1456.04 cm⁻¹. These peaks were retained in 

the physical mixture with slight shifts, suggesting no significant chemical interaction. In 

contrast, the optimized formulation exhibited shifted peaks—O-H at 3394.27 cm⁻¹, C-F at 

1468.86 cm⁻¹, and C-N at 1281.17 cm⁻¹ indicative of intermolecular interactions and formation 

of a solid dispersion.

3.7.2 DSC analysis 

DSC analysis showed a distinct endothermic peak at 131.19 °C for pure VC (Figure 9). The 

physical mixture retained this peak (130.07 °C), along with a PEG-associated peak at 60.25 °C, 

implying partial dispersion. In the optimized formulation, the absence of the VC melting 

endotherm confirmed complete molecular dispersion of the drug in PEG. Kumari et al. reported 

similar findings25.

3.7.3 PXRD analysis
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XRD patterns (Figure 10) of pure VC displayed sharp diffraction peaks at 2θ values of 14°, 

19°, 25°, 27°, and 35°, confirming its crystalline nature. These peaks diminished in intensity in 

the physical mixture and were reduced or absent in the optimized formulation, indicating the 

transformation of the drug into an amorphous state. Chella et al. also showed similar results26. 

3.7.4 SEM analysis

SEM images (Figure 11) illustrated that pure VC appeared as irregular crystalline particles, 

while the physical mixture maintained a heterogeneous morphology. In contrast, the optimized 

solid dispersion exhibited smooth surfaces, further confirming homogeneous molecular 

dispersion31-33.

3.8 Stability studies 

Stability testing of the optimized solid dispersion over a six-month period revealed no 

significant difference between the before and after storage conditions (Table 5). A similarity 

factor (f₂) of 78.27, indicating no change in drug release profile and confirming the 

formulation's stability under storage conditions 34.

4. Conclusion
The present study demonstrates the effective use of polyethylene glycols (PEG 4000 and PEG 

6000) in enhancing the aqueous solubility and dissolution of voriconazole (VC). Phase 

solubility studies confirmed the formation of AL-type inclusion complexes, while optimization 

through a central composite design (CCD) identified the optimal formulation parameters. The 

optimized solid dispersion, comprising 600 mg each of PEG 4000 and PEG 6000, exhibited 

markedly improved solubility (30.68 mg/mL) and dissolution efficiency (89.88%), supported 

by a high desirability value of 0.901.

Physicochemical characterization studies, including FTIR, DSC, PXRD, and SEM, 

demonstrated the successful development of a molecularly dispersed system, as evidenced by 

spectral modifications, disappearance of the crystalline melting peak, reduced crystallinity, and 

distinct morphological changes. Moreover, the optimized formulation maintained its stability 

over six months under accelerated conditions, with no significant variation in dissolution 

performance.
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Collectively, these results highlight the potential of PEG-based solid dispersions as a reliable 

strategy to overcome solubility-related challenges in BCS Class II antifungal agents. The 

approach provides a robust and scalable formulation platform capable of enhancing both the 

solubility and dissolution of voriconazole.
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Legends to figures

Fig. 1 Phase solubility study of voriconazole in A) PEG 4000 B) PEG 6000 

Fig. 2 2-D contour surface plots of Y1: solubility (mg/ml); Y2: %CDR (%)

Fig. 3 3-D response surface plots of Y1: solubility (mg/ml); Y2: %CDR (%)

Fig. 4 Coefficient estimates of the factors a) PEG 4000 b) PEG 6000

Fig. 5 VC drug release from the pure drug, physical mixture, and SD formulations

Fig. 6 Desirability, design space, and factor levels for the optimized formula and their 
responses

Fig. 7 Predicted vs actual plots Y1: solubility (mg/ml); Y2: %CDR (%)

Fig. 8 FTIR spectrums of A) VC B) Physical mixture C) optimized SD formulation 

Fig. 9 DSC thermograms of A) VC B) Physical mixture C) optimized SD formulation  

Fig. 10 X-ray diffraction patterns of A) VC B) Physical mixture C) optimized SD formulation   

Fig. 11 SEM images of A) VC B) Physical mixture C) optimized SD formulation   
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Table 1 Factors (Independent variables) and their corresponding levels as per the Central 
Composite Design

LevelsFactors 
(Independent 

Variables) -α -1 0 +1 +α
PEG 4000 (mg) 117.157 200 400 600 682.843
PEG 6000 (mg) 117.157 200 400 600 682.843
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Table 2 Results of Central Composite Design and the Responses (Dependent Variables) 
Obtained for Experimental Run

Run Factor A: 
PEG 4000

Factor B: 
PEG 6000

Solubility 
(mg/ml) % CDR

1 0 0 18.82 77.59
2 0 1.414 34.35 92.49
3 0 -1.414 8.71 43.43
4 0 0 18.37 71.36
5 1.414 0 25.47 72.33
6 0 0 20.55 69.74
7 0 0 17.59 71.59
8 -1.414 0 12.73 52.17
9 -1 -1 10.66 56.27
10 -1 1 18.49 76.35
11 1 -1 16.59 65.36
12 0 0 16.47 71.67
13 1 1 29.77 87.49
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Table 3 p-values and the estimated coefficients derived from the regression models for the 
analyzed responses.

Y1: Solubility Y3: Cumulative % drug release
Source

F-value p-value Coefficient 
Estimate F-value p-value Coefficient 

Estimate

Model 46.92 <0.0001 30.66 < 0.0001

Intercept 19.12 69.83
A-PEG 
4000 25.76 0.0005 4.40 9.82 0.0106 6.09

B-PEG 
6000 68.08 < 0.0001 7.16 51.49 < 0.0001 13.95

AB
A²
B²

Lack of Fit 3.71 0.1125 4.89 0.0732
Model p < 0.05: Statistically significant  Lack of Fit p > 0.05: Lack of Fit if not significant
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Table 4 Model Validation by Comparison of the Predicted and Observed Experimental Values

Independent variables Dependent responses

Factor A: Factor B: Y1: Solubility Y4: Cumulative %  drug releaseCheck points
PEG 4000 

(mg)
PEG 6000 

(mg)
Predicted value 

(mg/ml)
Experimental 
value (mg/ml) Standard Error Predicted value 

(o)
Experimental 

value (o) Standard Error

R4 400 400 19.12 18.37 2.454 69.83 71.36 5.498

R9 200 200 7.59 10.66 2.454 49.79 56.27 5.498

R11 600 200 16.37 16.59 2.454 61.98 65.36 5.498

Optimized 600 600 30.68 29.77 2.454 89.88 87.49 5.498
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Table 5 Stability studies of optimized VC solid dispersion (n=6)

Time 
(min) Before storage After 6 months Similarity 

Factor (F2)

0 0 0

5 32.15±1.51 31.54±1.34

10 42.06±1.35 40.68±1.56

15 48.31±1.43 47.25±1.54

30 60.65±1.72 59.57±1.48

45 68.60±1.26 66.34±1.62

60 74.12±1.34 73.61±1.83

75 78.93±1.83 77.85±1.62

90 85.55±1.75 82.26±1.28

120 92.49±1.64 90.57±1.37

78.27

% Assay 99.14±1.18 98.46±1.53 Not significant
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Data Availability
The data supporting the findings of the study are available from the corresponding 

author upon request.
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