
Vol.:(0123456789)
https://doi.org/10.1208/s12249-021-02126-3

Research Article
Theme: Advancements in Amorphous Solid Dispersions to Improve Bioavailability

Enhancing Biopharmaceutical Attributes of Khellin by Amorphous Binary 
Solid Dispersions

Sonali S. Bharate1,2   

Received: 18 June 2021 / Accepted: 23 August 2021

Abstract  Khellin, a furanochromone isolated from fruits and seeds of Ammi visnaga, is 
traditionally used in many eastern Mediterranean countries. The plant decoction and the 
crystalline substance khellin have many pharmacological activities. For instance, it acts as a 
bronchodilator and also relieves renal colic and urethral stones, etc. However, the low water 
solubility (~ 120 µg/mL) and low bioavailability limit its therapeutic application. Thus, the 
present research explores the development of its binary and ternary solid dispersion for-
mulations to improve its solubility and dissolution behavior. A 24-well plate miniaturized 
protocol was established to identify the optimal hydrophilic polymer to prepare its solid 
dispersions. PEG-4000 was recognized as the favorable hydrophilic carrier in prepara-
tion of solid dispersion, SSB17. The formulation displayed ~ five-fold enhancement in the 
aqueous solubility of khellin. The binary solid dispersion SSB17 was manufactured at a 
gram scale and evaluated using 1H-NMR, 13C-NMR, FT-IR, p-XRD, SEM, DSC, in vitro 
dissolution, and predicted pharmacokinetics. The quantitative dissolution data of SSB17 
demonstrated ~ 2–3-fold improvement in AUC at physiological pH conditions. These con-
clusions highlight the basis for further preclinical studies on solid dispersions of khellin 
with improved biopharmaceutical properties.

KEY WORDS  Binary solid dispersions · Khellin · PEG-4000 · Solubility · Dissolution · Predicted 
pharmacokinetics

Introduction

Khellin is a furanochromone class of compound and a principal 
constituent of Amma visnaga Linn (1). It was first isolated from 

the fruits of Ammi visnaga by Mustapha in 1879. The fruits and 
seeds of Amma visnaga consist of ~ 1% w/w of khellin. Egyptians 
traditionally use the preparations made from this plant for reliev-
ing renal colic, ureteral spasm, ureteral stones, etc. (2). Addi-
tionally, the decoction and tincture of Ammi visnaga are part of  
Egyptian Pharmacopoeia 1934 and recommended as antispas-
modic for renal colic. Khellin was dispensed commercially in 
Egypt and the USA as tablets or injectable solutions (3–5).

Khellin exhibits numerous pharmacological activities 
including analgesic (6), anti-inflammatory (6), antimuta-
genic (7), antineoplastic (8), and cancer chemopreventive 
(9). The research on khellin led to the discovery of first-
in-class drugs, namely amiodarone (10, 11) and cromolyn 
sodium (12), approved by the FDA in 1985 and 2001. 
However, despite being a potent phytomolecule, khellin 
has never advanced to clinical trials due to its low bioavail-
ability (13). One of the plausible reasons for its low plasma 
exposure is low aqueous solubility (~ 120 µg/mL) (14). The 
physicochemical properties of khellin and its chemical are 
mentioned in Fig. 1.
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Traditionally, khellin is used as a decoction of Ammi vis-
naga, and conventional tablets are also reported. However, 
the conventional formulations have limitations in deliver-
ing desired therapeutic efficacy of khellin due to the afore-
mentioned biopharmaceutical hiccups. The topical delivery 
was studied owing to the poor aqueous solubility of khellin. 
Novel topical gel formulations of khellin are explored for 
treating vitiligo. Furthermore, ascosome vesicles (15), 
hydrogels (16), gel-in-oil emulsions (17), and nanotubes (18) 
were attempted to improve the bioavailability of khellin. The 
amorphous solid dispersions are scalable from the lab to 
the pilot scale and thus have clinical potential. However, no 
formulation strategy is explored to improve the solubility 
of khellin, thereby achieving its oral delivery. The present 
research work is conceived due to its further application in 
the drug discovery and development program. This scaffold 
has already provided two first-in-class drugs, and currently 
it is being explored to identify more lead compounds in vari-
ous drug discovery programs. Since the developed formu-
lation approach is novel and scalable, it has a potential for 
converting into the bench-to-bedside technology. This work 
will serve as the background for further formulation work 
around this scaffold or lead molecules.

Developing solid dispersions (SDs) of drugs has a suc-
cessful track record of modulating biopharmaceutical prop-
erties of poorly water-soluble molecules. SD formulations 
improve the solubility and dissolution performance of the 
molecule, thereby enhance its bioavailability (19–22). The 
added advantage of SDs is their scalability, which results 
in the development of “bench to bedside” formulations, as 
evidenced by numerous commercial SD technologies. This 
trajectory began in 1985 with the approval of the first SD 
formulation of the BCS class II drug nabilone. It is an anti-
cancer molecule for which SD formulation was developed 
using PVP as a polymer by solvent evaporation technique 
(23). In the 2010s-decade, the FDA approved the ritonavir 

SD formulation prepared by melt extrusion using HPMCAS 
and PEG as the polymer (24).

In 1966, Mayersohn and Gibaldi (25) defined solid-state 
dispersions, later renamed “solid dispersions” by Chiou 
and Riegelman in 1971 (26). They classified solid disper-
sions into six groups, namely (i) simple eutectic mixtures, 
(ii) solid solutions, (iii) glass solutions and glass suspen-
sions, (iv) amorphous precipitates in a crystalline carrier, 
(v) compound or complex formation, and (vi) combina-
tions of the five types mentioned above. Additionally, 
based on the crystalline and amorphous nature of the drug 
and carrier, SDs are classified into five generations. The 
first-generation SDs comprise eutectic mixtures wherein 
API and carrier are crystalline, leading to low solubil-
ity and dissolution rate. In the second-generation SDs, 
the drug and carrier are in the amorphous state wherein 
the drug is supersaturated in a molten matrix (27). The 
third-generation SDs possess multiple carriers with self-
emulsifying properties resulting in solubility improvement 
(28). Fourth-generation SDs are prepared using polymers, 
either water-insoluble or swellable polymers (28). The 
fifth-generation SDs comprise drug dispersed in carriers 
capable of enhancing the drug delivery system (29).

The formation of dissolved amorphous SD is a crucial 
step in improving the dissolution profile of the drug and 
is directly linked with bioavailability. The mechanism of 
drug dissolution and uptake from SD is discussed pre-
viously. Briefly, API’s enhanced solubility is attributed 
to the formation of colloidal SD, which induces intesti-
nal absorption of dissolved API (24, 30). The intestinal 
absorption of the drug from SDs involves the dissolu-
tion of SD in dissolution media, uptake of dissolved API, 
and equilibration of the drug in dissolved solution (31). 
However, the dissolution of SD is a crucial step directly 
linked to the enhanced bioavailability of the drug. There 
are three mechanisms of dissolution of SD formulations: 

Fig. 1   The history and physico-
chemical properties of khellin
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carrier-controlled release, dissolution-controlled release, 
and drug-controlled release (32). The carrier-controlled 
release involves forming a viscous gel of polymer matrix 
due to entrapment of dissolution media in SD. The drug 
diffuses slowly in a controlled manner and is dependent 
on the dissolution media volume. Dissolution-controlled 
release mechanism involves the dissolution of API-poly-
mer matrix in dissolution media and depends on supersatu-
ration concentration of drug in SD formulation. The drug-
controlled release comprises of dissolution of the drug and 
polymer in dissolution media. However, the drug in SD 
formulation dissolves in a controlled manner and is likely 
to provide a spring and parachute effect (33, 34).

Solid dispersions consist of drugs dispersed in an inert 
carrier medium such as sugars, carriers, and hydrophilic 
polymers. In addition, there exists binary (drug mixed with 
one polymer) and ternary (drug mixed with two polymers) 
SDs prepared to enhance the supersaturation of poorly 
water-soluble APIs (35–40). Based on these strong litera-
ture reports, it was assumed that khellin, when formulated 
using hydrophilic polymer, could enhance its aqueous sol-
ubility, dissolution, and thus oral pharmacokinetics.

The polymers suitable for formulation work were iden-
tified using our published solubility-guided miniaturized 
protocol (41, 42). The miniaturized protocol helped us 
in carrying out the screening investigations in milligram 
quantities. The present work describes the identification 
of appropriate binary and or ternary SDs of khellin. The 
effect of varying ratio and polymer combinations on solu-
bility and thereby dissolution of khellin was also investi-
gated. Finally, the optimized amorphous SD formulations 
were manufactured at a gram quantity and evaluated for 
their physicochemical properties, in vitro dissolution per-
formance, and predicted pharmacokinetics by the in vitro-
in vivo correlation (IVIVC) approach.

Materials and Methods

Materials and Equipment

The natural product khellin used in the present study was 
procured from a commercial supplier, Sigma-Aldrich 
(60,730-10G). All the excipients/carriers/polymers such 
as synperonic F-108, PEG-PPG-PEG (MW. 5800), and 
kolliphor HS15 were also procured from Sigma-Aldrich 
India. Different grades of PEG (1500 and 4000) were 
purchased from S. D. Fine Chemicals, India. HP-β-CD 
and poloxamer-188 were bought from Alfa Aesar, India. 
Two grades of PVP (K30 and K90) were obtained from 
Research-Lab Fine Chem Industries, India. Water and 
methanol for HPLC were purchased from Fisher Scientific, 

Mumbai. The HPLC analysis was carried out on the Shi-
madzu HPLC system (LC-6AD) connected to the reverse 
phase C18 column (25 cm × 4.6 mm, 5 µm; Ascentis). 
Other routine equipments used were microcentrifuge 
5430R (Eppendorf), vortex mixer (IKA vortex Genius 3), 
micropipettes (Eppendorf), microplate shaker-incubator 
(Eppendorf, ThermoMixer, Germany), USP dissolution 
apparatus (Make: Lab-India, Model: DS 8000; Type 2—
Paddle), etc.

1H/13C NMR, FTIR, and DSC spectra were recorded on 
400 MHz NMR (Bruker), IR spectrophotometer (Perkin-
Elmer), and TA Instruments Q10 DSC. In addition, pow-
der X-ray diffractions of the drug and formulations were 
recorded on PANalytical’s X-ray diffractometer. The in 
vitro dissolution studies of optimized formulation(s) were 
conducted using dissolution apparatus (model: Lab India 
DS 8000) by paddle method as per the Indian Pharmaco-
poeia, 2007.

Analytical Method for Khellin

Using the HPLC method, the detection and quantifica-
tion of khellin during solubility determinations and in 
vitro dissolution studies were carried out. The analysis 
was conducted using Shimadzu HPLC system fitted with 
Ascentis® C18 (25 cm × 4.6 mm, 5 µm) column, photo-
diode detector (SPD˗M20A, Prominence, Shimadzu), 
LC-6AD Shimadzu pump, and SIL˗20A HT Prominence 
auto-sampler. Throughout the study, the temperature of 
the column was maintained at 37 °C using a column oven 
(CTO˗10ASVP). The column was eluted with the isocratic 
mobile phase comprising 90 parts of methanol and 10 parts 
aqueous solution of formic acid (0.1% v/v) at a 1 mL/min 
flow rate. Then, the samples (injection volume, 5.0 µL) 
were injected into the column using an autosampler. The 
khellin eluted at 3.1 min, and thus, the analysis run time 
was 10 min.

Preliminary Screening of Hydrophilic Carrier(s) for SD 
Formulations

The 0.5% w/v aqueous solutions of various hydrophilic car-
riers/polymers, viz. polyethylene glycols PEG-4000, PEG-
1500, PEG-PPG-PEG copolymer, HP-β-CD, PVP-K90, 
PVP-K30, poloxamer-188, synperonic F-108, and kolliphor 
HS15 were prepared. The thermodynamic equilibrium solu-
bility of khellin was determined in these aqueous solutions 
using a shake-flask method as described earlier (41–44). The 
solubility experiment was performed in 1.5-mL Eppendorf 
tubes. In each experiment set, the excess quantity of the 
compound (khellin) was added to the 0.5 mL of 0.5% v/v 
aqueous solutions of different polymers/carriers as described 
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above. All tubes were placed in the thermomixer maintained 
at 25 °C and shaken continuously for 24 h at 300 rpm. All 
samples were then centrifuged (16,000 rpm, 15 min) to sepa-
rate the undissolved solid particles of khellin. The super-
natant solution of each tube was analyzed to determine the 
amount of khellin dissolved in each experiment. The con-
centration of khellin was determined as microgram per mil-
liliter. Each experiment was carried out in triplicates, and the 
data were analyzed statistically by a one-way ANOVA test 
using GraphPad Prism 6.01 software. Based on the solubility 
values obtained in this experiment, additional optimization 
of respective binary SDs was carried out.

Binary Solid Dispersions (Binary SDs)

The polymers that showed improved aqueous solubility of 
khellin in the preliminary screening experiment were cho-
sen for binary SDs. These include PEG-1500, PEG-4000, 
poloxamer-188, and PVP-K90. The binary SDs were 

prepared using khellin and selected polymers in different 
ratios using the solvent casting and evaporation method. 
The experiment design consisted of using a 24-well plate 
assay platform, as depicted in Fig. 2a. Three different 
ratios of khellin: polymer, viz. 1:4, 1:8, and 1:16 were 
investigated. The stock solution of khellin (2 mg/mL) and 
polymers/carriers (10 mg/mL) was prepared in a suitable 
solvent (water or methanol). The 500 µL of khellin solu-
tion and the required volume of carrier solution (as per 
selected ratios) were thoroughly mixed in the Eppendorf 
tube using a vortex mixer. The resulting drug-polymer 
mixture was transferred to the 24-well plate. The plate 
was continuously shaken on a thermoshaker at 300 rpm at 
50 °C to allow the solvent to evaporate. Post-evaporation 
of the solvent, the microtiter plate was further stored in 
a vacuum desiccator to remove the solvent completely. 
These binary SD formulations were assessed for satu-
ration solubility of khellin in water. In this analysis, to 
each well of the microplate, 400 µL of water was added, 

Fig. 2   a Miniaturized 24-well 
plate procedure to prepare 
binary SDs of khellin; b experi-
mental design of ternary SDs; c 
average solubility of khellin in 
0.5% w/v aqueous solution of 
carriers; d aqueous solubility of 
binary SDs of khellin. Statisti-
cal analysis: ****P < 0.0001; 
***0.0005 < P > 0.0001; ns: 
P > 0.05
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and the plate was sealed tightly with aluminum foil and 
parafilm. The plate was then shaken on a thermoshaker at 
300 rpm and 25 °C for 24 h. The aliquots were collected 
from each well and loaded to the HPLC autosampler for 
HPLC analysis. The concentration of khellin was esti-
mated in each well and is reported as µg/mL. Based on 
the solubility values, the formulations were chosen for 
scale-up.

Ternary Solid Dispersions (Ternary SDs)

The polymers PEG-4000, PVP-K90, and poloxamer-188 
were considered further to prepare ternary SDs from experi-
mental conclusions of binary SDs. Their combined effect 
on the solubility of khellin was studied. The 1:8:8 ratio of 
khellin:polymer 1:polymer 2 was tried, resulting in 3 formu-
lation batches of khellin (Fig. 2b and Table I). Ternary SDs 
were prepared according to the 24-well plate protocol. The 
water solubility of khellin was determined in these ternary 
SD formulations using the HPLC method as described above.

Scale‑up and Analysis of Optimized SD Formulations

From all the above-mentioned formulation experiments, binary 
SD formulations of khellin were considered for scale-up stud-
ies based on its solubility improvement. The optimized SD 
formulations were prepared at a 1-g scale. Briefly, methanolic 
solution of khellin, PEG-1500, and PEG-4000 was prepared 
(section “Binary Solid Dispersions (Binary SDs)”), and the 
formulations were labeled as SSB16 and SSB17, respectively. 
These ingredients were mixed thoroughly by mechanical stir-
ring in the desired ratio to obtain a solution. The solvent was 
evaporated at 50 °C and 50 rpm under reduced pressure using 
a rotary evaporator. The dry solid formulation was removed 
and ground using mortar and pestle to get uniform powder. 
The obtained powder was further passed through sieve #30 
mesh and stored in a vacuum desiccator. Both batches were 
assessed for khellin content using the HPLC method. Accu-
rately weighed formulation was mixed with 10 mL of metha-
nol. The supernatant was diluted further and was subjected to 
HPLC analysis.

Table I   Binary and Ternary SDs: Optimization of Polymer Ratio

* All values are average of 3 determinations

Sr. No Polymer/coformer Formulation ID Khellin:polymer ratio Water solubility (µg/mL) ± STDEV* Fold-improvement in solubility
Binary SDs
1 PEG-1500 SSB1 1:4 563.59 ± 69.69 4.6

SSB2 1:8 359.34 ± 6.65 2.9
SSB3 1:16 442.27 ± 36.78 3.6

2 PEG-4000 SSB4 1:4 391.49 ± 31.31 3.2
SSB5 1:8 299.65 ± 26.04 2.4
SSB6 1:16 295.24 ± 79.47 2.4

3 Poloxamer-188 SSB7 1:4 295.4 ± 29.77 2.4
SSB8 1:8 251.47 ± 24.69 2.0
SSB9 1:16 220.36 ± 44.96 1.8

4 PVP K90 SSB10 1:4 170.37 ± 8.44 1.4
SSB11 1:8 206.84 ± 14.8 1.7
SSB12 1:16 192.55 ± 36.29 1.6

Sr. No Polymer/coformer Formulation ID Khellin:polymer 1:polymer 2 Water solubility (µg/mL) ± STDEV* Fold-improvement in solubility
Ternary SDs
5 PEG-4000 (1)

Poloxamer-188 (2)
SSB13 1:8:8 284.44 ± 0.43 2.3

6 PEG-4000 (1)
PVP K90 (2)

SSB14 1:8:8 264.88 ± 0.17 2.1

7 Poloxamer-188 (1)
PVP K90 (2)

SSB15 1:8:8 218.26 ± 1.15 1.8
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1H NMR, 13C NMR, DSC, FT‑IR, SEM, and p‑XRD 
Studies

The optimized SD formulation SSB17 was characterized 
using various spectroscopic/thermal/crystallography tech-
niques to assess drug stability and understand the formu-
lation’s physical nature. The solution-state NMR analysis 
of khellin, polymer, and the formulation was carried out in 
DMSO-d6. The NMR data were assessed for changes in the 
chemical shift values of the khellin in the formulation. Next, 
the FT-IR analysis was carried out to determine any interac-
tion between the functional groups of khellin and the poly-
mer. The absorbance frequencies of the khellin and polymer 
were compared to that of peaks in the formulation spectrum. 
Other key solid-state characterization studies of the formula-
tion include differential scanning calorimetry (DSC), SEM, 
and p-XRD. The DSC, SEM, and p-XRD studies were car-
ried out under similar conditions and protocols described 
earlier in our previous publication (41, 42, 45). The ther-
mal behavior of khellin, PEG-4000, and SSB17 was deter-
mined using the DSC instrument, Mettler Toledo. Briefly, the 
analysis was conducted using 3 − 5 mg of the sample sealed 
in an aluminum pan. Furthermore, it was scanned from 30 
to 300 °C with an incremental heating rate of 10 °C/min. 
The SEM images of khellin and SSB17 were recorded on a 
scanning electron microscope, JEOL JSM-IT300. The gold-
coated particles were affixed using double-sided carbon tape 
on an aluminum sample holder. The p-XRD studies were 
performed on PANalytical’s X’Pert Pro X-ray diffractometer. 
A Cu Kα (λ = 45 kV, 40 mA) anode was used as the X-ray 
radiation source. The angle 2θ was recorded between 5 and 
50° with an incremental scan rate of 0.017° at 0.5 s/step.

pH‑Solubility Profile of Khellin and In Vitro Dissolution 
Studies of SD Formulations

The solubility of khellin at different pH was determined as 
per our published protocol (45). Hydrochloric acid and phos-
phate buffers were used for the study. Briefly, eight buffers 
were prepared, namely HCl buffers, pH 1.2 and 2.0, and 
phosphate buffers, pH 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0, respec-
tively. The graph of pH vs. solubility of khellin was obtained 
for the determination of the pHmax.

The in vitro dissolution of SD formulation was performed 
using USP dissolution apparatus (paddle method) containing 
250 mL of dissolution medium at 37 ± 0.5 °C and 50 rpm. The 
dissolution study of khellin and SSB17 was conducted in physi-
ological solutions comprising water, HCl buffer (pH 1.2), and 
phosphate buffer (pH 6.8) under non-sink conditions. To com-
pare the dissolution performance of khellin and SSB17, the 
experiments were carried out with ~ 10 mg of khellin or SSB17 
formulation containing 10 mg khellin. The aliquots were col-
lected manually at 5, 15, 30, 60, 120, and 180 min. At each time 

point, 1 mL of dissolution medium was withdrawn and replaced 
with the fresh one. The prefiltered aliquot was analyzed for 
khellin content by the HPLC method. Each experiment was 
performed in triplicate. The dissolution results for the formula-
tion and parent compound, khellin, were compared (45, 46).

In Vitro Parallel Artificial Membrane Permeability 
Assay (PAMPA) and Predicted Pharmacokinetics of SD 
Formulation

The membrane permeability of plain drug and SD formula-
tion was determined. The 10 mM concentration of khellin 
and equivalent amount of SSB17 were dissolved in DMSO. 
Both solutions were further diluted to 100 µM with PBS 
buffer pH 7.4. The porcine polar brain lipid (PBL) was dis-
solved in dodecane to get a 20 mg/mL concentration. The 
membrane filter of the donor plate was coated with 4 µL of 
porcine polar brain lipid (PBL), and 200 µL of drug solu-
tion was added to it. Furthermore, the acceptor plate was 
filled with 200 µL of PBS pH 7.4 buffer and was allowed 
to equilibrate for 18 h at 25 °C. The drug concentration in 
the acceptor and donor compartment was determined at 
247 nm using SpectraMax Plus 384 UV plate reader (47). 
The permeability of the molecule was calculated using the 
following equation.

where C = (VD × VA) / (VD + VA) × area × time.
VD and VA represent the volume in donor and acceptor 

plates, respectively.
From in vitro dissolution data, the in vivo plasma con-

centration of khellin in the formulation was predicted 
mathematically. The FDA has released regulatory guidance 
for relating in vitro and in vivo release profiles, commonly 
referred to as in vitro-in vivo correlation (IVIVC) (48, 49). 
The method involves as follows: (a) computation of discrete 
amount (mg) released during each sampling time obtained 
from in vitro dissolution data; (b) considering first-order 
kinetics, the drug elimination rate was calculated using the 
following equation:

where C1 and C2 are the predicted concentrations of drug in 
plasma at a given time (t1 and t2) and Ke is the first-order 
elimination rate constant.

The graph of predicted blood amount vs. time (h) was 
plotted (50).

P
e
= C × ln

(

1 −

[

drug
]

acceptor
[

drug
]

equilibrium

)

Ke =

(

lnC1 − lnC2

)

t2 − t1
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Results and Discussion

Natural products have always provided new drugs for mod-
ern medicine. Khellin is one of the privileged natural prod-
ucts that yielded two first-in-class drugs. As a part of drug 
development, the modulation of physicochemical proper-
ties is to be carried out to address the ADME properties. 
Furthermore, for better plasma exposure, the modulation of 
the aqueous solubility of khellin is desirable. Thus, herein 
we investigated the SD approach to modulate dissolution 
performance and the oral absorption under in vivo condi-
tions. The formulation development was carried out here in a 
step-wise manner, first identifying the suitable polymers that 
help to dissolve the compound in water. Next, the detailed 
optimization of the SD, such as the binary or ternary SDs 
and the drug:polymer ratio, was also optimized. Each step 
is discussed below.

Identification of Polymers or Carriers 
by Solubility‑Guided Multiwell Protocol

The preliminary screening experiments were performed 
to identify polymers/carriers demonstrating solubility-
improvement of khellin. The results are shown in Fig. 2c, 
which indicated that except for PEG-1500, PEG-4000, 
poloxamer-188, and PVP-K90, other carriers did not sig-
nificantly improve the aqueous solubility of khellin. Hence, 
these four hydrophilic carriers were selected for preparing 
binary SDs using the 24-well plate microtiter protocol. On 
the other hand, there was no significant enhancement in 
solubility of khellin with PVP K-30, HP-β-CD, kolliphor 
HS15, and synperonic F-108 and hence were eliminated in 
the preparation of binary SDs.

The drug:polymer ratio plays a crucial role in refining the 
desired physiochemical outcome in formulation optimization. 

Fig. 3   Solution-state 1H NMR 
and 13C NMR of khellin and 
SSB17. a 1H NMR; b 13C NMR
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Thus, the drug:polymer ratio (1:4, 1:8, and 1:16) was varied to 
identify the best polymer concentration that provides superior 
aqueous solubility. Various binary SDs were prepared using a 
24-well plate protocol and were assessed for aqueous solubility. 
The 24-well microtiter plate protocol used a minimal amount 
of compound. Thus, a total of 12-binary SD formulations were 
prepared with varying concentrations of the carrier. The cri-
teria for selecting a suitable formulation were as follows: (a) 
the physical nature of formulation and (b) improvement in the 
aqueous solubility of khellin. The multiwell screening showed 
that PEG-1500 (SSB1, SSB2, and SSB3; ~ 360–500 µg/mL), 
PEG-4000 (SSB4, SSB5, SSB6; ~ 325–425  µg/mL), and 
poloxamer-188 (SSB7; ~ 325 µg/mL) significantly enhanced 
solubility of khellin in comparison to its original solubility 
(122.98 ± 10.19 µg/mL). Formulation SSB7 comprises of 
khellin:poloxamer-188 (1:4). Only one concentration was of 
poloxamer-188 was selected because it was the lowest concen-
tration or ratio at which significant improvement in solubility 
of khellin was observed compared to the other formulations 
containing different concentrations of poloxamer-188. The 

solubility results are depicted in Fig. 2d and Table I, which 
indicated no proportionate increase in solubility of khellin with 
respect to the carrier concentration. Hence, the lowest carrier 
concentration of PEG-1500 and PEG-4000 was considered as 
it showed a 3 to 5-fold solubility improvement. Thus, based 
on solubility results from binary SDs, the formulations con-
taining PEG-1500 (SSB1) and PEG-4000 (SSB4) were cho-
sen for scale-up. Both the selected formulations consist of a 
drug:polymer ratio of 1:4. Binary SDs of poloxamer-188 and 
PVP-K90 (1:4, 1:8, and 1:16) did not improve the solubility 
of khellin.

Additionally, the ternary SDs of khellin were also prepared 
to explore the possibility of further improvement in aque-
ous solubility. Different combinations of PEG-4000, polox-
amer-188, and PVP K90 were tried. The solubility results 
of these formulations indicated no significant enhancement 
in solubility of khellin (~ 218–284 µg/mL) compared to the 
binary SD formulations (Table I). Therefore, two binary SD 
formulations (SSB1 and SSB4) were considered for scale-up 
and characterization studies.

Fig. 4   DSC analysis of a 
khellin; b PEG-4000; and c 
SSB17
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The optimized formulations, i.e., binary SDs, SSB1, and 
SSB4, were prepared to 1-g scale. The scale-up formulations 
were labeled as SSB16 and SSB17. The % khellin content 
in SSB16 and SSB17 was 101.12 ± 6.49 and 95.02 ± 1.43, 
respectively. The aqueous solubility of khellin in SSB16 and 
SSB17 was also determined and found to be 443.82 ± 67.68 
and 482.29 ± 24.88 µg/mL, respectively. The physical nature 
of SSB16 was sticky lumps that were difficult to triturate. On 
the contrary, SSB17 was a free-flowing powder formulation, 
and hence it was considered for further characterization as the 
final optimized SD formulation.

Characterization of SDs Using 1H and 13C‑NMR, DSC, 
FTIR, p‑XRD, and SEM

The characterization techniques such as NMR, FTIR, 
p-XRD, and DSC were used for analyzing physical forms of 
APIs. Additionally, these techniques provide valuable infor-
mation on the compatibility of the drug with the excipients 

in the formulation. It also provides information on chemical 
interaction between drug and excipients, if any.

The possible interactions between khellin and PEG4000 
are hydrogen bonding between the oxygen atom of PEG 
with -C = O or -OMe groups of khellin. The 1H and 13C NMR 
of khellin and SSB17 were recorded to assess the presence 
of H-bonding interaction. The objective of recording NMR 
spectrums was to locate the chemical shift value change 
because of the intermolecular H-bonding. The OMe sig-
nals in 1H NMR and 13C NMR should shift if its oxygen 
atom is involved in the H-bonding with other molecules. 
Similarly, the chemical shift value of -C = O should have a 
chemical shift if it involves an H-bonding interaction (51). 
The recorded 1H and 13C NMR spectra (Fig. 3a–b) do not 
show a change in the chemical shift values of any of these 
groups. All the peaks corresponding to protons and carbons 
of khellin were unaffected in terms of their chemical shift 
values and relative integration. This indicates that the khellin 
and PEG-4000 do not undergo any chemical interaction.

Fig. 5   p-XRD diffraction of 
a Khellin, b PEG-4000, and c 
SSB17
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The thermograph of khellin, PEG-4000, and SSB17 is 
depicted in Fig. 4. The DSC spectrum of khellin shows a 
sharp melting endotherm at 150.86 °C, indicative of the 
crystalline nature. Furthermore, single glass transition tem-
perature (Tg = 58.23 °C) in the SSB17 formulation was found 
to be above room temperature. This was matching with the 
Tg value of the carrier, PEG-4000 (61.43 °C). This confirmed 
the uniform miscibility of khellin in the carrier, PEG-4000 
imparting storage stability of the formulation (52). However, 
the absence of melting endotherm of khellin in the formula-
tion has indicated the amorphous transformation of khellin 
from its original crystalline nature.

FT-IR analysis of SSB17 showed all the absorbance fre-
quency peaks for khellin (C = O stretch, C-O stretch, C-H 
stretch) and PEG-4000 (C-O stretch, C-H stretch). The 
characteristics C = O stretch of khellin were observed at the 
absorbance frequencies of 1649, 1631, and 1618 cm−1. Fur-
thermore, absorbance peaks of PEG-4000, C-H stretch, and 
C-O stretch were present at 2860 and 1465/1340, respec-
tively. The FT-IR spectra indicated the absence of a new 
peak or no shift in the absorption frequency, confirming the 
compatibility of PEG-4000 with khellin in the formulations. 
The crystallinity of khellin and SSB17 was studied using 
powered X-ray diffraction. The results are shown in Fig. 5. 
The p-XRD spectrum of khellin has shown sharp and dis-
tinct peaks, indicative of its crystalline nature. In contrast, 
the XRD-spectrum of SSB17 comprises low-intensity peaks 
indicating loss of crystallinity in the formulation. The plau-
sible reason for the reduced crystallinity of khellin in SD 
formulation is attributed to PEG-4000 (53). Since NMR (1H 

and 13C) spectral analysis indicated no chemical interaction 
between khellin and polymer, thus PEG-4000 may act as a 
precipitation inhibitor and, therefore, prevent crystallization 
of khellin in the SD formulation in gastrointestinal fluids.

The SEM results have clearly shown the differences in mor-
phology of khellin and SSB17 formulation (Fig. 6). The micro-
graph in Fig. 6a and b revealed clustered rod-shaped crystalline 
morphology (2–100 μm) of khellin. On the other hand, a pho-
tomicrograph of SSB17 shows a distinct particle morphology 
with uniformly dispersed flakes indicating the absence of free 
drug particles (Fig. 6c and d). This observation suggests the for-
mation of homogeneous dispersion of khellin with PEG-4000.

pH‑Solubility Profile of Khellin, In Vitro Dissolution 
Studies, and Predicted Pharmacokinetic Parameters 
of SSB17

The solubility of khellin at different pH conditions is 
depicted in Fig.  7a. The pH-dependent solubility of 
drug candidates provides valuable information about 
the dissolution of molecules in the gastrointestinal tract 
(GIT). The pH-dependent dissolution profile of the drug 
relies on its pH-dependent solubility. Khellin has rela-
tively low solubility at the pH of the stomach, which is 
reflected by in vitro dissolution studies. This is a plausi-
ble indication of higher absorption of khellin in SSB17 
at intestinal pH.

In vitro dissolution study of khellin and SSB17 was 
performed in three physiological media, including 

Fig. 6   SEM micrographs: 
Khellin free base (a, b) and 
SSB17 (c, d)
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water, HCl buffer (pH 1.2), and phosphate buffer (pH 
6.8) (45). The time vs. percent drug release profiles of 
khellin and SSB17 are depicted in Fig. 6. The dissolu-
tion of khellin in SD formulation (SSB17) in water, 
pH 1.2 HCl buffer, and phosphate buffer (pH 6.8) was 
superior to the plain molecule. SSB17 showed instant 
and superior dissolution of khellin at physiological 

pH conditions, which did not decline, confirming the 
absence of a parachute and spring effect. Furthermore, 
the improved dissolution of khellin over an extended 
time offers a broad absorption window upon its oral 
administration. Thus, the SD formulation offers supe-
rior release and exposure of khellin in a biological 
medium.
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The dissolution profiles of SSB17 were further criti-
cally assessed, and various parameters such as Cmax 
and AUC were computed for khellin in different media 
(Table II). As a result, the formulation SSB17 showed 
enhanced dissolution and AUC​0−t compared to khellin in 
water, HCl buffer (pH 1.2), and phosphate buffer (pH 
6.8) (Fig. 7b, c, and d). For instance, % drug dissolved 
at the end of 30 min in water for SSB17 was ~ 63 com-
pared to the parent compound (~ 27%). A similar trend 
was observed for SSB17 in pH 1.2 HCl buffer and pH 6.8 
phosphate buffer wherein drug dissolved at 30 min was 
51.71 and 51.94% (~ 38.68 and 22.57% respectively for 
parent compound, khellin).

The dissolution performance of khellin and its SD 
formulation, SSB17, was quantitatively compared using 
AUC obtained from the concentration–time profiles. The 
dissolution results in water, pH 1.2 HCl buffer, and pH 
6.8 phosphate buffer are given in Table II. The enhanced 
dissolution and thus AUC​0−t of SSB17 was observed com-
pared to the molecule. In water, the improvement in the 
AUC of khellin in the formulation was found to be 2.2-
fold. Furthermore, in pH 6.8 phosphate buffer, the AUC of 
khellin in SSB17 was 2.3-fold higher than the molecule. 
The fold dissolution improvement in pH 1.2 HCl buffer 
was 1.3 due to limited khellin solubility at acidic pH. Thus, 
the quantitative dissolution data were in accordance with 
the pH-solubility profile of khellin. The results confirm that 
the khellin has a relatively higher absorption at intestinal 
pH. Moreover, the tmax of khellin and SSB17 in the dissolu-
tion media indicate that SD of khellin (SSB17) provided 
a reasonably higher drug concentration in a short period 
than pure khellin molecule.

The PAMPA permeability was for khellin, alone and in 
the formulation, SSB17 was found to be 9.22 × 10−6 cm/s 
vs. 8.63 × 10−6 cm/s, respectively. These results support that 
the formulation process and the excipients do not affect the 
permeability of the molecule. Additionally, PEG-4000 does 
not allow khellin to crystallize in the solution state and thus 

inhibits the “spring and parachute” effect. Moreover, the con-
volution technique was used to predict the plasma concentra-
tion of khellin in formulation from the dissolution data (54). 
The IVIVC data of SD formulation SSB17 correlated very 
well and indicated a 2.3-fold higher AUC than the molecule 
(Fig. 7e).

Conclusion

In every drug development program, the oral route is 
always the preferred route of administration. However, 
each efficacious candidate does not possess desirable phys-
icochemical properties that are essential for effective oral 
delivery. For adjusting the physicochemical parameters, 
the chemical modulation approach often results in a cer-
tain level of compromise with efficacy. Thus, formulation 
approaches frequently assist in resolving such absorption 
barriers associated with the low solubility of APIs. The pre-
sent work improved the aqueous solubility of a unique natu-
ral product, khellin, exhibiting diverse biological activities. 
The systematic and step-wise solubility-guided approach 
employed herein has successfully identified an optimized 
SD formulation with the optimum drug: polymer ratio. The 
identified formulation was characterized thoroughly for 
its chemical interaction analysis (NMR and FTIR), solid-
state properties (SEM, p-XRD, and DSC), and dissolution 
performance.

The characterization by 1H/13C-NMR and FT-IR revealed 
no chemical interaction between khellin and polymer in the 
formulation. Furthermore, the solid-state methods indicated 
the amorphous transformation of khellin in the formulation. 
The final binary SD formulation, SSB17, displayed high 
aqueous solubility and superior dissolution performance com-
pared to the parent molecule. The developed formulation also 
allowed khellin to remain in the solution-state for more amount 
of time. The dissolution parameters and predicted pharmacoki-
netics proved enhanced drug exposure in the formulation. In 
a nutshell, the present study has again revealed that SD is a 
powerful technique to address the solubility barrier of lead 
candidates. The current research will provide valuable inputs 
to the drug discovery and development teams working on a 
similar scaffold.
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a [AUC​(0−t), SSB17]/[AUC​(0−t), Khellin]. SEM standard error of the mean

Tmax (min) Cmax (µg/mL)
(mean ± SEM)

aAUC​(0−t) (µg/mL 
min) (mean ± SEM)

Dissolution in water
  Khellin 60 18.24 ± 1.73 630.38 ± 95.50
  SSB17 15 22.04 ± 0.49 1398.16 ± 169.12

Dissolution in pH 1.2 HCl buffer
  Khellin 30 15.36 ± 1.53 843.30 ± 65.93
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Dissolution in pH 6.8 phosphate buffer
  Khellin 120 21.77 ± 1.61 495.26 ± 80.03
  SSB17 30 20.58 ± 1.15 1156.77 ± 145.43
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