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Abstract
Turmeric, specifically its curcuminoids such as curcumin  (C21H20O6), possesses extensive therapeutic benefits including 
anti-inflammatory, anticancer, and anti-aging properties. However, curcumin’s clinical effectiveness is significantly limited 
by its hydrophobic nature, leading to poor bioavailability. This study aims to enhance the solubility and bioavailability of 
curcumin through the development of liquisolid compact dispersion formulations. To address curcumin’s limited water solu-
bility (3.12 mg/l at 25 °C) and high oil–water partition coefficient ( logKow = 3.29 ), we employed a central composite design 
(CCD) to optimize liquisolid compact dispersion formulations. The optimization focused on the tablet’s physical properties, 
such as hardness, disintegration time, and dissolution rate at 30 min. Critical formulation components included Tween 80 as 
the liquid vehicle and Aerosil 200 as the coating material, serving as independent variables in the optimization process. The 
optimized formulation, containing 30 mg of Tween 80 and 75 mg of Aerosil 200, significantly improved curcumin’s disso-
lution rate. Experimental results confirmed the formulation’s effectiveness, with a marked reduction in the time to dissolve 
63.2% of the drug to 165 min, compared to 300 min for conventional formulations. Differential scanning calorimetry and 
Fourier-transform infrared spectra indicated a transformation of curcumin into a non-crystalline state and the formation of 
hydrogen bonds with Tween 80, contributing to enhanced solubility. This study successfully demonstrates a viable strategy 
to enhance the bioavailability of curcumin through liquisolid compact dispersion formulations. By addressing the solubility 
challenges of curcumin, this technique presents a significant advancement in improving the clinical applicability of BCS 
class II and IV drugs, potentially benefiting a wide range of therapeutic applications.
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Introduction

Curcumin, a yellow-colored extract derived from the tur-
meric rhizome (Curcumae longae rhizoma), has been a sta-
ple of traditional medicine for centuries. It is the primary 
and most extensively studied compound among the cur-
cuminoids, a group of dimeric derivatives of ferulic acid 
commonly found in Indian cuisine (Górnicka et al. 2023). 
Curcuminoids are known chemically as diferuloylmethane 
with the IUPAC name (1E,6E)-1,7-Bis(4-hydroxy-3-meth-
oxyphenyl) hepta-1,6-diene-3,5-dione. Its chemical formula 
is  C21H20O6, and it has a molecular weight of 368.385 g/mol, 
a log Kow of 3.29, and a melting point of around 182 °C 
(Fig. 1) (Obeid et al. 2023).

Several studies have demonstrated that curcumin pos-
sesses a range of beneficial effects, namely antioxidant 

(Kumar et al. 2016), anti-inflammatory (Basnet and Skalko-
Basnet 2011), antibacterial (Negi et al. 1999), antiviral 
(Hewlings and Kalman 2017), immunomodulatory (Yang 
et al. 2020; Abo-Zaid et al. 2020), and anticancer proper-
ties (Giordano and Tommonaro 2019). Consequently, it has 
attracted considerable attention for its potential therapeutic 
benefits in various conditions, such as arthritis, liver dis-
eases, diabetes, neurodegenerative diseases, obesity, and 
cardiovascular issues (Hewlings and Kalman 2017 ; Har-
togh et al. 2020; Yan et al. 2017; Hamaguchi et al. 2010; 
Nabavi et al. 2014 ; Hu et al. 2018; Rathore et al. 2020). As 
a result, curcumin has become a focal point of interest in the 
scientific community due to its diverse biological activities 
and potential therapeutic applications.

Although curcumin has been proven to have many phar-
macological effects, its clinical application is hindered by its 
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poor water solubility (3.12 mg/l at 25 °C) and hydrophobic-
ity, making it not very effective (Rathore et al. 2020). The 
poor solubility of curcumin is a significant concern as it 
leads to low bioavailability, resulting in poor absorption in 
the circulatory system and target tissues. The limited solu-
bility of curcumin in water means that its concentration in 
serum does not exceed 60 nmol/L. Furthermore, a notable 
portion of curcumin undergoes inactivation during the liver 
metabolism process, resulting in the highest concentration 
of curcumin in the body typically being observed 1–2 h after 
oral consumption. Additionally, curcumin exhibits photo-
sensitivity and experiences constrained chemical stability 
throughout the manufacturing and storage processes (Anand 
et al. 2007).

Drawing from previous studies, the liquisolid method 
emerges as a comprehensive solution for enhancing the 
dissolution rate and bioavailability of BCS Class II and 
IV drugs like curcumin (Kala et al. 2014; Souza Ferreira 
and Bruschi 2019; Kumar et al. 2019). The liquisolid tech-
nique, pioneered by Spireas (Spireas and Sadu 1998), sug-
gests dispersing lipophilic drugs in a suitable non-volatile 
liquid vehicle, such as polyethylene glycol, Tween 20 and 
Tween 80. As the presence of liquid vehicles can reduce the 
flowability of liquid–powder admixture (Spireas and Sadu 
1998), therefore, coating material is necessary to cover the 
surface of the particles, thereby maintaining the powder’s 
flowability. Dispersed drug particles are typically presented 
in a minimized size, resulting in an enhanced dissolution 
rate. Moreover, the liquisolid approach holds significant 
promise due to its straightforward manufacturing process 
and cost-effectiveness.

In several studies, essential properties of liquisolid tab-
lets, such as tablet hardness, disintegration, and in vitro drug 
release, showed significant improvement through the adjust-
ment of variables like the liquid vehicle and coating material 
(Saeedi et al. 2022). However, the development and opti-
mization of such formulations are often conducted through 
a trial-and-error method, involving the alteration of one 
factor while keeping other factors constant. This univariate 
approach is time-consuming and demands numerous experi-
ments to elucidate the impact of excipients on the physical 
attributes of the liquisolid formulation (Tiong and Elkordy 

2009). Furthermore, it frequently falls short in projecting 
the true optimal composition due to the neglect of interac-
tions between factors. Central composite design (CCD) is 
a key subset of response surface methodology (RSM) that 
presents a robust and novel solution to explore the com-
plex relationship between formulation variables and product 
quality. In regression analysis, model building is the process 
of developing a probabilistic model that best describes the 
relationship between the dependent and independent vari-
ables. When the variables are measurable, continuous and 
controllable through designed experiments with no statisti-
cally significant errors, CCD can be utilized to create the 
model and optimize the process. This involves conducting a 
series of experimental runs to accurately and reliably meas-
ure these response variables with best-of-fit, and finally 
determining the optimal set of experimental parameters to 
produce the optimal response value (Choiri et al. 2018; Bis-
was et al. 2017 ; Beg et al. 2017; Ainurofiq et al. 2016). Sys-
tematic optimization of pharmaceutical products utilizing 
CCD necessitates fewer trial runs and is adept at uncovering 
potential synergies or interactions among components, ulti-
mately yielding a robust formulation and potential savings 
in terms of time, cost and developmental effort.

In recent years, various methods such as liposome prepa-
ration, niosomes and the use of co-solvents have been uti-
lized to improve the dissolution rate and bioavailability 
of curcumin (Ghadi and Ebrahimnejad 2017; Ghadi et al. 
2019; Sadeghi-Ghadi and Ebrahimnejad 2019; Sadeghi-
Ghadi et al. 2020; Hezarjaribi et al. 2022; Sadeghi-Ghadi 
et al. 2023; Ahmadi et al. 2023). Among them, the liquisolid 
technique stands out as a promising option due to its benefits 
such as cost-effectiveness and ease of processing. Therefore, 
the current study aims to establish a robust liquisolid system 
for curcumin by systematically optimizing tablet hardness, 
disintegration, and dissolution at 30 min using the CCD 
method. This endeavor seeks to produce a curcumin liqui-
solid formulation based on solvent and coating material, to 
significantly enhance curcumin’s pharmaceutical proper-
ties for the development of a high-bioavailability liquisolid 
system.

Experimental

Materials

Curcumin, Aerosil 200, potassium dihydrogen phosphate, 
sodium hydroxide, magnesium stearate, propylene glycol, 
and PVP K25 were obtained from Merck (Germany). Avicel 
PH 102, or microcrystalline cellulose (MCC), was provided 
by FMC Pharmaceuticals in Ireland. Tween 20, 60, and 80 
were purchased from Samchun (Korea). All other chemicals 
were of analytical grade.

Fig. 1  Structural formula of curcumin
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Phase‑solubility studies

An excess amount of curcumin was added to 30 mL of dis-
tilled water. The mixture was shaken for 24 h at 25 ± 1 °C 
in a thermostatic water bath (7500S, Pars Nahand ENGG. 
CO, Iran). The resulting curcumin suspensions were fil-
tered through a Millipore filter (0.45 µm) and centrifuged at 
15,000 rpm for 15 min (Z 36 HK, HERMLE, Germany). The 
resulting supernatant was suitably diluted, and UV absorp-
tion was recorded at 428 nm using a spectrophotometer (Bio-
wave II UV, Biochrome Ltd., Cambridge CB4 OF England) 
(Ghadi et al. 2019). The solubility of curcumin in liquid 
vehicles containing propylene glycol, Tween 20, Tween 60, 
and Tween 80 were also determined using the same method 
to evaluate the most effective solvent.

Determination of flow properties

Powders consisting of Avicel and Aerosil 200 were metic-
ulously weighed and gradually blended with one of the 
specified liquid medications using a mortar and pestle. This 
meticulous blending process was conducted to attain optimal 
flowability and compactibility for the liquisolid formulation. 
Subsequently, the resulting liquisolid powders underwent a 
comprehensive powder flow test, which included the assess-
ment based on the liquid load factor ( Lf  ), Carr’s index ( CI ), 
Hausner’s ratio ( HR ), and angle of repose ( �).

The amounts of excipients required to prepare liquisolid 
formulations with acceptable flow properties, referred to as 
Lf (liquid load factor), are defined as the ratio between the 
weight of liquid medication ( W  ) and the carrier ( Q ) (Wei 
and Manickam 2012):

CI was calculated using the bulk ( �b ) and tapped density 
( �t ) data:

Similarly, HR was determined using:

Lower values of CI and HR indicate better powder flowa-
bility. The other method employed for characterizing flowa-
bility was the measurement of the � . The angle of repose 
was calculated using the fixed funnel and free-standing cone 
method. The � was calculated as:

(1)Lf =
W

Q
.

(2)CI =
�t − �b

�t
× 100.

(3)HR =
�t

�b
.

(4)� = tan−1
(

2h

d

)

,

where d represents the average diameter of the formed cone, 
and h denotes the height of the pile.

Preparation of liquisolid compacts

A series of curcumin liquisolid formulations denoted as F1 
to F11 were carefully crafted. In this process, curcumin was 
initially dispersed in a non-volatile liquid vehicle (Tween 80) 
using a mortar and pestle. Following this, the carrier mate-
rial (Avicel) and the coating substance (Aerosil 200) were 
methodically introduced. After thorough mixing, PVP (a 
binder) and magnesium stearate (a lubricant) were added and 
blended for 2 min. Subsequently, the resulting powder blend 
was compacted using a single-punch eccentric tablet press 
machine (Korsch Pressen, Germany) to prepare liquisolid 
tablets. The employed flat-faced punch, featuring a diameter 
of 14.5 mm, was selected to regulate tablet hardness within 
the range of 35 to 65 N. This deliberate choice of hardness 
range was made to ensure that all liquisolid compacts met 
the predetermined criterion with precision.

Physical characterization of tablets

Weight variation assessment

From each batch, twenty tablets were randomly chosen and 
individually weighed on an electronic balance (GF-600, 
A&D®, Japan). The average weight and standard deviation 
for each batch of tablets were calculated.

Hardness

Six tablets of each formulation were placed in a hardness 
tester (TBH 30 MD, Erweka, Germany), and the force 
required to crush each was recorded. This approach is in 
accordance with the compendial requirement for testing tab-
let hardness (United States Pharmacopeia 2022).

Friability

The friability of each formulation was determined using a 
friability tester (Erweka, Germany). To this end, 30 tablets, 
equivalent to 6.5 g, were accurately weighed and placed in 
the friability tester. The tester was operated at 25 rpm for 

Table 1  Independent variables in actual and coded levels

Independent variables Symbol Levels

− 1 0 1

X1 = Tween 80 (mg) A 10 30 50
X2 = Aerosil 200 (mg) B 50 75 100
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4 min, corresponding to 100 revolutions. After the test, the 
tablets were dedusted and reweighed. The friability is deter-
mined using Eq. (5).

where Winitial is the initial weight of the tablets and Wfinal 
is the weight of the tablets after the friability test (United 
States Pharmacopeial Convention (2020)). According to the 
criteria outlined in the US Pharmacopeia standards, tablets 
are deemed acceptable if they show less than 1% weight 
loss and remain intact with no cracks, splits, or breakages 
(United States Pharmacopeial Convention 2019).

Disintegration

The disintegration time of curcumin liquisolid tablets was 
measured using a tablet disintegration apparatus (type ZT 
121, Erweka, Germany). The apparatus consisted of a basket 
rack assembly that moves along the vertical axis in 1 L of 
water with a temperature of 37 ± 2 °C. Six tablets from each 
formulation were placed in the basket and the time taken 
for the complete disintegration of the tablet was recorded 
(United States Pharmacopeial Convention 2019).

Content uniformity

To determine the drug content, liquisolid tablets equivalent 
to 5 mg of curcumin were pulverized using a mortar and pes-
tle. The resulting powder was then extracted with ethanol, 
leveraging previous studies that confirmed the solubility of 

(5)Friability(% ) =
Winitial −Wfinal

Winitial

× 100,

curcumin in ethanol as 10 mg/ml (Cui et al. 2021; Li et al. 
2023). The obtained extract was then passed through What-
man filter paper (0.45 µm), and the filtrates were analyzed 
using UV/Vis spectrophotometry at a wavelength of 428 nm 
to quantify the drug content.

In vitro dissolution studies

The dissolution test was conducted using a USP II paddle 
apparatus (Erweka, Germany). The experiments were per-
formed in 900 ml of a phosphate buffer solution with a pH 
of 6.8 at a controlled temperature of 37 ± 0.5 °C. The paddle 
rotation speed was set at 50 rpm. At specific time intervals, 
samples were withdrawn and analyzed using spectrophotom-
etry at 428 nm. To maintain a constant volume, the withdrawn 
volume was immediately replenished with an equal volume 
of fresh dissolution medium. The obtained dissolution profile 
can provide insights into the release behavior of the optimized 
formulation (Ravichandran 2013).

Design of the experiments using CCD

To attain the optimal liquisolid formulation, attempts were 
made to enhance key physical characteristics of the tablet, 
including tablet hardness, disintegration time, and dissolution 
at 30 min. This was achieved by varying the amounts of the 
liquid vehicle and coating material as key variables. In this 
study, a two-factor, three-level CCD was employed to cover 
11 experiments to optimize the formulation variables for cur-
cumin liquisolid. Our CCD goal was to optimize the formula-
tion by focusing on three critical parameters: tablet hardness 

Table 2  Independent variables 
and responses data for central 
composite design (data shown 
as mean ± standard deviation, 
n = 3)

*F12 is conventional formulation

Formulation 
code

Independent variables Responses

Tween80 (mg) Aerosil 200 
(mg)

Hardness (newton) Disintegration 
time (min)

Dissolution at 
30 min (%)

1 58 75 36.27 ± 1.1 6.54 ± 027 21.15 ± 0.18
2 10 50 65.53 ± 4.34 11.67 ± 0.25 14.93 ± 0.75
3 30 75 50.97 ± 1.31 9.86 ± 0.44 16.55 ± 0.68
4 30 75 52.93 ± 1.00 11.26 ± 0.47 15.31 ± 1.12
5 30 110 41.83 ± 2.67 11.68 ± 0.23 12.52 ± 1.06
6 2 75 57.30 ± 2.09 16.14 ± 0.25 9.87 ± 1.02
7 50 50 41.43 ± 1.29 7.24 ± 0.30 25.42 ± 1.13
8 30 40 51.23 ± 1.32 9.20 ± 0.21 18.29 ± 1.46
9 30 75 50.03 ± 1.75 9.25 ± 0.11 16.02 ± 0.89
10 10 100 54.27 ± 3.36 14.29 ± 0.19 10.38 ± 0.32
11 50 100 38.60 ± 1.55 9.85 ± 0.21 12.09 ± 0.94
12* – – 61.72 ± 1.53 16.96 ± 0.23 12.73 ± 0.23
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( Y1 ), disintegration time 
(

Y2
)

 , and 30-min dissolution rate 
(

Y3
)

 . 
The chosen independent variables, Tween 80 ( X1 ) and Aerosil 
200 ( X2 ), were determined at three different levels coded as 
-1, 0, and + 1 (Table 1). The experiment matrix provided in 
Table 2 outlines the setup for a CCD which was implemented 
to investigate the main effects of the two variables on critical 

responses, including tablet hardness, disintegration time, and 
dissolution at 30 min. These experiments incorporated fac-
torial points, axial points, and three replicated center points, 
essential for estimating the sum of square errors.

The total number of experiments included 2k + 2k + cp 
experiments, where k represents the number of independent 

Fig. 2  Solubility of curcumin 
in various solvents (data shown 
as mean ± standard deviation, 
n = 3)
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Table 3  Hardness, Hausner’s ratio, car’s percent, disintegration time, content uniformity and weight variation of curcumin liquisolid

*F12 is conventional formulation

Formula-
tion code

Hardness (N) Hausner’s ratio Car’s Index (%) Angle of repose (°) Disintegra-
tion time 
(min)

Content uniformity (%) Weight variation 
(mg)

1 36.27 ± 1.10 1.10 ± 0.008 9.33 ± 0.67 31.79 ± 0.83 6.54 ± 0.27 99.17 ± 1.06 496.74 ± 5.63
2 65.53 ± 4.34 1.07 ± 0.004 6.88 ± 0.41 28.96 ± 0.56 11.66 ± 0.25 96.93 ± 2.27 498.67 ± 0.36
3 50.97 ± 1.30 1.08 ± 0.005 7.77 ± 0.36 28.96 ± 0.51 9.86 ± 0.44 96.90 ± 2.87 496.98 ± 7.21
4 52.93 ± 1.00 1.09 ± 0.003 8.00 ± 0.12 29.25 ± 0.21 10.76 ± 0.04 99.27 ± 1.35 499.01 ± 3.98
5 41.83 ± 2.67 1.05 ± 0.011 4.44 ± 0.98 26.56 ± 0.92 11.67 ± 0.23 97.77 ± 2.06 497.48 ± 1.05
6 57.30 ± 2.09 1.04 ± 0.004 4.22 ± 0.29 25.64 ± 0.09 16.14 ± 0.25 96.63 ± 1.51 497.15 ± 1.74
7 41.43 ± 1.29 1.11 ± 0.013 10.22 ± 1.02 30.11 ± 0.14 7.24 ± 0.30 99.25 ± 1.35 500.10 ± 2.82
8 51.23 ± 1.32 1.11 ± 0.005 10.22 ± 0.38 30.96 ± 0.48 9.20 ± 0.21 98.42 ± 0.34 498.29 ± 3.36
9 50.03 ± 1.75 1.08 ± 0.009 7.33 ± 0.59 28.37 ± 0.51 10.12 ± 0.15 99.53 ± 0.62 498.44 ± 6.43
10 54.27 ± 3.36 1.03 ± 0.007 2.66 ± 0.67 23.75 ± 0.95 14.29 ± 0.19 98.39 ± 1.50 498.82 ± 5.07
11 38.60 ± 1.55 1.05 ± 0.015 4.88 ± 1.39 26.56 ± 0.53 9.85 ± 0.20 97.80 ± 1.95 500.13 ± 3.68
12* 61.72 ± 1.53 1.05 ± 0.007 4.67 ± 0.63 23.79 ± 0.47 16.96 ± 0.23 98.13 ± 1.53 499.29 ± 3.76
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variables and cp denotes the number of central points. It 
should be noted that all formulations contain 30 mg curcumin, 
25 mg PVP K25, and 5 mg magnesium stearate plus vari-
ous concentrations of Tween 80 and Aerosil 200 which are 
listed in Table 2. Furthermore, to mitigate systematic errors, 
the sequence of experiments was randomized. The two-factor 
interaction model derived from the design is represented by 
Eq. (6):

where Yi is the dependent variable; b0 is the intercept (arith-
metic mean response of runs); b1 , b2 , b11 , b12 , and b22 are 
the regression coefficients. In addition, X1 and X2 are the 
independent variables.

The experimental designs and regression analysis of 
the data were performed using Design-Expert® V10.0.1 
software (Stat-Ease, Inc., Minneapolis, MN). To assess the 
significance of the data, an analysis of variance (ANOVA) 
was conducted. Perturbation and three-dimensional (3D) 
surface plots were generated to visually depict the effects 
of the factors on the responses. The coefficient of multiple 
determination  (R2) value was utilized to indicate the vari-
ance described by the model.

Differential scanning calorimetry (DSC)

The thermal behavior and solid state of the liquisolid 
formulations were evaluated using a DSC (pyris6, Perki-
nElmer, USA). For analysis, roughly 5 mg of the sample 
was deposited into a perforated aluminum sealed pan. 
The analysis was performed under dry nitrogen purging, 
employing a heating rate of 10 °C/min within a covering 
temperature range of 30–300 °C (Sanka et al. 2014).

Fourier transformed infrared (FTIR) spectroscopy

To investigate potential interactions between the drug and 
the carrier in the solid state, Fourier transformed infra-
red (FTIR) spectroscopy was employed. Spectra were 
acquired using an FTIR spectrophotometer (FTIR-One, 
PerkinElmer, USA) utilizing the conventional KBr pellet 
method (Solanki et al. 2012). Measurements were con-
ducted within a frequency range of 450–4000  cm−1 with a 
resolution of 1  cm−1.

Statistical analysis of data

Data underwent statistical analysis, involving a T test to 
assess mean differences between two groups and ANOVA for 
comparisons involving three or more groups. Significance 

(6)Yi = b0 + b1X1 + b2X2 + b12X1X2 + b11X
2
1
+ b22X

2
2
,

was established at a P < 0.05. Following ANOVA, a Stu-
dent–Newman–Keuls test was employed to pinpoint the spe-
cific group exhibiting significant divergence from the rest.

Results and discussion

Solubility studies

The solubility of curcumin in several co-solvents is present 
in Fig. 2. It can be seen that the drug was more soluble 
in Tween 80 (4.65 mg/L) than in others co-solvents, which 
is in line with the results observed by Sharma and Pathak 
(Sharma and Pathak 2016). Thus, Tween 80 was selected as 
the liquid vehicle in the formulation of the liquisolid system.

Evaluation of quality and performance 
of formulations

In the evaluation of curcumin liquisolid tablets, various 
tests were conducted to assess the key factors related to the 
quality and performance of the tablets. Table 3 provides an 
overview of the results obtained for liquisolid formulations 
in terms of tablet hardness, disintegration time, content uni-
formity, weight variation and flowability (Hausner’s ratio, 
Carr’s index and angle of repose). The results indicated 
that the powder exhibited suitable flowability as shown in 
Table 3, where all formulations exhibited excellent or good 
flowability. Table 3 also indicated that the tablets of all for-
mulations exhibited a hardness within the range of 35–65 N, 
demonstrating their favorable strength.

The friability test showed that all tablet formulations 
exhibited friability values of less than 1%, meeting the 
USP criteria. This indicates that the tablets were able to 
withstand mechanical stress without significant physical 
damage during handling, packaging and shipping. The dis-
integration time, a critical factor influencing the dissolu-
tion and drug release properties of the tablets, was exam-
ined for all formulations. The disintegration time ranged 
from 6 to 17 min which was within the acceptable range 
set by the USP for uncoated regular tablets (Table 3). This 
suggests that the tablets had the potential for rapid disin-
tegration and drug release.

Furthermore, the content uniformity test was conducted 
according to the USP guidelines to assess the consistency 
of the drug content in the tablets. The results revealed 
that the content of curcumin in all tablets fell within the 
acceptable range of 85% to 115%, indicating uniformity in 
the formulation. In summary, the evaluation of curcumin 
liquisolid tablets involved a comprehensive assessment of 
various parameters. The results from the tablet hardness, fri-
ability, flowability, disintegration time, content uniformity, 
and weight variation tests indicate that the prepared tablets 
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possessed appropriate strength, flow properties, disintegra-
tion properties, and excellent content uniformity. These 
findings underscore the successful formulation of a robust 
dosage form that meets quality control requirements.

Optimization by CCD statistical technique

The optimization process was conducted using CCD design, 
which utilized RSM. The CCD design presented a linear 
relationship between the variables and tablet hardness. A 

linear relationship between Tween 80 (A), Aerosil 200 (B) 
and tablet hardness is shown in Eq. (7).

The linear model best fitted to the experimental data with 
a p-value < 0.001 and the lack of fit p-value was 0.162. It can 
be seen that increasing each variable results in a decrease 
in tablet hardness. The findings are also shown in Fig. 3a.

Moreover, the coefficients (8.69 over 3.42) underscore 
that changes in Tween 80 (parameter A) had a more sig-
nificant impact on tablet hardness. This can be explained 

(7)Hardness = +49.13 − 8.69A − 3.42B

Fig. 3  3D surface graphs showing the effect of cosolvent and Aerosil 200 on a Hardness, b Disintegration Time, and c Dissolution at 30 min



9265Chemical Papers (2024) 78:9257–9271 

by observing that an increase in the amount of surfactant 
in the tablets led to a reduction in the hardness of tablets, a 
finding that is in line with earlier studies (Heng et al. 1990). 
Sander et al. (2009) illustrated that during the compression 
of liquisolid admixture, tablet hardness diminishes as non-
volatile liquid increases, which is particularly noticeable 
when the liquid load is relatively high. Regarding Aerosil 
200 (parameter B), its negative impact on tablet hardness 
can be attributed to its hydrophilic nature, along with two 
other mechanisms. First, Aerosil reduces the contact points 
between primary particles, potentially leading to weaker 
bonding within the tablet matrix. This reduction in inter-par-
ticle bonding can result in a reduction in tensile strength and 
hardness of the tablet. Second, Aerosil may exhibit lubricat-
ing properties. At high concentrations, lubricants can form a 
film over particle surfaces, hindering the formation of strong 
bonds during compression (Ohta et al. 2003; Esezobo 1985).

The relation between the independent and dependent vari-
ables was additionally clarified through contour plots and 

Table 4  Point predictions with 95% confidence interval

Response Predicted mean Predicted median Std Dev SE mean 95% CI 
low for 
mean

95% CI 
high for 
mean

95% TI low 
for 99% Pop

95% TI high 
for 99% Pop

Hardness (N) 49.13 49.13 3.09 0.93 46.98 51.27 33.7828 64.47
Disintegration Time (min) 10.63 10.63 0.95 0.29 9.98 11.29 5.93 15.34
Dissolution at 30 min (%) 15.68 15.68 1.45 0.438 14.64 16.72 8.13 23.24

Fig. 4  Heating curves of DSC 
for curcumin, Tween80, and 
optimized formulation (F4), 
which contains 30 mg of Tween 
80 and 75 mg of Aerosil 200
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three-dimensional RSM plots shown in Fig. 3. The impacts 
of Tween 80 and Aerosil 200 on tablet hardness are illus-
trated in Fig. 3a.

For effective drug absorption, the tablet needs to undergo 
disintegration, which can increase the surface area avail-
able for efficient drug dissolution in the gastrointestinal 
fluid. Therefore, the process of tablet disintegration signifi-
cantly affects the drug’s dissolution. To derive a relationship 
between the independent variables and disintegration time, 
the software examined different mathematical models, and 
the following linear model Eq. (8) was the best-fitted model 
(p-value <  0.001, lack of fit p-value = 0.651).

Equation  8 demonstrates that increasing Tween 80 
(parameter A) concentration (parameter A) decreases dis-
integration time, with a negative coefficient of − 2.81 A. In 
contrast, increasing Aerosil 200 (parameter B) concentration 
leads to longer disintegration times, as shown by a posi-
tive coefficient of + 1.09 B. The coefficients suggest that the 
effect of Tween 80 (parameter A) on reducing disintegra-
tion time is more than twice as pronounced compared to the 
effect of increasing Aerosil 200 (parameter B) concentration.

Tablets with high hardness are typically associated with 
longer disintegration times or reduced propensity for dis-
integration  itself. Additionally, disintegration time can be 
influenced by other physical properties, such as tablet poros-
ity and pore structure. Tablets with enhanced hardness or 
those manufactured under high compression forces will have 
smaller pores, requiring more time for water penetration into 
the tablet and resulting in prolonged disintegration times 

(8)Disintegration time = +10.63 − 2.81A + 1.09B

(Juppo et al. 1991; Parrott et al. 1981). As mentioned above, 
increasing Tween 80 could decrease hardness, thereby 
potentially reducing disintegration time is reasonable. Con-
versely, the increased use of Aerosil 200 (parameter B) in 
the formulation correlates with longer tablet disintegration 
times, which aligns with previous studies (Esezobo 1985). 
This effect could be attributed to the fine particle size and 
large surface area of Aerosil 200. Despite its hydrophilic 
nature, which aids in attracting water, the resultant dense 
and cohesive structure may slow down the disintegration 
process. These findings are depicted in three-dimensional 
RSM plots of Fig. 3b as well.

Dissolution after 30 min was the most important param-
eter of our study to evaluate the drug release performance 
of curcumin in liquisolid formulation which was considered 
as a final response in CCD statistical analysis. The Eq. (1) 
obtained for dissolution is a quadratic model and is the best-
fitted model to the experimental data with a p-value < 0.001 
and the lack of fit p-value was 0.126.

This equation elucidates the influence of Tween 80 
(parameter A) and Aerosil 200 (parameter B) as well as their 
interaction on drug dissolution within 30 min. The model 
indicates that Tween 80 (parameter A) enhances drug dis-
solution after 30 min, while Aerosil 200 (parameter B) is 
associated with a negative coefficient, signifying that an 
increase in Aerosil 200 amount results in a reduction in the 
dissolution rate within the specified time frame. These find-
ings can be rationalized by considering their impact on dis-
integration time, as outlined in Eq. 8. Additionally, the final 
term of Eq. 9 denotes an interaction between variables A and 
B, indicating that the effect of one variable is contingent on 
the level of the other. These observations are illustrated in 
the three-dimensional RSM plots presented in Fig. 3c.

CCD also predicted the optimized formulation based on 
the experimental data. It was observed that the values of 
the optimum variables level were the same as the central 
point (A = 30, B = 75). As a result, it can be assumed that the 
predicted answers are similar to the central point (Table 4).

DSC and FTIR

DSC was employed to investigate the solid state of the cur-
cumin in the formulation. As depicted in Fig. 4, the pure 
curcumin thermogram displayed a sharp peak at 182.4 °C, 
indicating its melting point. In the DSC traces of the liqui-
solid formulation, the characteristic peak of curcumin was 
not observed, which reveals that the drug is not in the crys-
talline state and is dispersed molecularly in the Tween 80. 
These findings are consistent with previous research (United 
States Pharmacopeial Convention 2019).

(9)
Dissolution after 30 minute = + 15.68 + 3.52A − 3.26B − 2.2AB
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The FTIR analysis of curcumin reveals a distinct and pro-
nounced peak within the 3400–3550  cm–1 range, indicat-
ing the presence of free –OH groups (Fig. 5). These groups 
serve as the primary sites for hydrogen bond formation 
which aligns with previous research (Xie et al. 2011). Upon 
the introduction of Tween 80, the sharp peak at 3508  cm–1 
diminishes the intensity, supplanted by the emergence of a 
broader band spanning 3050–3555  cm–1. This alteration is 
indicative of hydrogen bond formation (Sharma and Pathak 
2016). Additionally, with the inclusion of Aerosil 200 in 
the optimized formulation, the sharp –OH stretching vibra-
tion vanishes entirely, replaced by a broadband that extends 
across the wider range of 3050–3780  cm–1. This transforma-
tion signifies the substitution of weaker hydrogen bonds with 
stronger ones following the addition of Aerosil 200 (Kaushal 
et al. 2008). A similar observation was made by Planinšek 
et al. (Planinšek et al. 2011), who investigated the interac-
tion between the drug and excipients. They reported that the 
formation of robust hydrogen bonds leads to the breakdown 
of weaker ones, playing a pivotal role in augmenting drug 
release from the system. In summary, it is evident that both 
Tween 80 and Aerosil 200 contribute positively to enhanc-
ing the dissolution of curcumin in the proposed liquisolid 
formulation.

In vitro dissolution studies

The dissolution profiles of curcumin liquisolid tablets 
(F1-F11) and the conventional tablet (F12) are depicted 
in Fig. 6. Comparatively, the curcumin liquisolid tab-
lets, formulated with varying quantities of Tween 80 as 
the liquid vehicle and Aerosil 200 as the coating mate-
rial, exhibited significantly higher drug dissolution rates 
(P < 0.05) in the 30 min compared to F12. Specifically, the 
average percentage of curcumin released from F1-F11 in 

phosphate buffer within 30 min was 15.7%, whereas F12 
showed a maximum drug release of 9.3% at the same time 
point. This observation can be attributed to the conversion 
of curcumin to a loss of crystallinity upon dispersion in 
the liquid vehicle, as indicated by the results of the DSC 
test. As reported by Badve et al., there’s an electrostatic 
interaction between curcumin and Tween 80, which further 
elucidates the mechanism behind curcumin’s enhanced 
solubility in the presence of Tween 80 (Badve and Pim-
palkar 2023). Moreover, in liquisolid formulations, the 
drug particles are dispersed within a chosen hydrophilic 
liquid vehicle, enhancing the wetting properties of the 
drug particles. This greatly amplifies the available surface 
area for dissolution. Upon liquisolid tablet disintegration, 
the primary particles of the liquisolid remain suspended in 
the dissolution medium, housing drug particles in a state 
of molecular dispersion. Conversely, conventional tablets 
have limited surface exposure to dissolution due to the 
hydrophobic nature of the drug particles. The higher dis-
solution rates observed in liquisolid formulations are due 
to the significantly expanded surface area of the molecu-
larly dispersed drug particles. Furthermore, in liquisolid 
formulations, the drug particles are molecularly dispersed, 
which could potentially elevate their saturation concen-
tration. This increase in saturation concentration directly 
contributes to the enhanced drug release observed in these 
formulations, as demonstrated by the Noyes–Whitney 
equation (Kala et al. 2014; Souza Ferreira and Bruschi 
2019; Vemula et al. 2010; Javadzadeh et al. 2007; Lu et al. 
2017; Sirisolla 2015).

Although the CCD prediction suggested that F4 should be 
selected as the optimized formulation, Fig. 6 illustrates that 
F1 exhibited higher dissolution rates compared to F4. This 
can be attributed to their elevated concentration of Tween 
80 (as indicated in Table 2). This observation is supported 

Table 5  In vitro drug release 
kinetics parameters of 
optimized formulation and F12

Formula Factor Optimized for-
mulation

F12

Korsmeyer–Peppas log(Q
t
∕Q0) = logK + nlogt R

2 0.986 0.985
RMSE 4.441 3.803
n 0.723 0.868

Weibull ln
[

− ln
(

1 − Qt

Q0

)]

= − ln a + b ln
(

t−t0
)

,a =
(

t
d

)b

R
2 0.994 0.991

RMSE 1.182 1.133
b 0.955 1.064
a 131.46 33.245
t
d

165.43 300.245
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by Eq. 9, demonstrating an increase in solubility with higher 
amounts of Tween 80. However, the selection of an opti-
mized formulation encompasses a comprehensive evaluation 
of various critical tablet properties. For instance, the hard-
ness of F1 was measured to be 36.27 N, significantly lower 
than the 52.93 N observed for F4. In addition, a similarity 
factor (f2) test, as described in reference (Pawar et al. 2017), 
was conducted to compare the dissolution profiles of F12 
and F4. The results indicated a significant difference, with 
the f2 value being below 50. This confirms that the dissolu-
tion profile of F4 is significantly superior to that of F12.

According to CCD, the central point runs showed opti-
mum results. So, the average drug release data from the 
three central runs were calculated, and mathematical models 
were investigated to find the best-fit model (a model with the 
highest R2 and the lowest RMSE). According to Table 5, the 
release data followed the Weibull model.

The shape factor (b) was calculated to be 0.955 ( b < 1 ), 
indicating that the release started with a steep initial slope. 
In the case of F12, the factor was 1.064 ( b > 1 ) which 
means curcumin was released by super case-II transport. 
In this model, the release rate depends on the erosion of 
the matrix in which the drug is dispersed. In other words, 
tablet disintegration is a rate-limiting step in drug release 
for F12 formulation. The 3D surface graph (Fig.  3b) 
shows that the presence of Tween 80 in the formulation 
can improve disintegration time. This indicates that the 
liquid carrier can enhance the drug release rate in this 
way. The time-scale parameter (a) is an informative fac-
tor defined as td , a =

(

td
)b , where td is the time required 

for 63.2% of drug release (Farmoudeh et al. 2022). Based 
on the calculations, Td was 165 min and 300 min for the 
optimized formulation (F4) and F12, respectively. Thus, a 
longer time was required for F12 to release 63.2% of the 
drug into the dissolution medium.

While other studies have explored various delivery sys-
tems such as liposomes (Xu et al. 2018), niosomes (Alemi 
et al. 2017) and polymeric nanoparticles (Orunoğlu et al. 
2017 ) to address the limited solubility and poor bioavail-
ability of curcumin (this restricts its clinical efficacy), our 
study introduces a simpler and cost-effective approach. 
The liquisolid technique demonstrated in this research not 
only offers an economical alternative, but also effectively 
enhances the dissolution rate of curcumin. This suggests 
that despite the sophistication of nano-based delivery sys-
tems, the liquisolid method remains a viable and potent 
solution for improving the solubility and potentially the 
therapeutic performance of curcumin. Furthermore, the 
implications of our findings are substantial for the devel-
opment of various dosage forms for curcumin. In the case 
of curcumin tablets, if a high concentration of Tween 
80 and a low concentration of Aerosil 200 are used, this 

could potentially lead to more effective oral therapies by 
ensuring that the tablets can have adequate hardness, rapid 
dissolution and appropriate disintegration times, which 
are crucial for therapeutic efficacy of tablet formulation. 
In terms of powders, the liquisolid technique generally 
aims to convert hydrophobic solid drugs into dry, free-
flowing powders. The flowability tests conducted in this 
study (Hausner’s ratio, Carr’s index, and angle of repose) 
show promising results, suggesting this technique could 
be extended to create powders that can be encapsulated or 
used in sachets. Manipulating the physical properties of 
the powders through the concentrations of Tween 80 and 
Aerosil 200 can tailor the release profiles and stability 
of the drug, resulting in powders that are easy to handle, 
store, and administer, making them a convenient dosage 
form for both patients and healthcare providers. For sus-
pensions, the principles observed in this study can inform 
the development of liquid formulations where maintaining 
the drug in a molecularly dispersed state can significantly 
enhance absorption and bioavailability.

Conclusions

Curcumin, known for its poor water solubility and less than 
1% oral bioavailability, poses a significant challenge for 
effective drug delivery. In this study when curcumin is dis-
persed in Tween 80 as the liquid vehicles, curcumin solid 
state was changed from a crystalline solid to a molecularly 
dispersed state which was confirmed by DSC results. This 
molecular dispersion enhances the solubility and dissolution 
rates of the drug in the dissolution medium. This under-
scores the potential of a liquisolid drug delivery system as 
a promising approach to address the poor dissolution rate 
of curcumin. For a better understanding of factors affecting 
the pharmaceutical properties of liquisolid formulations, 
CCD and RSM were employed. The study demonstrates 
a direct correlation between the concentrations of Tween 
80 and Aerosil 200 with tablet hardness, dissolution at 
30 min, and disintegration time. Specifically, Tween 80 sig-
nificantly enhances solubility and dissolution, while Aerosil 
200’s increase correlates with decreased tablet hardness and 
slower dissolution rates. Furthermore, the in vitro dissolu-
tion profiles clearly indicate superior dissolution rates for all 
liquisolid formulations compared to the conventional formu-
lation (F12). Significantly, formulation F4, positioned as a 
central point in the CCD design and comprising 30 mg of 
Tween 80 along with 75 mg of Aerosil 200, emerged as the 
optimized choice. This determination was grounded in CCD 
predictions and validated through experimental evaluations, 
considering critical parameters such as tablet hardness, dis-
solution at 30 min, and disintegration time across the 12 
formulations studied. Moreover, upon comparing various 
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mathematical models, the release data followed the Weibull 
model.

While alternative nano-based delivery systems such as 
liposomes and nanoparticles have been explored to address 
curcumin’s solubility and bioavailability issues, our study 
introduces the liquisolid technique as a simpler and cost-
effective solution to improve the dissolution rate of cur-
cumin. This method not only enhances the dissolution rate 
of curcumin, but also shows significant promise in develop-
ing various dosage forms, including tablets with improved 
hardness and rapid dissolution, and free-flowing powders 
suitable for encapsulation. These findings underscore the 
potential of the liquisolid system to improve drug delivery 
for curcumin. However, for a comprehensive understanding 
of the potential of liquisolid for curcumin, further studies 
encompassing animal and human pharmacokinetics and 
pharmacodynamics are imperative. These endeavors will 
provide critical insights into the translational potential of 
this formulation approach.
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