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Amorphous solid dispersion (ASD) has emerged to be an outstanding strategy among multiple
options available for improving solubility and consequently biological activity. Interestingly
several binary SD systems continue to exhibit insufficient solubility over time. Therefore, the goal
of current research was to design ternary amorphous solid dispersions (ASDs) of hydrophobic
model drug curcumin (CUR) to enhance the solubility and dissolution rate in turn, presenting
enhanced anti-bacterial, antioxidant and anti-inflammatory activity. For this purpose several
ternary solid dispersions (TSDs) consisting of Soluplus®, Syloid® XDP 3150, Syloid® 244 and
Poloxamer® 188 in combination with HPMC E5 (binary carrier) were prepared using solvent
evaporation method. Both solubility and dissolution testing of prepared solid dispersion were
performed to determine the increase in solubility and dissolution. Solid state investigation was
carried out utilizing infrared spectroscopy, also known as Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM),Differential scanning calorimetry (DSC) and X-ray
diffraction (XRD).Optimized formulations were also tested for their biological effectiveness
including anti-bacterial, anti-oxidant and anti-inflammatory activity. Amid all Ternary formula-
tions F3 entailing 20 % soluplus® remarkably improved the solubility (186 pg/ml + 3.95) and
consequently dissolution (91 % =+ 3.89 %) of curcumin by 3100 and 9 fold respectively. These
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finding were also supported by FTIR, SEM, XRD and DSC. In-vitro antibacterial investigation of F3
also demonstrated significant improvement in antibacterial activity against both gram positive
(Staphylococcus aureus, Bacillus cereus) and gram negative (Pseudomonas aeruginosa, Escherichia
coli) bacteria. Among all the tested strains Staphylococcus aureus was found to be most susceptible
with a zone of inhibition of 24 mm =+ 2.87. Antioxidant activity of F3 was also notably enhanced
(93 % + 5.30) in contrast to CUR (69 % =+ 4.79). In vitro anti-inflammatory assessment also
exhibited that F3 markedly protected BSA (bovine serum albumin) from denaturation with
percent BSA inhibition of 80 % + 3.16 in comparison to CUR (49 % + 2.91). Hence, F3 could be
an effective solid dispersion system for the delivery of model hydrophobic drug curcumin.

1. Introduction

Curcumin constitutes as one of the principal functioning components of turmeric, a spice which is obtained from the root of plant
Curcuma longa. This plant belongs to ginger family that grows widely in Southeast Asia [1]. It is commonly used as a food coloring
additive in different cuisines around the world however lately it has gained an excessive amount of attention for its wide range of
medicinal qualities particularly anti-oxidant, anti-microbial and anti-inflammatory effects [2]. Structurally, Curcumin features two
polar phenyl rings coupled with two hydroxyl and ortho-methoxy groups. These polar phenyl rings are axially joined by an aliphatic
chain (C7) which makes curcumin essentially insoluble in water. This lack of solubility in water together with poor oral bioavailability
has hindered its clinical applications [3]. Therefore, this calls for a pressing demand to efficiently enhance the solubility of drug. Many
strategies have been devised by members of the scientific community to address this difficulty, the most prevalent of which is the
production of amorphous solid dispersions (ASDs). ASD can be characterized as molecular distribution of an active ingredient in an
amorphous carrier [4,5]. This process is ought to induce drug transition to amorphous structure making it more soluble in water. Both
binary and ternary solid dispersions have been documented to enhance the solubility of insoluble drugs. However, an amorphous drug
might revert to crystal structure with time or upon dissolution thereby reducing solubility. Therefore, an ASD system must meet
rigorous standards for it to be considered successful, as it is important for the produced system to improve drug solubility while also
stabilizing the amorphous molecule.

It is suggested that incorporating an additional polymer to an already existing binary system might alleviate these shortcomings. A
number of studies have also demonstrated that ternary ASD are far more efficient than binary ASD in terms of enhancing solubility,
stability and bioavailability [6] however polymers with different physicochemical attributes could affect the performance of the
ternary ASD, thereby determining the best polymer remains critical [7]. Multiple studies had been carried out in the past years to
demonstrate the efficacy of the binary SD approach in enhancing the solubility of curcumin. Our earlier work to improve aqueous
solubility of curcumin also employed a binary ASD approach, wherein various binary dispersions of curcumin were prepared using
bovine serum albumin (BSA), Hydroxy propyl methyl cellulose (HPMC E5), Poly ethylene glycol (PEG 6000) and Poly vinyl pyrolidine
(PVP K30). Two different techniques namely kneading (KN) and solvent evaporation (S.E) were used to formulate dispersions and it
was found that CUR: HPMC E5 (1:4 SE) and CUR: PVP K30 (1:4 kN) exhibited notable improvement in solubility and dissolution. In
comparison, CUR: HPMC E5 (1:4 SE) presented highest solubility and thus was selected for the current investigation [8].

The current study is intended to formulate Ternary ASD of curcumin to further examine the possibilities of increasing curcumin’s
solubility and dissolving performance. Polymers chosen for this study are Soluplus®, Syloid® XDP 3150, Syloid® 244 and Poloxamer®
188. Soluplus® is a biocompatible polymer with exceptional solubilizing characteristics. In contrast to traditional solubilizers, it has
dual functional properties such as an active solubilizer as well as matrix-forming polymer [9,10]. Based on a theoretical standpoint, it
is an intriguing material to be employed as a vehicle as it is polar, non-ionic and its solubility remains constant throughout the
alimentary system. Furthermore, it has somewhat surface activity too which may be beneficial to sustain overall super saturation [11,
12]. Incorporating drugs molecules within mesoporous silica has recently been deemed an interesting choice in solid dispersion
development as nanosized mesopores can not only encapsulate API effectively but also prevent recrystallization [13,14]. Poloxamer
188® is poly (oxy) (ethylene) poly (propylene) co-block polymer. Multiple studies have reported their ability to superiorly enhance
solubility in comparison to other polymers including cyclodextrins and poly ethylene glycols. They also present oral safety, surface
activity and low melting temperature [15,16]. Even though some of these polymers have already been employed independently as
binary carriers in enhancing the solubility of curcumin [17,18] however, the novelty of our work lies in evaluating the effect of these
polymers as ternary carriers in enhancing the solubility of curcumin. To the best of our knowing, no prior work has been carried out
regarding physicochemical evaluation and biological effectiveness of these polymers as ternary carriers in combination with
HPMC-ES.

Therefore, the purpose of the current work was to demonstrate the impact of various ternary carriers (Soluplus®, Syloid® XDP
3150, Syloid® 244 and Poloxamer® 188) on the solubility, dissolution and biological activity of curcumin. In order to find a suitable
polymer, twelve different ternary solid dispersions were formulated using solvent evaporation method. Different characterization
studies were performed to determine the physicochemical properties of prepared ternary solid dispersions. Optimized formulations
were also investigated for various biological activities including anti-bacterial, anti-oxidant and anti-inflammatory activity.
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2. Materials and methods
2.1. Materials

Curcumin was obtained from Natural remedies private limited, Bangalore, India. Soluplus® was kindly gifted by BASF, Ludwig-
shafen, Germany. Syloid® XDP 3150 and Syloid® 244 were procured from Grace Davison discovery sciences, New Jersey, USA.
Poloxamer® 188 was purchased from Sigma Aldrich, St. Louis, USA. Chemicals were employed as received.

2.2. Preparation of solid dispersions

Solid dispersions were formulated using solvent evaporation method [19] in which both polymer and drug are solubilized in a
(volatile) solvent followed by evaporation of solvent. For ternary systems, each polymer was incorporated to the selected binary solid
dispersion of curcumin at varied fraction of the total dry weight of binary dispersion (Table 1). The prepared mixture was then
thoroughly dissolved in ethanol-water mixture (1:1) for duration of 15 min over a heated surface employing a magnetic stirrer. Added
solvent was then removed by rotary evaporation followed by hot air oven to completely dehydrate the prepared dispersions. The
completely dried dispersions were then crushed, sieved and preserved until further application.

2.3. Solubility study

Solubility of drug or solid dispersions was evaluated by adding an ample amount of CUR/ternary solid dispersion in a falcon tube
consisting of distilled water. Afterwards addition each sample was vortex mixed for 3 min approximately and placed in a shaking water
bath for two days. The resulting supernatant was then passed via a 0.45-pm membrane filter and subjected to spectrophotometric
analysis (UV-1700, Shimadzu, Japan) at 370 nm [20].

2.4. Solid state characterization

2.4.1. Fourier transforms infrared spectroscopy (FT-IR)
IR spectrum of drug and prepared solid dispersion was obtained employing Potassium bromide KBr disc method (Bruker T II,
Germany) wherein each sample was scanned at a spatial resolution of 2 cm that varied from 4000 to 400 cm.

2.4.2. X-ray diffraction (X-RD)
The diffraction data of the cur and selected SD formulations was determined using an X-ray diffractometer (Bruker D8, Germany)
and each sample was analyzed across a grid of five to eighty degrees at a speed of 5° per minute.

2.4.3. Scanning electron microscopy (SEM)
Surface characteristics of curcumin and selected SD formulations were studied by SEM (JSM-6480, Japan). A light covering of gold
was sprayed over each formulation prior examination as a means to improve electrical conductivity.

2.4.4. Differential scanning calorimetry (DSC)

Thermograms of curcumin and selected SD formulations were obtained through differential scanning calorimeter (Universal-V4.2E
TA, USA). Each sample was placed in a closed aluminum pan and subjected to heat at an intensity of 10 °C per minute in the presence of
nitrogen (20 mL/min) across a temperature spectrum ranging from 25 to 400 °C.

2.5. In-vitro dissolution

Dissolution testing was carried out by USP paddle apparatus II (PTWS 3CE, Pharma test, Germany). Pure curcumin and devised
solid dispersions containing equivalent amount (10 mg) of curcumin were added to 900 mL of dissolution media (distilled water)
maintained at 37°c temperature and 100 rpm speed. Samples (5 ml) from each formulation were collected at collected at specified
intervals followed by filtration via a syringe filter and UV analysis (UV-1700, Shimadzu, Japan). Each sample was analyzed at 370 nm
and sink conditions were maintained throughout the experiment [21].

Table 1
Composition of ternary solid dispersion formulations.
Sr. no Formulation code Binary carrier Drug: HPMC (W/W) Ternary Carrier Percentage of ternary polymer (W/W)
1 F1,F2,F3 HPMC E5 1:4 Soluplus® 5 %,10 %, 20 %
2 F4,F5,F6 HPMC E5 1:4 Poloxamer 188® 5 %,10 %, 20 %
4 F7,F8,F9 HPMC E5 1:4 Syloid® XDP 5 %,10 %, 20 %
4 F10,F11,F12 HPMC E5 1:4 Syloid® 244 5 %,10 %, 20 %
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2.6. Biological characterization

2.6.1. Antibacterial activity

Antibacterial activity of selected formulations was estimated using agar well diffusion assay following clinical and laboratory
standards institute guidelines (CLSI 2015) [22,23]. For this, the nutrient-agar solution was formed and set to a 4-mm thick surface in
glass petri dishes, successively followed by uniform distribution of 1 mL of 1.5 * 10® Colony forming unit of each microbial suspension
including Bacillus cereus (B. Cereus), Escherichia coli (E. coli), Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeru-
ginosa). Thereafter wells of specified dimension (6 mm) were made in the agar material where 0.06 ml (40, 60, 80, 100 mg/ml in
DMSO) of optimized formulations was placed. A strong antibiotic (ampicillin disks) was used as positive control and DMSO was
employed negative control. Prepared agar plates were then incubated (37 °C, 24hrs) and the zone of inhibition was measured. All
readings were recorded in triplicate. Minimum inhibitory concentrations (MIC) of selected formulations was also determined
employing standard broth microdilution procedure following CLSI guidelines (CLSI 2015) [24] Serial dilutions of selected formula-
tions were prepared by dissolving them in DMSO whereas the inoculums were accustomed to comprise about 1.5 x 10% colony forming
unit per ml of tested bacteria. In order to estimate MIC 96 well microplate was employed and inoculum were added to each well in
same amount as formulations. After the cycle was complete, plates were left at 36 4 1 °C for a total of 24 h. Each plate was visually
examined, and the lowest concentration without observable growth in every solid dispersion was determined to be the MIC.

2.6.2. Antioxidant activity

Depending upon the radical scavenging activity of DPPH, Antioxidant activity of optimized formulation was determined by DPPH
assay [25] where 2 mL of DPPH solution (0.1 Mm, Methanol) as control was incorporated to the optimized preparation (200 pl)
subsequently followed by methanol addition (0.8 ml) and vigorous mixing was done by using vortex mixture (MX-S Vortex Mixer,
Scilogex, USA). The container was then covered with aluminum foil and placed in a cool, dark place for 60 min to allow the reac-
tion to occur. The reference standard was ascorbic acid. After 1.0 h incubation period, spectrophotometer (Cecil 7400-S, Cecil
Instrumentation, Cambridge, England) was used to measure the absorbance of the samples at 517 nm. Experiment was repeated in
triplicate to ensure accuracy and reproducibility. The scavenging activity of DPPH is calculated by using the given equation (1):

% inhibition of DPPH = [Abs control —~Abs sample / Abs control] x 100 1

2.6.3. Anti-inflammatory activity
Anti-inflammatory activity of optimized formulations was evaluated by a previously outlined method also known as bovine serum
albumin denaturation method [26]. First of all different dilutions of each solid dispersions at definite concentrations (100, 250, 500
and 1000 pg per ml) were synthesized. Then 0.5 mL of these solutions was added 4.5 ml of bovine serum albumin (5 %) in order to
prepare test solution. These test solutions were then incubated (37°c, 15 min) and positioned (60 °C, 60 min) in water subsequently.

Obtained samples were then cooled at scanned at 660 nm using UV spectrophotometer. Degree of turbidity or denaturation was then
calculated using following equation (2).

Anti-inflammatory activity = Yc - Ys / Yc x 100 2

Where, Yc = absorbance of control and Ys = Absorbance of sample.
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Fig. 1. Solubility measurements of pure curcumin (CUR) and prepared ternary solid dispersions (F1-F12). Error bars represents standard deviation
(N = 3).
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2.7. Statistical analysis

Statistical assessment was carried out by SPSS software version 20. All Quantitative figures were evaluated and presented as mean
=+ standard deviation.

3. Results and discussion
3.1. Solubility study

Curcumin is a highly hydrophobic drug with an aqueous solubility of 0.006 + 2.40 pg/ml. Ternary Solid dispersions of curcumin
were synthesized in order to investigate the impact of ternary carriers on the solubility of curcumin. Solubility measurements of
curcumin (CUR) and prepared ternary solid dispersions (F1-F12) are displayed in Fig. 1. The incorporation of ternary carrier was
found to significantly (p < 0.05) enhance the solubility of curcumin in comparison to pure drug. Furthermore, the solubility of cur-
cumin was statistically enhanced when concentration of ternary carriers was increased from 5 % to 20 % w/w of dry weight of binary
solid dispersion. Overall, the solubility value of curcumin was highest with Soluplus® followed by Poloxamer 188®, Syloid ® XDP
3150 and Syloid® 244.

Syloid® XDP 3150 and Syloid® 244 are highly porous and non-ordered mesoporous silica materials with surface area of 320 m?/g
and 379 m?2/g respectively. High surface area improves wettability and consequently solubility of the drug molecules [27,28]. The
inclusion of Syloid® XDP 3150 and Syloid® 244 significantly enhanced the solubility of curcumin which was found to increase with
increase in proportion of Syloid® XDP 3150 and Syloid® 244.Similar outcomes have been reported by other studies involving mes-
oporous silica where drugs were found to be in incomplete amorphasization i.e. precipitation of drug on the surface of the particles in
crystal form at lower concentrations. The possible reason for this incomplete amorphasization was that the proportion of the drug was
so high that only small amount of it was able to deposit within pores [29-31]. Depending upon the surface area formulations F10, F11
and F12 (containing Syloid® 244) displayed higher solubility rates in comparison to Formulation F7, F8 and F9 (containing Syloid ®
XDP 3150). However this increment was comparably much smaller than Soluplus®. Poloxamer 188® exhibited improved solubility
than Syloid® XDP 3150 and Syloid® 244.This could be ascribed to reduced surface tension and improved wetting characteristics of
Polxamer 188® [32,33]. Furthermore incorporation of surfactants to solid dispersion formulation could also reduce super saturation
and precipitation whilst enhancing drug solubility [34]. Increasing the concentration of Polxamer 188® from 5 to 20 percent (w/w)
also significantly enhanced the solubility of curcumin. The improvement in solubility with escalating Poloxamer content suggests that
Polxamer 188® possesses drug-solvent characteristics [35].

Among ternary carriers, maximum solubility was observed with soluplus, which was around 83 fold higher than pure curcumin. It
can be seen that the results indicated considerable variance in solubility at different Soluplus® concentrations. An increase in con-
centration of soluplus® from 5 to 20 percent notably enhanced the solubility from 70.302 + 5.32 pg/ml (F1) to 125.302 + 4.87 pg/ml
(F2) and 186.38 + 3.95 pg/ml (F3). Maximum solubility was observed with F3. This increase in solubility can be explained by micellar
solubilization characteristics of Soluplus® [36]. It has formerly been observed that soluplus® could reduce the nucleation process
allowing the drug to remain supersaturated for an extended amount of time. Other possible reason could be glass transition (Tg)
temperature of soluplus® (70°c) which helps in enhancing physical stability during storage [37]. Taken together soluplus® presented
highest solubility with curcumin, therefore F1, F2 and F3 were chosen for further characterization.
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Fig. 2. Fourier transform IR spectra of (a) curcumin (CUR), (b) soluplus, and optimized solid dispersions of CUR with soluplus (c) F1, (d) F2, (e) F3.
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3.2. Solid state characterization

3.2.1. FTIR analysis

Fig. 2 show the infrared (IR) spectrum of Pure curcumin (CUR), pure Soluplus® (soluplus) and optimized solid dispersions of CUR
with soluplus® (F1, F2,F3). FTIR absorption spectrum of CUR (Fig. 2a) was determined to be consistent with prior reports [38-40].
Main spectral bands of CUR were observed at 1259 (C-O-C stretching), 1608 (C—O Stretching) and 3589 (OH stretching) cm L. The IR
spectrum of soluplus (2b) exhibited characteristic bands at 2924 (C-H stretching), 1632 and 1730 (C=O stretching) cm . These
results were parallel to the reported data of soluplus® [41-43]. The infrared spectrum of the prepared solid dispersion formulations F1
(Fig. 2¢), F2 (Fig. 2d), F3 (Fig. 2e) readily demonstrated the characteristic bands of curcumin and soluplus confirming the existence of
CUR and soluplus in all solid dispersion formulations. Furthermore no additional functional group was detected indicating there was
no chemical reaction within curcumin. It was expected since the development of a solid dispersion had not been intended to yield
something new, but rather to improve its physical and chemical characteristics.

3.2.2. X-ray diffraction

XRD analysis of pure curcumin (CUR), pure Soluplus®, and optimized solid dispersions of CUR with soluplus (F1, F2 and F3) was
performed in order to ascertain the physical features of curcumin in tailored dispersion formulation. Results of XRD are depicted in
Fig. 3. CUR exhibited distinctive diffraction peaks starting from 7 to 27° which can be seen in Fig. 3a. Similar diffraction patterns have
been reported by other studies which defended the presence of curcumin as crystal structure [44-46]. Soluplus presented no distinctive
peaks which is suggestive of its amorphous nature (3b).The sharpness and intensity of these distinctive diffraction peaks of curcumin
were found to reduce in solid dispersion formulations F1 (Fig. 3c), F2 (Fig. 3d), and F3 (Fig. 3e) further confirming the ability of
employed carriers to successfully convert crystallized curcumin to amorphous form. Among solid dispersion formulations, F3 exhibited
most reduction or even complete dissipation which was in agreement to its higher solubility and amorphousness.

3.2.3. Scanning electron microscopy

SEM findings of pure curcumin (CUR), pure soluplus® (soluplus) and optimized Solid dispersion formulations (F1, F2, F3) are
illustrated in Fig. 4.The microscopic study of CUR (Fig. 4a) presented flat, crooked shaped particles meanwhile soluplus (Fig. 4b)
exhibited bulk masses with rough surface characteristics. Both of these SEM findings were in accordance with earlier reporting’s of
curcumin and soluplus® [47,48]. Conversely micrographs of optimized ternary solid dispersions (Fig. 4c, d, 4e) of curcumin exhibited
bulky mass like structures with no trace of its aforementioned crooked shaped particles which confirmed uniform dispersion of cur-
cumin throughout the ternary carrier and as well as its amorphous features. However despite being amorphous F1 and F2 (containing 5
and 10 % w/w soluplus®) produced somewhat coarser ternary solid dispersions which were completely amorphized in F3 (containing
20 % w/w soluplus®) indicating complete transition of curcumin to amorphous form and thereby higher solubility and dissolution.

3.2.4. Differential scanning calorimetry (DSC)

DSC studies were carried out to determine phase changes of curcumin in solid dispersion formulations. Thermograms of pure
Curcumin (CUR), pure soluplus® (soluplus) and optimized formulations (F1, F2, F3) are enlisted in Fig. 5. CUR (Fig. 5a) presented a
sharp peak at 188 °C consistent to its melting temperature. DSC finding of curcumin were in agreement to its previous studies
corroborating its crystal structure [49,50]. Soluplus showed a peak at 73.07 °C (Fig. 5b). The incidence of a shift or reduction in overall
intensity of neat peaks is typically an indication of phase change towards amorphous state [51]. It was seen that the drug peak was
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Fig. 3. Diffractograms of (a) curcumin (CUR), (b) soluplus and optimized solid dispersions of CUR with soluplus (c) F1, (d) F2, (e) F3.
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shifted from 188.86 °C to 178.03 °C, 175.10 °C and 172.02 °C in the case of ternary solid dispersion F1 (Fig. 5c), F2 (Fig. 5d) and F3
(Fig. 5e) respectively. Furthermore, it was also observed that sharpness of peaks obtained with ternary solid dispersion formulations
was also highly reduced. Overall, F3 exhibited the most disappearance of drug peaks verifying the aptitude of ternary carrier to entirely
convert crystalline curcumin to amorphous phase (Fig. 5e).

3.2.5. In-vitro dissolution

Physicochemical characteristics of drug particulates play an important role in drug dissolution. Drug release profile of pure cur-
cumin and optimized solid dispersion formulations is presented in Fig. 6. Depending on data it can be articulated that incorporation of
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Fig. 6. Dissolution profile of CUR and optimized ternary solid dispersions (F, F2 and F3). Error bars represents standard deviation (N = 3).

ternary polymer soluplus® has notably enhanced the dissolution behavior of curcumin up to 91 % =+ 3.89 in comparison to pure
curcumin (10 % =+ 2.58). Moreover as anticipated, formulation F3 (containing 20 % soluplus®) displayed highest drug dissolution
which was in agreement with its solubility statistics. Similar findings were also reported by other researchers and it was identified that
in comparison to other polymers soluplus® can significantly enhance drug solubility due to its amphiphillic structure [52,53].
Typically lipophilic vinyl acetate chains of soluplus® are involved in assuring the impregnation of polymer by outer surface of hy-
drophobic drug particles whilst the highly hydrophilic polyethylene glycol skeleton encompassing the drug particles extends steric
hindrance which not only inhibits crystal growth but also cluster formation of drug particles thus creating optimal settings for
enhanced drug dissolution [54,55]. Given that F3 presented highest dissolution with curcumin, therefore above this point only F3 was
chosen for biological characterization.

3.3. Biological characterization

3.3.1. Antibacterial activity

Antibacterial activity of CUR and F3 were examined against S. aureus, B. cereus, P. aeruginosa and E. coli strains. The efficacy of
antibacterial activity of CUR and F3 was estimated by appraisal of zone of inhibition and Minimum inhibitory concentration (MIC).
Findings of zone of inhibition and MIC are exhibited in Fig. 7 and Table 2 respectively. All bacteria were identified to be susceptive to
solid dispersion formulation F3. CUR displayed smaller zone of inhibition (15 mm =+ 2.15 for S. aureus, 14 mm =+ 4.20 for B. cereus, 14
mm =+ 2.12 for E. -coli, 14 mm =+ 3.45 for P. aeruginosa) in comparison to F3 (24 mm =+ 2.87 for S. aureus, 18 mm =+ 2.63 for B.cereus, 18
mm =+ 3.10 for E. coli, 18 mm =+ 2.59 for P. aeruginosa) as mentioned in Fig. 7 A & B, which could be owed to the highly hydrophobic
character of curcumin which might have hindered the leaching of drug in agar media [56]. MIC values of CUR were found to be
significantly higher than F3 which was analogous to it solubility findings. Overall, we witnessed higher antibacterial activity against S.
aureus with zone of inhibition of 24 mm =+ 2.87 and MIC value of 135 pg/ml + 5.9. The variation in antibacterial capabilities of F3
could be caused by presence of outer membrane in gram negative bacteria which hinders the introduction of antibiotics inside the
bacterium and confers higher resilience to antibiotics [57]. As shown by numbers, F3 displayed improved antibacterial properties
towards both Gram-positive and Gram-negative bacteria when compared to pure CUR. These findings were consistent with the pre-
vious research [58-60]. Given that both CUR and F3 were tested at exact same quantities of CUR greater antibacterial efficiency may
be credited to superior water solubility and increased penetration potential of solid dispersion formulations in bacterium cell walls [61,
62]. In short, F3 may be more appropriate for delivering curcumin to bacteria and hence maintains good antibacterial performance.

3.3.2. Antioxidant activity

Antioxidant activity of prepared solid dispersion formulation was assessed by employing DPPH as a standard free radical which in
the presence of an antioxidant compound will be scavenged or inhibited [63,64]. Percentage inhibition activity of drug and optimized
solid dispersion formulations is displayed in Fig. 8 which clearly exhibited that both CUR and solid dispersion formulation F3 pre-
sented notable scavenging activity with succession of activity as standard (96 % =+ 4.80) > F3 (93 % + 5.30) > CUR (69 % =+ 4.79).
Standard refers to ascorbic acid, which is a strong anti-oxidant and used as a positive control in this experiment for comparison to CUR
and F3. Curcumin is widely recognized for its antioxidant effects which can be attributed to the presence of phenolic groups in its
structural makeup however poor solubility of curcumin decreases its propensity to engage or scavenge free radicals [65]. An increase
in solubility of curcumin in solid dispersion formulation has thereby enhanced its antioxidant potential [66,67].

3.3.3. Anti-inflammatory studies

In vitro anti-inflammatory potential of pure CUR and F3 was examined by analyzing the ability of tested formulations to denature
BSA (Protein). Aspirin being strong anti-inflammatory agent was used as reference Standard (Positive control). In evident inflam-
matory ailments protein denaturation directs auto antigen production [68,69]. Substances than can avoid this phenomenon would
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Fig. 7. Antibacterial activity of CUR and F3. (A) Photographs of diameter of zone of inhibition. (B) Graphical representation of diameter of zone of
inhibition. Error bars represents standard deviation (N = 3).

Table 2
MIC of CUR and F3. Error bars represents standard deviation (N = 3).
Code MIC Values (pg/ml)
S. aureus B.cereus P.aerugenosa E.coli
CUR 219 + 1.80 217 + 3.50 175 + 2.56 163 + 3.10
F3 139 + 2.79 157 £+ 3.22 135 + 2.50 123 + 2.89

MIC = Minimum inhibitory concentration, CUR = Pure drug, S. aureus = Staphylococcus aureus, B.cereus = Bacillus cereus, P.aeruginosa = Pseudomonas
aeruginosa, E.coli = Escherichia coli.
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Fig. 8. Percent DPPH inhibition of CUR and F3. Error bars represents standard deviation (N = 3). Standard refers to Ascorbic acid, which is a strong
anti-oxidant and used as a positive control for comparison to CUR and F3.

therefore be imperative for inflammation treatment Pure CUR and F3 significantly protected BSA from denaturation and increase in
concentration of curcumin enhanced the inhibition potential correspondingly (Fig. 9). Largely F3 exhibited higher percent inhibition
(80 % + 3.16) in comparison to CUR (49 % + 2.91) which was in agreement with its solubility data. Similar findings were reported by
other investigations which presumed that solid dispersion formulations with improved solubility caused the drug to become more
bioavailable thereby resulting in superior anti-inflammatory achievement [70,71].

3.4. Conclusion

Ternary ASDs of curcumin using different ternary carriers (Soluplus®, Syloid® XDP 3150, Syloid® 244 and Poloxamer®) in
combination with HPMC E5 (as binary carrier) were successfully formulated. The incorporation of ternary carriers was found to
significantly (p < 0.05) enhance the solubility of curcumin in comparison to pure drug. Overall, the solubility value of curcumin was
highest with Soluplus®. Increasing the concentration of Soluplus® from 5 % to 20 % (w/w of dry weight of binary solid dispersion)
significantly increased curcumin’s solubility and dissolving performance. Solid-state characterization also substantiated the formation
of ASDs indicating complete transition of crystalline curcumin to amorphous form at 20 % w/w soluplus (F3). Biological testing of F3
also exhibited superior anti-bacterial, anti-oxidant and anti-inflammatory activities in comparison to pure curcumin suggesting F3 to
be an effective vehicle in delivering curcumin.
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